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Abstract

ADAM17 (A Disintegrin and Metalloprotease 17), also known as tumour necrosis factor-
alpha converting enzyme (TACE), is a cell surface enzyme that belongs to the ADAM family
of proteases. It is involved in shedding of over 80 different substrates, including growth
factors (e.g. the epidermal growth factor receptor EGFR—ligands), cytokines (e.g. tumour
necrosis factor-o —TNF), adhesion molecules, endocytic receptors and others. ADAMI17
plays a crucial role in numerous biological processes but if dysregulated, leads to several
pathologies, such as auto-inflammatory disorders and cancer. ADAM17 facilitates cancer
progression by promoting cell proliferation, survival, migration and invasion. For instance,
its action on EGFR ligands can activate downstream signalling pathways like MAPK and
PI3K, which are often impaired in cancer. Additionally, the cleavage of TNF contributes to
inflammation, creating a pro-tumour microenvironment. The maturation, trafficking and
function of ADAM17 are controlled by the seven-membrane-spanning proteins iRhom1 and
iRhom2. At the cell surface, iRhoms can integrate the stimuli leading to ADAMI17
activation, functioning as the regulatory subunit of an iRhom/ADAM17 catalytic complex.
While iRhoml and iRhom2 share largely redundant roles in facilitating ADAMI17
maturation, they differ significantly in their regulation of substrate selectivity. Evidence
suggests that iRhom?2 can support the stimulated shedding of most ADAMI17 substrates,
whereas iRhom1 appears to enable stimulated shedding for only a limited subset of
substrates, such as TGFa.

On these premises, I conducted an unbiased mass spectrometry-based analysis to
investigate in a systematic manner the sheddome resulting from the activity of
iRhom1/ADAM17 or iRhom2/ADAMI17 catalytic complexes. I found that the shedding of
most ADAM17 substrates was supported by both iRhoms in murine and human fibroblasts.
However, in the human fibroblast system, the efficiency of substrate shedding varied
depending on whether ADAM17 was associated with iRhom1 or iRhom2, resulting in a
continuum ranging from substrates preferentially cleaved by the iRhom1/ADAM17 complex
to those preferentially cleaved by the iRhom2/ADAM17 complex.

In addition to enabling a systematic investigation of substrate selectivity, this approach
identified several novel ADAMI17 substrates, including SIRPa, MXRAS8 and the major
histocompatibility complex class I (MHC-I). Validation of MHC-I shedding by orthogonal
methods, such as Western blotting and flow cytometry, demonstrated that iRhom?2 regulated
its surface levels through mechanisms beyond shedding. The loss of iRhom2 impaired MHC-

I stability and trafficking to the cell surface in various cancer cell lines, including leukaemia



and chondrosarcoma. MHC-I, a transmembrane protein expressed in all eukaryotic nucleated
cells, plays a key role in the presentation of foreign antigens, such as mutated oncogenic
proteins, to the immune system. Its loss from the cell surface is of significant relevance in
cancer, as it represents one of the immune evasion mechanisms adopted by several cancers,
such as pancreatic ductal adenocarcinoma (PDAC).

In conclusion, this PhD project offered useful prompts for future investigation into
iRhom/ADAM17 biology, particularly in the context of cancer. It identified novel ADAM17
substrates with established roles in cancer progression, such as SIRPa and MHC-I. Notably,
it uncovered a key regulatory mechanism of MHC-I that modulates its surface levels in
cancer cells. This mechanism may play a significant role in how PDAC evades immune
surveillance during cancer progression. The finding that iRhom2 enhances MHC-I levels at
the cell surface highlights its potential as a therapeutic target to improve the efficacy of
immunotherapy, particularly in poorly immunogenic cancers (cold tumours) like PDAC.
Preliminary results on three PDAC cell lines with increasing aggressiveness — PaTU8902,
Pancl, AsPC1 — showed that surface levels of MHC-I decreased lacking iRhom2 and
rescued when iRhom?2 is present. Investigating iRhom?2 regulation of MHC-I, along with its
counterpart iRhom1, in PDAC is my follow-up project.
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1.1 Ectodomain shedding

Membrane proteins participate in various physiological and pathological processes,
playing a key role both in health and disease '. Several paracrine signalling proteins,
including growth factors and cytokines, are initially synthesized as membrane-bound pro-
proteins, that need to be released from the cell surface in order to start cell responses. The
mechanism by which these pro-protein signalling molecules are liberated into the
extracellular milieu involves their proteolytic cleavage, which results in the release of their

extracellular domain (ectodomain) in the extracellular milieu. This proteolytic process is

EETEDENANIEHEDEING known as ectodomain shedding
(hereafter referred to as
Extracellular matrix/

< 2 shedding) (Figure 1), which is
Crplasm an irreversible post-
/ \ translational modification that
not only controls the release of

CANONICAL NON-CANONICAL
SHEDDING SHEDDING signalling molecules, but also
}(. . Ecellisrmany Extacelar mat broadly regulates the function

) '>< of membrane proteins 2.

Cytoplasm Cytoplasm

In addition to signalling

Figure 1: Schematic representation of ectodomain shedding. proteins, membrane proteins

Adapted from Lichtenthaler S. F. et al 2018. frequently serve as receptors

that bind specific ligands to initiate intracellular signalling cascades. In this context, receptor
shedding acts as a key regulatory mechanism by reducing receptor availability at the cell
surface, thereby attenuating downstream signalling. Beyond receptors, membrane proteins
also mediate cell—cell adhesion and cell-extracellular matrix (ECM) interactions. Shedding
of these adhesion molecules modulates their surface levels and, consequently, influences
dynamic processes such as cell migration and  invasion. Furthermore, membrane proteins
function in transport and catalysis, and their shedding can impact various cellular processes,
including endocytosis, proteolysis, glycosylation, and other regulatory mechanisms ',
Shedding of transmembrane proteins is mediated by a specialised protease — referred to as
a sheddase '*. The proteolytic cleavage typically occurs close to the transmembrane (TM)
domain, leading to the release of the entire extracellular portion of the protein, but in some
cases, it occurs at more distal sites, resulting in the release of shorter fragments of the
extracellular region. This process is known as “canonical shedding” '. However, some
proteases cleave within the TM domain, mediating a process known as ‘“non-canonical

shedding”. Notably, shedding is not restricted to the plasma membrane. It can also occur at
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the membranes of intracellular organelles, such as the Golgi apparatus or endosomes . In
these cases, distinct from cell surface shedding, the ectodomain is released into the lumen of
the organelle. Vesicles originating from these compartments subsequently fuse with the
plasma membrane, releasing their luminal contents, including the shed ectodomains, into the
extracellular space **.

Many membrane proteins undergo a two-step cleavage, in which shedding acts as the first
step, followed by “regulated intramembrane proteolysis” (RIP). During RIP, cleavage
occurs within the transmembrane (TM) domain. As a result, the intracellular domain (ICD)
may be released from the membrane and translocate into the nucleus to function as a
transcriptional regulator >, Considering its broad involvement, ectodomain shedding
contributes to maintain cellular and tissue homeostasis, from embryo development to cell
death 7. Dysregulation of this process could lead to numerous pathological conditions, such

as inflammatory disorders, autoimmune disease, and cancers '">78,

1.2 Sheddases

As mentioned above, ectodomain shedding is mediated by a specialized group of
proteases, called “sheddases”. Depending on the position of the cleavage site in the
substrates’ amino acidic sequence, sheddases can be divided in canonical sheddases and non-
canonical sheddases.

Regardless of differences in membrane protein topology, which includes single-span
transmembrane proteins (type I, with the N-terminus in the extracellular/lumenal domain,
and type II, with the N-terminus intracellular), GPI-anchored proteins, and multipass
proteins, we refer to canonical sheddases as those that cleave at the juxtamembrane (JM)
domain, in close proximity to the cell membrane . These sheddases are typically
membrane-bound and include a disintegrin and metalloproteases (ADAMs) 1%, B-site APP
cleaving enzymes (BACE) !, and membrane-type matrix metalloproteases (MT-MMPs) '2.
Also belonging to the group of membrane-bound canonical sheddases are meprin p '3, pro-
protein convertases '4, and transmembrane serine proteases '>-16.

An increasing number of soluble proteases have also been identified as mediators of

17,18

canonical shedding. For instance, several secreted MMPs can function as canonical

1920 and cathepsins S and L 2. Furthermore, the concept of

sheddases, along with legumain
canonical shedding has broadened in recent years to include cleavages occurring at more
distal sites within the ectodomain of transmembrane proteins, rather than strictly near the

cell surface.
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Table 1: List of canonical and non-canonical mammalian sheddases. Adapted from Lichtenthaler S. F. et al 2018.

Sheddase Protease Protease Catalytic Cellular References
type family type mechanism localization
Canonical ADAM proteases Membrane- Metalloproteases Plasma 7,10
sheddase anchored, type [ membrane
BACE proteases = Membrane- Aspartyl proteases ~ Trans-Golgi 11
anchored, type [ network and
endosome
MT-MMPs Membrane- Metalloproteases Plasma 12
anchored, type I or membrane
GPI-anchored
Meprin Membrane- Metalloproteases Plasma 13
anchored, type I membrane
Pro-protein Membrane- Serine proteases Late secretory 14
convertases anchored, type I or pathway
soluble
Transmembrane  Membrane- Serine proteases Plasma 15,16
serine proteases anchored, type 11 membrane
MMPs Soluble Metalloproteases Extracellular 17,18
space
Legumain Soluble Cysteine protease Lysosome, 19,20
(0-secretase) extracellular
space
Cathepsins Soluble Cysteine proteases ~ Extracellular 21
Sand L space
Non- Rhomboids Integral multipass Serine proteases Golgi, plasma 22,23
canonical TM protein membrane,
sheddase endosomes, ER
SPP/SPPL Integral multipass Aspartyl proteases ~ ER, lysosomes, = 24
family TM protein cell surface,
Golgi
Presenilin/y- Integral multipass Aspartyl protease Plasma 25
secretase TM protein membrane,
endosomes

Unlike canonical sheddases, which cleave membrane proteins at juxtamembrane
extracellular sites, non-canonical sheddases cleave within the transmembrane (TM)
domain !. These proteases were initially thought to function exclusively in RIP and to require
prior ectodomain shedding by canonical sheddases to access their substrates. However,
recent evidence demonstrates that these sheddases can directly cleave full-length substrates,

resulting in the release of the ectodomain into the extracellular space. Sheddases in this group
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include rthomboid proteases 2?°, SPP/SPPL family 24, and y-secretase in complex with
presenilin-1 or -2 ?°. Notably, the primary function of some of these proteases is not
ectodomain shedding. Nevertheless, they can also act as sheddases under certain
physiological or pathological contexts. Due to this dual functionality, they are often referred
to as “part-time” sheddases, in contrast to “full-time” sheddases, such as ADAMs and BACE
proteases, whose main biological role is indeed regulating ectodomain .

All currently known families of canonical and non-canonical sheddases, their catalytic

mechanism and typical cellular localization, are listed in Table 1.

1.2.1 Canonical sheddases
1.2.1.1 ADAM proteases

A Disintegrin and Metalloproteases (ADAMs) are membrane-tethered proteases with
their catalytic domain extruding into the extracellular compartment "-1%2°,

ADAMs were initially identified as the heterodimeric protein fertilin — consisting of
ADAM1 and ADAM?2 272°_ Since their discovery, they have been found in a wide variety
of mammalian tissues, as well as in non-mammalian organisms such as Xenopus laevis *,
Drosophila melanogaster®', Caenorhabditis elegans **, and Schizosaccharomyces pombe *.
Up to date, 30 ADAM family members have been recognized in mammals, although about
half of them possess a functional metalloprotease domain and display proteolytic activity
(ADAMS, 9, 10, 12, 15, 17, 19, 20, 21, 28, 30, and 33) 2.

In terms of structure, ADAMs typically comprise a series of conserved and characteristic
protein domains: a pro-domain, a metalloprotease domain, a disintegrin domain, a cysteine-
rich region, an EGF-like domain, a transmembrane domain and a cytoplasmic domain *3°.
ADAMs are commonly synthesized as inactive zymogens, in which the pro-domain binds to
the catalytic domain and inhibits its activity. In addition to ensure proper folding of the
protease during biosynthesis, the pro-domain impedes premature or aberrant proteolytic
activity along the secretory pathway. Activation of ADAMs occurs either through
conformational changes or proteolytic removal of the pro-domain, thereby exposing the
catalytic site and enabling substrate cleavage at the cell surface or within endosomal
compartments **37. Active ADAMs metalloprotease domain contains the conserved catalytic
motif HEXGHXXGXXHD, which consists in three histidines (H) coordinating a zinc ion
(Zn*"), two glycines (G), and one glutamic acid (E) that acts as the active-site residue
required for proteolytic activity **. Following the catalytic domain, ADAMSs possess a

disintegrin domain, a cysteine-rich domain, a transmembrane region and a cytoplasmic

(intracellular) tail. The disintegrin domain is named for its high sequence similarity to snake
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venom disintegrins %!

— short, soluble proteins that typically contain an Arg-Gly-Asp
(RGD) motif for integrins binding. Among human ADAMs, only ADAMI1S5 possess an
RGD sequence **, while ADAM12 has been demonstrated to bind integrins through non-
canonical RGD sequence . Even without RGD, some ADAMs may influence integrin
function being involved in cell—cell and cell-matrix interactions and adhesion processes **.
The cysteine-rich domain, named for its multiple conserved cysteine residues that form
stabilizing disulfide bonds, plays a key role in maintaining the tertiary structure of ADAM
proteases and contributes to substrate recognition **. The transmembrane domain of ADAMs
functions as a membrane anchor and the cytoplasmic tail usually contains phosphorylation
sites and proline-rich sequences that may serve as Src homology 3 (SH3) ligand domains *°.
SH3 domains are present in cytoskeletal proteins and in signalling molecules ¥, indeed,
different descriptive interaction studies have shown engagements with SH3 domain-
containing proteins and ADAMs cytoplasmic tail, such as ADAM9 * ADAMI0 ¥,
ADAMI12 *° and ADAMI15 #3152 Most of these studies applied a proteome-wide phage
display screening coupled with pull-down assays and co-immunoprecipitations and
identified several SH3 domain-containing partners that are mainly involved in intracellular
trafficking and endocytosis, including endophilins, sorting nexins (e.g. SNX9, SNX18,
SNX30, and SNX33), and the adaptor protein Grb2, but also in signal transduction, as non-
receptor tyrosine kinases (e.g. Src, Lck, Fyn, Abl). These observations collectively suggest
a potential role for ADAMs as scaffolds or mediators of intracellular signal transduction,
although this function has still not been conclusively demonstrated in vitro and in vivo, with
no substantial updates since 2015. To date, a single in vivo study explored the role of
ADAMI17 cytotail in regulating its activity, by using CRISPR-Cas9 knock-in mice lacking
this region (ADAM17Acyto). Although viable, the mice showed developmental defects due
to reduced EGFR signalling, since ADAM17 is the major regulator EGFR signalling in
development >°. Lacking of the cytotail ADAM17Acyto led to lower protein levels and
impaired EGFR-ligand shedding, suggesting the cytoplasmic domain supports ADAM17

stability, likely via interaction with an unknown stabilizing factor >,

ADAM regulation. ADAMs are regulated at multiple levels, including transcriptional,
post-transcriptional, epigenetic, and post-translational mechanisms. In addition, ADAM
activity is directly modulated by TIMP-3, one of the four mammalian tissue inhibitor of
metalloproteinases (TIMPs) *. TIMP-3 inserts into the catalytic cleft and coordinates the
catalytic zinc ion (Zn*"), thereby blocking the protease activity. While TIMP-3 inhibits most
of ADAMs, such as ADAMI17 and ADAMI10, with high affinity, exhibiting inhibition
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constants (Kj) in the low nanomolar range, TIMP-1, -2, and -4 exhibit little to no inhibitory

activity against this group of proteases under physiological conditions %7,

Inactive ADAMSs. In addition to catalytically active ADAMs, the human genome encodes

11 inactive ADAM family members that either completely lack the metalloprotease catalytic
domain or carry mutations in key residues of the catalytic motif. This group of
pseudoproteases includes ADAM2, ADAM7, ADAM18, ADAM20, ADAM21, ADAM?29,
and ADAM32, which are predominantly expressed in the testis and are involved in sperm
development, maturation, and fertilization (notably, the role of several of these inactive
ADAMs still remain poorly characterized). Another subset, including ADAM11, ADAM?22,
ADAM?23, and ADAM30, is highly expressed in the brain and has been implicated in
neurogenesis, synaptic organization, neuronal signaling and may play roles in neurological

disorders 734,

1.2.1.2 BACE proteases

This family includes two type-I transmembrane aspartyl proteases, BACE1 and BACE2.
BACE]1 was identified as the sheddase responsible for the cleavage of amyloid precursor
protein (APP), a critical step leading to the generation of the amyloid-beta (AB) peptide and
development of Alzheimer’s disease **%°. BACE2, which also cleaves APP, is expressed in
several brain cell types, such as neurons, oligodendrocytes, and astrocytes, although at
significantly lower levels than BACEI, and it is mainly expressed in peripheral tissues,
where it plays specific roles in melanocytes® and pancreatic B-cells 2. BACE1 and BACE
share a 59% amino acidic sequence similarity, and the same structural domain
organization %

Similar to ADAMs, BACE proteases contain a pro-domain which is removed
enzymatically by furin-like protein in Golgi ®, and, along with a series of N-glycosylation
at four asparagine residues (N153, N172, N223, and N354), contribute to the correct
trafficking and maturation to exert their protease activity ®. The catalytic domain of BACE
proteases, which is taken together by three disulfide bridges, contains the two catalytic
aspartate residues (D93 and D289 in BACE1). As aspartyl proteases, BACE1 and BACE2
reach their maximal catalytic activity under acidic conditions, with an optimal at pH 4.5 667,
Thus, while both proteases localize on the plasma membrane, they are predominantly active
in the endosomal compartments. BACE1 and BACE2 are anchored to the membrane through
a 21-residue helical transmembrane domain, and possess a short cytoplasmic C-terminal

domain with a dileucine sorting signal (495DDISLL500) %, whose post-translational
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modifications determine trafficking either to the secretory pathway and endosome
internalization %, or even lysosomal degradation. %, as it has been described for BACEI.

Other than APP, a number of proteins have been shown to be shed by BACEIL,
highlighting a wider role in brain function. Kuhn et al. used a proteomic-based approach
called Secretome Protein Enrichment with Click Sugars (SPECS) 7°, which consists of
metabolic labelling of newly synthesized cellular glycoproteins — predominantly secreted
and shed — by incorporating azido sugars. Then, these azide-labeled glycoproteins are tagged
via copper-free click chemistry biotinylation ’!, enriched through streptavidin pull-down and
analysed by high-resolution mass spectrometry. This technique facilitates the identification
of secreted glycoproteins from complex media, such as serum-containing culture conditions,
by addressing key limitations of secretome analysis: low abundance of secretome proteins,
high background from serum proteins like albumin, and contamination from intracellular
proteins released by apoptotic cells. For instance, BACE1-mediated sheds over 30 different
transmembrane proteins in the brain, thereby modulating a number of neural processes. By
using SPECS, it was shown that BACEI sheds over 30 different transmembrane proteins in
the brain, thereby modulating a number of neural processes. For instance, BACE1-mediated
shedding of neuroregulin 1 (NRG1), close homologue of neural cell adhesion molecule L1
(CHL1) and L1 cell adhesion molecule (L1CAM) contributes to neuronal development 7>
and axonal organization 7, respectively. BACEI activity on seizure-related protein 6 (SEZ6)
is important for synaptic plasticity, function and motor coordination "7, Interestingly, a
more recent finding revealed a role for BACE1 on neuroinflammatory modulation of IL-6
signalling through cleavage of the glycoprotein gp130 7°.

Differently from BACE1, BACE2-mediated shedding is more prominent in systemic
tissues, for example pancreas, where it is highly expressed, and its substrate repertoire is
more restricted. By using targeted approaches and similar proteomics-based methods, only
55 transmembrane proteins have been shown to be shed by BACE2 7. One of these is the
transmembrane protein 27 (TMEMZ27), which is involved in insulin exocytosis along with
components of the SNARE complex ’®. BACE2 proteolytic processing of TMEM?27
regulates its levels on the cell surface, since accumulation of TMEM27 causes aberrant
release of insulin, leading to type 2 diabetes °. A distinct role of BACE2 consists in the
shedding of pigment cell-specific melanocyte protein (PMEL17) ¢!, a TM protein whose

processing leads to maturation of pigmented melanosome of hair, skin and mucosa .
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1.2.1.3 MT-MMPs

Membrane-type matrix metalloproteinases (MT-MMPs) are a subgroup of the matrix
metalloproteinases (MMPs), a family of proteases that plays a key role in the turnover of the
extracellular matrix. There are six MT-MMPs in humans: MT1-MMP, MT2-MMP, MT3-
MMP, MT4-MMP, MT5-MMP, and MT6-MMP !2. They share a conserved domain
structure comprising a pro-domain, a catalytic domain, a hinge (linker-1) region, a
hemopexin-like (HPX) domain, and a stalk region (linker-2). MT1-, MT2-, MT3-, and MT5-
MMP are tethered to the plasma membrane through a TM domain, followed by a cytoplasmic
domain, while MT4- and MT6-MMP are associated to the membrane through a hydrophobic
GPI-anchor 2.

Other than participates on extracellular matrix (ECM) and tissue remodelling
components, through processing of collagen and fibronectin '2, MT-MMPs are also
sheddases of membrane-bound proteins, thereby regulating cell signalling, migration and
adhesion .

MT1-MMP, the most extensively studied, was demonstrated to shed the glycoprotein
CD44%, the heparan sulfate proteoglycans Syndecan-1 and Syndecan-4 *, and o3
integrin %, resulting in modulation of cell-ECM interaction and facilitating tumour invasion.
Along with MT2- and MT3-MMP — despite less-well characterized —, MT1-MMP shedding
of Discoidin domain receptor 1 (DDR1) attenuates collagen I- and IV-induced receptor
phosphorylation, thereby regulating cell-collagen signal transduction pathways %°. MT1-
MMP was shown to be a positive modulator of FGF-signaling during intramembranous
ossification, in that MTI1-mediated shedding of ADAMY protects FGFR2 from its
ectodomain shedding *°.

MT5-MMP is highly expressed in neuronal cells ¥’. Other than regulating neuronal
growth and function, it shed APP acting as n-secretase, releasing a short fragment sAPPn %,
The remaining membrane-bound fragment could be subsequently cleaved either by a- or -
secretase producing An-a or An-f peptides, respectively, leading to a lowered neuronal

activity and impaired synaptic function 5%,

1.2.1.4 Meprin

Meprin B is a type I transmembrane metalloproteinase that, like ADAMs, belong to the
family of metzincins '°. It is synthesized as a zymogen that consists of an N-terminal pro-
domain, followed by a zinc-binding catalytic domain (CAT), a meprin A5 protein tyrosine
phosphatase p domain (MAM), a tumour necrosis factor receptor-associated factor

homology domain (TRAF), an EGF-like domain, a transmembrane domain, and a C-terminal
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cytosolic domain. Meprin B is processed in the Golgi apparatus by the pro-protein convertase
furin, which cleaves off the pro-domain, enabling its trafficking to the plasma membrane .
In terms of structure, mature meprin B forms homodimers or hetero-oligomers, when in
complex with its isoform meprin a, linked by disulphide bridges **°'.

Despite being discovered in 1980 °>~4, its role in biological processes and physiological
functions is still not well understood. Meprin B is more abundant in kidney and intestine, in

997 where it

particular in the microvilli-rich region on the apical surface of epithelial cells
is responsible for the shedding of different cell adhesion molecules, such as E-cadherin and
tenascin-C °®. During ischaemia/reperfusion injury (IRI), meprin B migrates to the

99,100

basolateral tubular basement membrane and starts an exacerbate shedding, causing the

degradation of basement membrane components, leukocytes infiltration and release of pro-
inflammatory cytokines %1192,

Noteworthy, meprin B in the brain is also responsible for APP shedding in the brain. It
was reported as an alternative B-secretase for releasing different AP species from cleavage

sites identical or close to the known B-secretase cleavage '*.

1.2.1.5 Pro-protein convertases

Pro-protein convertases (PCs) are a family of soluble serine proteases related to bacterial
subtilisin ', whose major role is to cleave pro-domain from secreted or membrane-tethered
proteins, in order to their proper activation and trafficking to the correct cellular
localization '*. This family comprises nine members, PC1/3, PC2, furin, PC4, PC5/6,
PACE4, PC7, SKI-1/S1P, and PCSKO9, but the most well studied is furin, given its ubiquitous
expression 105106,

Structurally, PCs share a pro-segment, that could be either autocatalytically removed or
cleaved off by other proteases, a catalytic domain typical of subtilisin-like serine protease
family, and P-domain, involved in enzymatic stability and protein—protein interactions '*’.

Despite pro-domain cleavage is not considered shedding, some PCs can actually perform
ectodomain shedding for selected substrates, acting as “part-time” sheddases. Among all
members, furin and SKI-1/S1P are the best characterized in terms of shedding activity. For
example, furin sheds MT5-MMP, into a cleavage site proximal to its TM domain '%,
Although the biological impact of this event is not fully understood, it suggests that furin
may modulate pericellular proteolysis by regulating the availability of membrane-tethered
enzymes. Moreover, furin was reported to process TGF-B1 and TGF-2 precursor molecules
and, consequently promoting cell proliferation and migration, suggesting its relevance in

developmental processes and pathological conditions, including cancer progression %,
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Interestingly, subtilisin/kexin-isozyme 1 (SKI-1/S1P) is the only family member that
primarily functions as a sheddase ''°. Two known substrates are transcription factors
SREBP, involved in cholesterol homeostasis, and ATF6, which is proteolytically activated
during the endoplasmic reticulum (ER) unfolded protein response (UPR). Both SREBP and
ATF6 are further RIPped by site-2 protease, highlighting SKI-1/S1P plays an initial role into
a two-step proteolytic cascade that culminates in the release of their N-terminal

transcriptionally active domains °.

1.2.1.6 Transmembrane serine proteases

Transmembrane serine proteases (TTPs) are type II TM “part-time” sheddades still
understudied '!''. TTPs are produced as zymogens, whose pro-domain is irreversibly
removed by autocatalysis or heterocatalysis ''""''2. The extracellular chymotrypsin/trypsin-
like domain contains the serine protease active site (DHS), followed by a TM domain and a
cytoplasmic domain 113,

Although traditionally associated with pro-protein activation and tissue remodelling,
several TTSPs also mediate ectodomain shedding.

Transmembrane serine protease 2 (TMPRSS2) was identified as the sheddase of the
SARS-CoV-2 surface glycoprotein (Spike), ameliorating virus entry efficiency and
infectiousness 14,

Matriptase was reported to shed APP within the amyloid f domain, thus reducing amyloid
plaques formation '!°>. Matriptase also cleaves EpCAM, that physiologically modulates
epithelial adhesion, but unrestrained matriptase activity on EpCAM has been shown to
correlates with intestinal epithelial dysplasia ''®.

Matriptase and Hepsin, another member of TTPs, mediates ectodomain shedding of

TMEFF2 when overexpressed in prostate cancer, thereby showing a role in cancer

progression 7.

1.2.1.7 MMPs

Canonical sheddases are mostly membrane-bound proteases. However, some of them are
soluble, targeting substrates that are typically released. Matrix metalloproteases (MMPs)
are secreted sheddases involved in ECM remodelling ""!'®, As previously mentioned, all the
six MT-MMPs belong to this family, but seventeen out of twenty-three lack membrane
anchoring (MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-10, MMP-12,
MMP-13, MMP-19, MMP-20, MMP-21, MMP-23A/B, MMP-26, MMP-27) 8!
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Likewise, their domain structure comprises a pro-domain, a catalytic site, a hinge region,
and a HPX domain '®. Based on substrate specificity, sequence and domain organization,
MMPs can be divided into four main groups: collagenases, gelatinases, stromelysins, and
matrilysins '8,

Accumulating evidence shows that several secreted MMPs can also mediate ectodomain
shedding of transmembrane proteins, expanding their functional repertoire beyond matrix
proteolysis.

MMP-2 (Gelatinase) was shown to be up-regulated in resected colorectal tumours, where
drives aberrant shedding of B1 integrins, resulting in decreased adhesion to collagen and
fibronectin, and enhancing invasion ''°. In this context, MMP-3 (Stromelysin) and MMP-7
(Matrilysin) has been shown to shed E-cadherin, thus augmented expression of these MMPs
increments release of E-cadherin, impacting on epithelial barrier integrity allowing tumour
cell detachment '**1?!. In the context of inflammation, MMP-mediated cleavage of
chemokines or their receptors can alter leukocyte recruitment and local cytokine gradients,
as for example MMP-12 (Macrophage-specific Metalloelastase) shedding of mCXCL2
(macrophage-inflammatory protein-2 [MIP-2]) and mCXCL3 (dendritic cell inflammatory
protein-1 [DCIP-1]) suppresses the acute inflammatory response by terminating leukocyte
recruitment 12,

Although secreted, many of these MMPs exhibit their sheddase activity directly at the
cell surface, prompting a key question of how they localize to and remain in proximity to
their membrane-anchored substrates. One mechanism involves heparan sulfate
proteoglycans (HSPGs), such as syndecans and glypicans, that bind MMP at their HPX
domain, acting as docking platforms on the cell surface '?*. In fact, MMP-7 is known to bind

syndecan-1 on epithelial cells, thus enabling the shedding of both syndecan-1 itself and other

nearby proteins 12,

1.2.1.8 Legumain (0-secretase)

Legumain (LGMN) is an asparagyl endopeptidase (AEP) localized mainly into the endo-
lysosomal compartment, where activation occurs through autocatalytic cleavage of its pro-
domain at low pH (<5) %% Active site of LGMN contains a cysteine (C189), a histidine
(H148), and an asparagine (N42), which specifically bind and cut after asparagine or aspartic
acid residues '?°. Due to its lysosomal localization, it participates in protein degradation and
lysosomal homeostasis 2.

In pathological conditions, such as in Alzheimer’s disease (AD), legumain translocates

from the endo-lysosome to other (extra-)cellular compartments, functioning as a “part-time”
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sheddase. Indeed, LGMN was demonstrated to act as APP o-secretase, shedding in proximity
of BACEI cleavage site and enhancing production of B-amyloid plaques '*°. Legumain can

be also secreted, participating in ECM remodelling '°.

1.2.1.9 Cathepsins S and L

Cysteine cathepsins belong to a family of cysteine proteases normally confined to the
endo-lysosomal system, as well as legumain. In particular, protocathepsins S and L are
enzymatically processed by legumain, allowing their maturation and functioning role '27!%,
For instance, their activation is critical for adaptive immunity responses, as antigen-
presenting cells (APCs) mostly expresses cathepsin S, playing a key role in processing
invariant chains of major histocompatibility complex II (MHC-II), therefore facilitating
antigen presentation to CD4" T cells 3131,

Cathepsin S — differently from other members of this family that require an acidic pH for
being activated — exhibits a proteolytic potential also at neutral pH, enabling its extracellular
activity'*2. Shedding of the neuronal chemokine fractalkine (CX3CL1) mediated by
Cathepsin S has been shown to drive neuroinflammation, through microglial activation and
leukocyte recruitment '*,

Cathepsin L can also be secreted, remaining proteolytically active in the ECM,
preferentially in acidic environments, such as those found in tumours and remodeling
tissues 134,

In light of these, both cathepsins emerged as significant contributors in cancer
progression '*°. Acting as “part-time” sheddases, extracellular cathepsins were shown to
promote in vivo shedding of ALCAM and CD44; in particular cathepsin S-deficient mouse
pancreatic cancers not only showed a reduction in shedding of these substrates, but also
impacted intracellular signalling mediated by aberrant Ras GTPase activity, thus leading to

a putative connection either extracellular and intracellular activity of cathepsins in ECM

remodelling and improving tumour invasiveness 2!.
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1.2.2 Non-canonical sheddases

1.2.2.1 Rhomboids

Rhomboid proteases are multi-pass intramembrane serine proteases >°, firstly discovered
in Drosophila melanogaster *"'3°. Rhomboids are present in most prokaryotes and
eukaryotes, sharing the characteristic feature of six conserved transmembrane helices (TMH)
embebbed in the lipid bilayer *°, with a catalytic core of serine (S) and histidine (H) within
a GxSx motif within TMH-4 and TMH-6 — that distinguish them from classical soluble
serine proteases '*1142 Although three-dimensional structure is highly similar, their amino
acid sequences diverge 22. Rhomboids usually shed within substrates’ TM domain, leading
the release of the ectodomain to the extracellular/luminal part of the membrane '*.

In mammals, the rhomboid-like superfamily comprises five rhomboid proteases
(RHBDLI1, RHBDL2, RHBDL3, RHBDL4, and PARL), but only RHBDL2, RHBDLA, and
PARL a role in shedding has been demonstrated 43144,

RHBDL2 is localised at the plasma membrane and regulates cell migration and
proliferation by cleaving thrombomodulin (TM) and ephrins, implicating a role in wound
healing '**"'*7_ In Drosophila, RHBDL2 is the major regulator of EGFR signalling pathway,
shedding the EGFR ligand Spitz '**, whereas in mammals, members of ADAM proteases
(ADAMI10 and ADAM17) represent the main sheddases ’. Nevertheless, upon ADAM
metalloprotease inhibition, only RHBDL2 can shed proEGF %,

On the other hand, RHBDL4 resides in endoplasmic reticulum (ER) and it is implicated
in ER-associated degradation (ERAD) by cleaving off unstable and misfolded proteins '*°.
Interestingly, RHBDL4 expression correlates positively with tumour growth in
hepatocellular carcinoma '*°, glioblastoma '*! and colorectal carcinoma '* cell lines. As non-
canonical sheddase, this rhomboid protease was showed to have a role in APP shedding in
ER, suggesting an alternative cleavage mechanism lacking y-secretase 3.

PARL, the mitochondrial rhomboid protease, is located in the inner mitochondrial
membrane'>*, whose primary function is to maintain mitochondrial homeostasis, by
controlling the stability of PTEN-induced kinase (PINK1) , a kinase essential for
mitochondrial quality control, through clevage . It has been linked to Parkinson's disease
(PD) ', in that, impaired shedding of the PTEN-induced kinase (PINK1) in damaged
mitochondria, leads to PINK1 accumulation on the outer mitochondrial membrane and

consequently the activation of parkin and mitophagy, compromising proper turnover '>>1%,

27



1.2.2.2 SPP/SPPL family

Signal peptide protease (SPP) and signal peptide proteases-like (SPPLs) are part of a large
family of intramembrane-cleaving proteases (I-CLiPs) 137138, As the name suggests, SPP
main role is to remove signal peptides from nascent secretory proteins in ER '*°, although it
was also demonstrated a role as “part-time” non-canonical sheddase in ER-associated
degradation (ERAD) %, First, SPP forms a homo-tetramer, then associates with Derlin1 and
ERAD E3 ubiquitin ligases TRCS8 to shed hemeoxigenase-1 and XBPlu, which target
rapidly to proteasome degradation 61162,

Regarding SPPLs, four members of this group have been identified in mammals (SPPL2a,
SPPL2b, SPPL2c, and SPPL3), located in distinct cellular compartments and with a broad
range of substrates'”’.

SPPL2a and SPPL2b mainly perform RIPping on type II transmembrane proteins,
immediately after a canonical sheddase cleavage '®*1%4, Noteworthy, SPPL2a plays a crucial
role in immune regulation by cleaving CD74, the invariant chain of MHC class Il molecules.
Following initial ectodomain shedding—typically by ADAM proteases—SPPL2a processes
the remaining membrane-bound N-terminal fragment in late endosomes and lysosomes.
Loss of SPPL2a activity leads to CD74 fragment accumulation, disrupted B cell maturation,
and immunodeficiency '¢°.

SPPL3 is a Golgi-resident intramembrane-cleaving protease capable of directly cleaving
full-length, membrane-bound glycosyltransferases and other type II transmembrane
enzymes within the transmembrane domain. By using SPECS (see 1.2.1.2), SPPL3 was
found to have role as non-canonical sheddase, by cleaving several glycosyltransferases, such
as MGATS5 and B4GALT], involved in protein N-glycosilation '®%1%7_ Through a similar
proteomic approach, SPPL3 shed also the O-glycosylation enzyme GALNT2 ! Releasing

of these ectodomains results in inactivation of the glycan-modifying enzymes '¢’.

1.2.2.3 Presenilin/y-secretase

The multi-subunit aspartyl protease y-secretase comprises four core proteins (presenilin-
1 or -2 as catalytic subunit, nicastrin, APH-1, and PEN-2) and it is known as the critical
enzyme involved in the production of AB peptide in Alzheimer’s disease (AD) '6%17°,

Other than APP, more than 90 substrates have been identified for y-secretase, which can
act as sheddase occasionally '"!. Proteolytic regulation of y-secretase is mediated by
nicastrin, which induces conformational changes rearranging the overall complex structure

enabling the exposure of the catalytic subunit presenilin 72,
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Fulfilling this role, y-secretase shed directly the APP-homolog APLPI, in addition to
ADAMI10 and BACE1, which are major sheddases '”>. APLP1 long ectodomain might be
processed by another protease prior y-secretase cleavage, although it is still not clear

mechanistically '3,
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1.3 ADAM17 and its co-factors iRhom1 and iRhom?2

ADAMI17 is a member of the ADAM family, first discovered over 30 years ago as the
protease responsible for the release of tumour necrosis factor alpha (TNF) !7#!7>_ Since then,
ADAMI17 has been shown to mediate the shedding of over 80 different transmembrane
proteins, thereby participating in numerous biological processes ranging from cell
communication to cell adhesion. ADAMI17 function is tightly regulated by its essential co-
factors, called iRhoms. Two iRhoms are expressed in mammals, iRhom1 and iRhom2. These
proteins are inactive cognates of rhomboid proteases, that originated from catalytically
active ancestors but acquired evolutionary mutations that disrupted their catalytic activity,
while preserving their overall structure . Notably, iRhoms are evolutionary conserved
across all metazoans, indicating that despite the loss of proteolytic activity, they have
acquired distinct, yet essential functions ',

As it will be extensively discussed below, in vitro and in vivo studies indicate that the
main function of iRhoms in mammals is to regulate the maturation, the trafficking and the
activity of ADAM17, forming an integrated proteolytic complex composed of a regulatory
subunit (iRhom) and a catalytic component (ADAM17) '77. For this reason, structure and
function of ADAM17 and iRhoms will be described not separately, but rather as components

of'a composite complex (Figure 2).
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Figure 2: Schematic representation of the structure of iRhom2/ADAM17 complex. ADAMI17 (in red) comprises six
domains: a cytoplasmic domain, subjected to post-translational modifications, such as phosphorylation; a transmembrane
domain; a membrane proximal domain, which is present the Conserved Adam seventeeN Dynamic Interaction Sequence
(CANDIS); a cysteine-rich domain; a disintegrin domain and a metalloprotease domain. The seven-membrane spanning
pseudoprotease iRhom?2 (in light blue) presents a long N-terminal (N-term) cytoplasmic tail, with binding motif for
iTAP/FRMDS, for 14-3-3 phospho-dependent and 14-3-3 phospho-independent proteins (the latter in the TOC site), to
ensure stability and proper activation of the iRhom2/ADAM17 complex; TMD1 which interacts with ADAM17 TMD;
iRhom-homology domain (IRHD) between the TMD1 and TMD2 contains three subdomains: a highly-structured
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subdomain for iRhom-ADAMI17 interaction (not shown), iCERES for trafficking from ER-to-Golgi, and hypervariable
loop; the GPx motif in TMD4 replace the catalytic GxS of rhomboids leading to a lack of protease property; TMD7 is
pivotal for specific substrate interaction.

1.3.1 Structure

Like other proteolytically active ADAMs, ADAM17 possesses a multidomain structure
and is synthetized as an inactive zymogen, in which the pro-domain has a dual function in
limiting its proteolytic activity throughout the secretory pathway and ensuring its proper
folding and trafficking!’®. Following the pro-domain, the metalloprotease includes the
catalytic domain comprising the conserved catalytic motif HEXGHXXGXXHD 72, the
disintegrin domain, the cysteine rich domain, the transmembrane domain and the
intracellular tail (Figure 2). After its synthesis in the ER, ADAM17 functions as a chaperone
for iRhom2 7. In the absence of ADAMI17, iRhom2 does not fold properly, does not
proceed to the Golgi for further maturation, and is instead targeted to the ERAD. This
process involves a prior cleavage by SPPL2c, which probably prevents toxic accumulation

of misfolded iRhom?2 before degradation %,

AlphaFold Cryo-EM

[ ApAm17 [ iRhom?2 I ApAm17 [ iRhom2

L/-/ \
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Figure 3: Cartoon representations of iRhom2/ADAM17 mature complex. AlphaFold structure (Kahveci-Tiirk6z S, Blasius
K, Wozniak J, et al. Cell Mol Life Sci. 2023 '8!) and Cryo-EM structure (RCSB PDB: 8SNL, structure data from Lu F, et
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al. Mol Cell 2024 '82) represented ADAM17 and iRhom2 with different colours. Visualizations are created with Mol*
Viewer 83, Both representations highlighted a TMH core (dark grey squares) comprising all seven iRhom2 TMDs and
ADAM17 TMD, which interacts with iRhom2 TMD1. Then, ADAM17 binds in a C-shape around the IRHD, with multiple
contacts with its MPD, Disintegrin domain, Metalloprotease domain, and in addiction with Pro-domain in the Cryo-EM
structure (black squares). According to AlphaFold model, the binding between MPD-IRHD is pivotal for conformational
rearrangement associated with ADAM17 activation (bold black circle), whereas Cryo-EM evidenced pro-domain-IRHD
essential in restraining ADAM17 flexibility and activity in non-stimulating condition (bold black circle).

Interestingly, despite 69% similarity to iRhom2 ', iRhom1 does not require ADAM17
for proper folding and is not degraded when the protease is absent. Structurally, iRhom1 and
iRhom2 have seven transmembrane domains (TMDs) and, unlike rhomboids, lack catalytic
activity due to a substitution of the conserved catalytic serine with proline (GxS < GxP) %,
Compared to rhomboids, through evolution iRhoms have acquired two additional structural
features: a long N-terminal cytoplasmic tail and a large disordered loop between TMDI1 and
TMD?2, also known as the iRhom homology domain (IRHD).

Two recent seminal studies used cryo-EM to characterize the overall structure of the
iRhom2/ADAMI17 complex, confirming earlier findings and providing deeper insights into
their interaction '¥2!*° (Figure 3). The transmembrane domain of ADAM17 interacts with
TMI1 of iRhom2, in line with previous observations in the mouse bearing the iRhom2
sinecure mutation. This is a single amino acid substitution at position 186 (I186T), within
TM1 of iRhom2, which prevents ADAM17 from binding and impairs its maturation %,

Furthermore, these studies highlighted the crucial role of the IRHD in interacting with
ADAMI17. Structurally, the IRHD comprises a highly ordered core, a conserved loop
containing the iICERES motif (iRhom Conserved ER-to-Golgi Export Sequence), and a
highly flexible hypervariable loop. These subdomains collectively endow the IRHD with the
capacity to mediate both trafficking and conformational regulation of the sheddase
complex #1187 The IRHD facilitates the formation of a stable complex with the immature
form of ADAMI17 in the endoplasmic reticulum (ER). This interaction is essential for the
proper folding, stabilization, and subsequent export of ADAM17 to the Golgi apparatus,
where its inhibitory pro-domain is cleaved.

Notably, the study by Lu et al. described an interaction between the pro-domain of
ADAM17 and IRHD residue D475, which keeps the pro-domain in place even after the furin
cleavage in the Golgi. This non-covalent interaction constrains ADAMI17 activity even at
the cell surface and is disrupted upon activation of the proteolytic complex (e.g. by PMA
stimulation), when the pro-domain is released, allowing greater flexibility of the catalytic
domain and enabling substrate cleavage '%2. Importantly, this mechanism was not confirmed
by Maciag et al, who predicted a similar overall Cryo-EM structure but did not observe

persistent pro-domain binding after furin cleavage. This discrepancy may be due to
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methodological differences: Lu et al. used overexpressed pro-ADAMI17 carrying an
upstream furin-site mutant, while Maciag et al. used an anti-ADAM17 pro-domain antibody
to show that no pro-domain can be detected on the cell surface of wild type cells expressing
endogenous ADAM17.

Moreover, structural modelling from Kahveci-Tiirkdz et al. revealed that the IRHD
interacts extensively with several extracellular regions of ADAMI17, including its
membrane-proximal domain, disintegrin-like domain, and catalytic domain. These contact
points help stabilize ADAMI17 in a conformation that is non-permissive for substrate
cleavage, adding an additional layer of inhibitory regulation. The iCERES motif, though not
directly involved in binding ADAM17, is indispensable for the ER-to-Golgi trafficking of
the complex. Mutations in this motif disrupt the forward transport and consequently impede
the maturation and activity of ADAM17 8! (Figure 3).

Beyond the domains directly involved in the iRhom2/ADAM17 interaction, TM2-TM5
of iRhom?2 are supposed to form the interaction surface for ADAM17 substrates, which are

transiently bound to the TM7 188,
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1.3.2 Regulation of iRhom/ADAM17 proteolytic complex

Some of the unique structural features of iRhoms have emerged to play a role in regulating

the activity of ADAM17 (Figure 4).
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Figure 4: Models created using Adobe Illustrator (Adobe Inc., San Jose, CA) for iRhom?2 functional role on trafficking,
maturation and activation of ADAM17 as complex iRhom2/ADAM17. In the ER, the presence of WT iRhom2 promotes
the trafficking of proADAM17 to the Golgi Apparatus, which is regulated by iCERES in the IRHD. Without iCERES or
IRHD or iRhom2, proADAM17 remains stuck in the ER (A and B). The presence of FRMDS since the ER ensure stability
to the iRhom2/ADAM17 complex (A and B). In the Golgi, furin-mediated cleavage removes ADAM17 pro-domain (A and
B). In the Model A, ADAM 17 pro-domain is removed after furin cleavage, allowing the mature complex iRhom2/ADAM17
to traffic to the plasma membrane. Then, in response to intracellular signaling (i.e. activation of GPCRs, TLR4) or upon
PMA stimulation, MAPK cascade phosphorylation of ADAM17 cytotail and phosphorylation of iRhom2 residues on N-
term cytoplasmic tail recruits 14-3-3-phospho-dependent proteins (in blue) and 14-3-3-phospho-independent proteins (in
pink). These engagements cause conformational changes in the iRhom2/ADAM17 complex, in that MPD-IRHD interaction
(bold black circle) becomes weak and allows ADAM17 to shed its substrates. In Model B, ADAM 17 pro-domain is retained
in Golgi and plasma membrane by interacting with IRHD. Then, similar to model A, ADAM17 cytotail and iRhom2 N-
term cytoplasmic tail are phosphorylated by activation of MAPK cascade in response to intracellular signaling (i.e.
activation of GPCRs, TLR4) or upon PMA stimulation. iRhom2 phosphorylated residues allowing 14-3-3 proteins
recruitment. These post-translational modifications weaken the interaction between the pro-domain and IRHD (bold black
circle), resulting in pro-domain release and a more flexible ADAM17 conformation able to perform ectodomain shedding.
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1.3.2.1 N-terminal cytoplasmic tail

The N-terminal cytoplasmic domain of iRhoms is a disordered region of approximately
400 amino acids, which pivotal for regulating the functional role of the iRhom/ADAM17
complex. Although this domain has been quite extensively investigated for protein
interactors that bind iRhom?2 at this site, using both unbiased proteomics approaches and
machine learning, the general view is that these interactions have not yet been fully
characterised. Similarly, studies have mainly focused on iRhom2 and therefore specific
interactors of iRhoml have not been investigated. Many more interactors of iRhom
cytoplasmic tail are likely to be discovered in the coming years, which will help explain the

complexity of ADAM17 regulation by iRhom1 and iRhom?2.

Activation of iRhom2/ADAMI17 complex. By using a mass spectrometry-based

interatomic approach, two separate groups found that a number of 14-3-3 proteins interact
with iRhom2 cytotail, and this interaction modulates the rapid activation of ADAM17.
Indeed, mature ADAM17 is known to reside on the cell surface in an inactivated state, until
specific stimuli activate its proteolytic function, including stimulation through G-protein
coupled receptors (GPCRs). Upon stimulation by GPCRs, TLR4 signalling or treatment with
phorbol 12-myristate 13-acetate (PMA, a synthetic compound widely used for ADAM17
activation), iRhom2 cytoplasmic domain gets phosphorylated at three different residues
(S60, S83, and S359). This drives the recruitment of multiple 14-3-3 proteins, which induce
a conformational change in the iRhom2/ADAMI17 complex leading to ADAM17 activation
and shedding of its substrates %1, Moreover, recent findings identified an additive non-
canonical, phosphorylation-independent 14-3-3 binding motif in the iRhom?2 cytotail region
called TOC site (1186, P189, D189, D188, R197), which harbors mutations observed in
tylosis with oesophageal cancer '°!. In particular, in silico and in vitro experiments showed
14-3-3o/stratifin (SFN) interacts with 1186, D188, and R197, that mimic phosphoserine
residues, thus facilitating its binding. This novel interaction gave insights into the molecular
biology of constitutive and stimulated ADAMI17 shedding activity, in that it appeared
phosphorylation-independent 14-3-3 proteins alone restrain basal ADAM17 activity, which
is impaired by pathological TOC mutations !

Stability of iRhom2/ADAMI17. A similar mass spectrometry-based approach as the one

described above identified protein interactors of iRhom2 cytotail that contribute to stabilize
the iRhom2/ADAM17 complex. One such proteins is FERM domain-containing protein 8
(FRMDS), also referred to as iRhom Tail-Associated Protein (iTAP), which binds the
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iRhom?2 cytotail in its 200-300 amino acid region. This binding stabilizes the complex of
iRhom2/ADAM17 in the late secretory pathway, preventing its lysosomal degradation '81%,
Loss of FRMDS had similar effects as iRhom deficiency in cells, leading to a reduction in
the level of mature ADAM17. Similarly, the murine spontaneous iRhom2 mutation called
curly-bare (cub) lacking the N-term residues 1-268 (corresponding to residues 1-298 in
human) disrupts the interaction site of FRMDS, and so it implies a role to the complex

molecular defects observed in the cub phenotype °>1%.

Cytoplasmic tail as a transcriptional regulator. iRhom2 N-terminal cytoplasmic domain

contains a nuclear localization signal (NLS) motif, that allows a shorter fragment of about
50 kDa to translocate from ER-to-nucleus '**. This fragment is the product of two sequential
cleavages by the signal peptidase complex (SPC) in the luminal juxtamembrane region of
TMDI, which releases the whole cytotail, and by an unknown cytoplasmic protease that
results in the production of the 50 kDa fragment. Then, this fragment translocates into the
nucleus and binds to the nuclear repressors CtBP1 and CtBP2, thus modulating gene
expression. Overexpression of this iRhom2 fragment promoted cellular keratinocyte
proliferation by upregulating Keratin 16, a protein commonly associated with
hyperproliferative states, such as inflammation, wound healing and cancer.

It is important to mention that these experiments were also conducted on iRhoml, and

comparable results were observed '%.

1.3.2.2 ADAM17 membrane proximal domain (MPD)

A distinctive hallmark in ADAMI17 structure is the membrane proximal domain (MPD).
It is involved in tuning shedding activity '°¢, through two different conformational changes:
open — more flexible —, and closed — more rigid. In 2013, this mechanism was initially
explained by the interaction between the Protein-disulfide Isomerase (PDI) and MPD %7, in
which NMR and mass spectrometry-based analysis showed PDI catalysed an isomerization
of disulfide bridges within the thioredoxin motif C600-XX-C603 (more likely belonging to
the cysteine-rich domain) switching from an open-to-closed and inactive conformation.
However, another possible regulatory mechanism of conformational changes still resides
within the membrane proximal domain, where it is presents a short juxtamembrane segment
of 17 amino acids called CANDIS (Conserved Adam seventeeN Dynamic Interaction
Sequence). By forming electrostatic interactions with the cell membrane, three positively
charged residues (R625-K626-G627-K628) bind to the phosphatidyl-serine flipped to the

outer-layer of the plasma membrane, upon phorbol ester stimulation, thus allowing the
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switch into an open and active "%’ Although, current evidence suggests that iRhoms, in
particular iRhom2, through IRHD, interfaces with the disintegrin domain, metalloprotease
domain, the MPD mainly serves as the primary regulatory machinery of ADAM17 different
conformational changes. This does not exclude the contribution of alternative pathways but
emphasizes the central role of the iRhom2/ADAMI17 complex in controlling shedding

activity.

1.3.3 Function

ADAMI17 is also known as TNFa-converting enzyme (TACE), since it was firstly
discovered as the sheddase responsible of tumour necrosis factor a (TNFa) release 7417
Since then, more than a hundred ADAM17 substrates have been identified in vitro and in
vivo, showing its involvement in several biological processes (Table 2).

ADAMI17 is ubiquitously expressed in mammals and its constitutive ablation leads to
perinatal death in mouse *%. iRhom1 and iRhom2 show some redundancy in regulating
ADAMI7 activity mostly to the same extent, since they act in different cell types based on
their relative expression '**. This implies that all ADAM17 functions — from the release of
TNFa, EGFR-ligands to several other substrates, depend on iRhoms. Ablation of either
iRhom1 or iRhom2 in mice showed no differences compared to wild-type (WT), suggesting
a compensatory role of the two forms in regulating ADAM17 activity. On the other hand,
iRhom1/2 ablation phenocopied Adam17-/- in mice, in that they died shortly after birth with
open eyes, misshapen heart valves, and growth plate defects °!.

Among all functions that have been described for ADAM17, in this PhD thesis, I will
focus on those validated in vivo, especially in the context of cancer. This is in accordance

with my PhD project “Proteomic-based approach to investigate the role of iRhoms in cancer”

funded by PON R&I 2014/2020 per lo sviluppo delle Azioni V.4 “Dottorati e contratti di

ricerca su tematiche dell'innovazione”.
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Table 2: List of validated ADAM17 substrates.

Adapted from Cuffaro, D. et al. Chapter 3.5 - A disintegrin and metalloproteinases (ADAMs) and tumor necrosis factor-
alpha-converting enzyme (TACE). in Metalloenzymes 2024.

Cvtokine Cell-to-Cell Signalling Cell Cellular Enzyme Oth
y Communication receptor Adhesion Transport e
CSF-1 202 Amphiregulin 5203 Ax] 204 ALCAM 205 IGF-2R 206 ACE-2 APLP-2 200
Carbonic
CX3CL1 270 DLL-1 21 CD16 212 CD44 205 LDL-R 5 Hydrolase APP 214215
9 213
Pre-
IL-8 276 Epigen 27 CD163 218 Collagen XVII 2'° LRP-1 220 Klotho 2%' adypocyte
factor 2%
KL-1 223 Epiregulin %3 CD30 204 Desmoglein-2 205 SORCS-1 22° NPR-1 226 PMEL-17 227
(TNFRSF8)
53,228 CD40 205 225 230
KL-2 223 HB-EGF 53 (TNFRSF5) 229 EpCam SORCS-3 PrP
Lymphotoxin-a ICOS-L 22 CD8g 2 GP-1ba 24 SORL-A 225 Syndecan-1
RANKL 2 IL-15R 27 EPCR 28 GP-5 234 SORT-1 225 Syndecan-4
TNF-a 174175 IL-1R2 23 ErbB4 240241 GP-6 24 TREM-2 242 Vasorin 243
GHRH
IL-6R 244 receptor #5246 ICAM-1 247
Jagged 248 M-CSFR 240 JAM-A 250
LAG-3 25! Notch-1 248 L1-CAM 252
MHC-| 53 NRP-1 254 L-selectin 2°°
MIC-A 255 NTRK1 258 LYPD3 257
MIC-B 25 PTK7 25 MUC-1 259
NRG-1 260 PTPRF 21 NCAM 262
PD-L1 263 PTPRZ 2 Nectin-4 264
TGFa 53,200,265-267 SEMA-4D 268 SynCAM-1 269
TIM-1 270 TNF-R1 27t Thromb:clozs7?ond|n-
TIM-4 270 TNF-R2 271 VACM-1 273274
VEGF-R2 25
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1.3.3.1 iRhom/ADAM17 in immunity and cancer

The role of ADAM17 in immune responses 27> was recognized since its discovery of
being the key regulator of the pro-inflammatory cytokine TNFa, as previously mentioned.

The pro-inflammatory effects of TNFa are primarily mediated by its soluble form, which
signals in a paracrine or autocrine manner through TNFa receptor 1 (TNFR1). In contrast,
TNFa receptor 2 (TNFR2) is preferentially activated by membrane-bound TNFa and is
generally associated to anti-inflammatory and protective properties 27°.

Monocyte/macrophages represent main source of TNFa, although it is almost
undetectable under healthy conditions *”’. In response to TLR4 activation by LPS (e.g.
bacterial infection) 23?7 effector cells become activated releasing increased amount of
TNFa, whose binding with TNFRs trigger pro-inflammatory cascade (NF-«kB and AP-1) %,
Interestingly, ADAMI17 also shed TNFR1 and TNFR2, generating soluble TNFR
ectodomains that bind TNFo and reduce its availability, thus regulating downstream
signalling of inflammatory !,

Considering its pivotal role in TNFa release, ADAMI17 conditional inactivation in

myeloid cells provides protection from endotoxin shock lethality 232

, even broadly
ADAM17-deficient leukocytes (neutrophils, monocytes, and lymphocytes) have impaired
shedding L-selectin, resulting in less neutrophil infiltration, reduced inflammation and TNFa
release and longer survival after peritoneal sepsis 2532%,

ADAMI17 has also been reported to shed the IL-6 receptor (IL-6R) >*4. The cytokine IL-
6 can drive both pro-inflammatory and anti-inflammatory responses. Binding to the
membrane-tethered IL-6R on the cell surface of hepatocytes and lymphocytes activates the
so-called IL-6 classic signalling pathway, leading to the activation of anti-inflammatory
cascade. In contrast, ADAMI17 shedding of IL-6R results in the formation of IL-6/sIL-6R
complex, that trigger IL-6-trans-signalling pathway through activation of all cells due to the
uniform expression of gp130, resulting in pro-inflammation associated with the development
of several inflammatory diseases, including rheumatoid arthritis 28286,

As highlighted previously, iRhom2 plays a crucial role in tuning ADAMI17 and its
substrates in immune system 2%’ especially TNFa 27**%8 and IL-6R 2*3.

Upregulation of iRhom2 expression was shown to be pivotal in inflammatory diseases,
such as in synovial macrophages from rheumatoid arthritis (RA) ?*°, in damaged murine and

human kidney from systemic lupus erythematosus (SLE) ?*°, and in Kupffer cells from

hepatic steatosis, metabolic syndrome and dyslipidaemia 2.
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Given its ability to shed pro-inflammatory molecules, pro-tumorigenic substrates, and
adhesion molecules, ADAM17 plays a key role in tumours across different cancer stages
and types. Historically, ADAMI17 has been linked to cancer as the sheddase of EGFR
ligands 7. As previously mentioned, ADAM17 is the principal sheddase of EGFR ligands,
driving EGFR signalling during embryonic development. In fact, mice lacking ADAM17
die perinatally and show developmental abnormalities — such as defective heart valve
formation, compromised epidermal barrier, and open eyelids at birth — that phenocopy
EGFR-null mice 2°%*?2, Dysregulated shedding of EGFR ligands positively correlates with
poor cancer prognosis 2%, In particular, ablation of ADAM17 reduced amphiregulin and
TGFo. shedding, resulting in diminished progression of colon and breast cancer 264, In
addition, inhibition of IL-6 trans-signalling was also sufficient to inhibit ADAM17-mediated
tumorigenesis, further suggesting that anti-IL-6 therapeutic approach might be promising for
colorectal cancer resistant to EGFR-targeted therapies ***. ADAM17 involvement in cancer
is broader than EGFR regulation. It has been demonstrated that aberrant shedding of TNFR 1
leads to endothelial cell necroptosis, that leads to tumour extravasation and metastasis 2%°.

To the same extent, ADAMI17 has a role in gastric tumour formation by modulating
EGFR and TNFa signalling pathways ¢, in metastasis via Notch and Wnt %7, and via TGFp
signalling pathways promoting epithelial-mesenchymal transition (EMT) 2%,

ADAMI17 has also been shown to facilitate immune evasion by mediating the shedding
of programmed death-ligand 1 (PD-L1) 2%, a signalling receptor expressed at high levels in
several human cancers that suppress adaptive immune responses of CD8" T cells and CD4"
T helper cells 2°*%, For its role in immune escaping, several immunotherapy strategies have
been studied to target PD-L1 and trigger an immune response in poorly immunogenic
cancers, referred to as cold tumours *°!. Curiously, increased levels of ADAM17 and soluble
PD-LI are considered prognostic biomarkers.

Conversely, both iRhoms are implicated in cancer at different stages and in different
tumour cell types, because of their involvement in TNFo/EGFR/IL-6R signalling
pathways %2, Even though iRhoml is still less investigated, the first evidence for a role of
iRhom1 in tumorigenesis showed it highly expressed in early-stage breast cancer and a
positive correlation between its expression and metastasis, resistance to chemotherapy and
poor prognosis 3%, Through deregulation of EGFR signalling in complex with ADAM17,
iRhom1 has a role in growth, proliferation and invasion of head and neck squamous cancer
cell lines and xenograft tumour 3®°. For these reasons, targeting iRhom1 in combination with

chemotherapeutic approach could be a promising strategy for several resistant tumours 3%,
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The previously mentioned mutations in the iRhom2 cytotail (I186, P189L, DI18IN,
D188Y) cause the rare disease Tylosis with Oesophageal Cancer (TOC), characterized by
palmo-plantar hyperkeratosis and a high risk of developing oesophageal cancer in middle
age 39"3%_ These gain-of-function mutations lead to an exacerbated shedding of the EGFR-
ligand amphiregulin (AREG), resulting in proliferation and migration of tylotic
keratinocytes *!°. The four amino acid region carrying mutations in TOC patients has been
shown to affect iRhom2/ADAM17 substrate selectivity mechanism *!!. Interestingly, partial
deletion of the N-terminal cytoplasmic domain — the murine curly bare (cub) mutation —

impairs stabilization of mature ADAM17 at the plasma membrane 2.
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1.4 Mass spectrometry-based analysis for proteomics
In 1994, Marc Wilkins coined for the first time the term proteome, defining it as
“PROTEin complement expressed by a genOME”, and proteomics as the technology to
identify proteins in large scale *'%.
Despite a plethora of definitions, proteome is best described as the comprehensive set
of proteins produced and modified by a cell, a tissue, an organ, or an organism at a specific

time and defined spatial environment. Differently from the genome, the proteome is highly

dynamic and reflects the functional state of a biological system.

1. Protein sample

2. Peptide mixture

3. Liquid chromatography

4. Mass-spectrometry
analysis

o DDA-MS DIA-MS
5. Data acquisition srvoy s J—

procursor selection ‘across al isolaton windows
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Figure 5: Schematic mass spectrometry-based proteomics workflow. 1. Proteins are extracted from a biological sample
and 2. enzymatically digested into peptides. 3. 4. Then, peptides are separated by liquid chromatography and analysed by
tandem mass spectrometry (LC-MS/MS). 5. Data acquisition is performed using either data-dependent acquisition (DDA-
MS) or data-independent acquisition (DIA-MS) strategies /3. Subsequent data analysis is conducted using dedicated
software (e.g. MaxQuant for DDA */? or DIA-NN for DIA /) to identify and quantify peptides and proteins, and to perform
bioinformatic analysis (e.g. Perseus /%)
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Proteomics is the technology applied to study proteomes in a large scale, and has evolved
into a multifaceted discipline addressing different subfields of protein biology. Quantitative
proteomics focuses on measuring protein abundance across conditions, by using labelling or
label-free mass spectrometry techniques. Structural proteomics aims to determine protein
conformations, complexes, and interactions, by using approaches such as cross-linking MS
or cryo-EM. Functional proteomics explores the roles and activities of proteins, including
post-translational modifications and enzymatic functions. Proteomics found in mass
spectrometry (MS)-based analysis a powerful tool, in directly and accurately identifying and
quantifying amino acid sequences for a systematic analyses of protein expression,
modifications and interactions across various conditions *!7.

Quantitative proteomics is still a milestone in proteomic-based research and it is widely
used both for structural and functional studies, depending on the investigative approach. In
particular, two strategies can be applied, bottom-up and top-down. Bottom-up proteomics is
a quantitative proteomics approach that allows the identification and quantification of
proteins by proteolytic digestion prior to mass spectrometry (MS) analysis, whereas top-
down proteomics analyses intact proteins directly by MS without prior digestion to preserve
full protein information '8,

Bottom-up proteomics allows deeper high-throughput data analysis of a complex protein
mixture, and it is primarily applied in investigating sheddomes *!°. For this reason, the
following paragraphs will focus on bottom-up proteomics. This method requires three
fundamental steps: sample preparation (proteins extraction and digestion), separation of

peptides by liquid chromatography and tandem mass spectrometry analysis (Figure 5).

1.4.1 Sample preparation

Depending on biological samples and experimental needs, several methodologies are
currently used to prepare samples for MS analysis, depending on specific experimental
needs.

Protein extraction is the first critical step. Detergent- (e.g SDS, Triton X-100, NP-40) or
organic solvent-based extractions (e.g. TCA/acetone precipitation), are mostly used for less
complex matrices to efficiently solubilize proteins and remove contaminants, or they could
be combined to mechanical disruption to improve protein recovery from organ or tissue
types.

Proteins are then unfolded and digested into smaller peptides that can be ionized and
analysed by MS. Breaking disulphide bridges leads to disruption of proteins three-dimension

conformation and subsequent linearization, allowing enzymatic digestion and peptide
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generation. For this purpose, proteins are reduced and alkylated by sequential treatments
with dithiothreitol (DTT) and iodoacetamide (IAA).

Trypsin is the gold standard protease used for peptide generation, as it specifically cleaves
at the carboxyl side of lysine (K) and arginine (R), creating a manageable and predictable
cleavage pattern and a charge distribution that enhance ionization efficiency and
fragmentation reproducibility.

For the latter, other stepwise proteases could be coupled to tryptic digestion, such as Lys-
C (C-terminal cleavage at lysine (K) residues only) or chymotrypsin (C-terminal cleavage at
phenylalanine (F), tyrosine (Y), tryptophan (W), to improve individual protein sequence
coverage.

All together these treatments are crucial for proper protein identity, since peptides are
mapped to the primary amino acid sequences of a given proteome.

Noteworthy, Filter-Aided Sample Preparation (FASP) is a widely adopted method for
protein digestion in bottom-up proteomics. It is an on-filter processing method suitable for
retaining proteins on the molecular weight cut-off (MWCO) filter unit and for efficient

removal of contaminants from detergent- or organic solvent-degradation steps 32°.

1.4.2 Liquid Chromatography

Liquid chromatography (LC) is the core separation technique used in proteomics to
reduce sample complexity and improve the resolution of peptide mixtures derived from
protein digestion. The rationale behind LC is on the differential interaction of analytes with
a stationary phase and a mobile phase, allowing peptides separation according to their
physicochemical properties such as hydrophobicity, charge, polarity, or size (Reversed-
Phase Chromatography, lon-Exchange Chromatography, Hydrophilic Interaction Liquid
Chromatography, or Size-Exclusion Chromatography, respectively) *!7. The most common
LC method is the Reversed-Phase Chromatography (RP-LC), in which the mobile phase
comprises water, an organic solvent (e.g. acetonitrile), and a strong (e.g. formic acid) for
their combined properties of polarity modifier allow a better resolution, whereas the
stationary phase uses non-polar C18 groups bonded to silica gel. Peptides are retained based
on hydrophobic interactions; the more hydrophobic molecules interact the more strongly and
elute later. In proteomics, high performance LC (HPLC) is the most commonly used,
providing high-speed, high-resolution and high-sensitivity separation of analytes.

Flow regime also influences analytes separation outcomes. For this reason, flow regime
is the nano-flow rate, typically less than 1000 nanoliters per minute (nL./min). This ultra-low

flow rate is specifically optimized for high-sensitivity analysis of complex peptide mixtures.
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Combination of the small diameter of nano-LC columns (commonly 75 um) and low flow
rates enhance ionization efficiency during electrospray ionization (ESI), improving detection

sensitivity for low-abundance peptides *2!.

1.4.3 Mass spectrometer
Mass spectrometer is the central analytical instrument in proteomics, which performs the
detection, identification, and quantification of peptides based on their mass-to-charge ratio
(m/z).
In proteomics, the m/z values are used to determine protein identity, whereas the relative
abundance indicate protein levels across different samples. A mass spectrometer comprises

three main components: ion source, analyser and detector.

1.4.3.1 Ion source

As the mass spectrometer works exclusively with ions, generated peptides must be
converted into charged species, prior being analysed. This is an essential in any MS-based
workflow.

In bottom-up proteomics, electrospray ionization (ESI) is the most widely used ionization
method due to its compatibility with liquid chromatography (LC) and its ability to generate
multiply charged peptide ions. In ESI, the peptide-containing solution is passed through a
needle held at a high voltage (around 3 kV), creating charged droplets. By heat and gas flow,
the solvent evaporates and these droplets undergo Coulomb fission, producing gas-phase

ions that are directed into the mass spectrometer 22,

1.4.3.2 Analyzer and Detector

After ionization, the charged peptides enter the analyzer, which separates them according
to their m/z values. There are several types of mass analyzers, each with unique
characteristics in terms of resolution, mass range, and speed. Modern mass spectrometers
often incorporate multiple analyzers (hybrid instruments) to increase the robustness of
different analysis.

In this paragraph, I am focusing on the most common analyzers for bottom-up proteomics,
that are Quadrupole, Orbitrap and the Quadrupole-Orbitrap hybrid system, since the latter is
the analyzer incorporate in the two mass-spectrometers that I used for my proteomics
analysis (Q-Exactive and Orbital Exploris, Thermo Fisher Scientific).

The Quadrupole mass analyzer consists of four parallel metal rods to which different

voltage frequencies are applied. This configuration creates an oscillating electric field that
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selectively stabilizes the trajectory of ions within a specific m/z window, allowing only those
ions to pass through to the detector, which is typically electron multipliers. This makes the
quadrupole mass analyzer most suitable for targeted quantification method. In contrast, the
Orbitrap is a high-resolution mass analyzer based on electrostatic ion trapping and Fourier
transform detection. It consists of a vacuum chamber with an inner spindle-shaped electrode
and a coaxial outer electrode. Ions are injected tangentially and are “trapped” in orbital
motion around the central electrode, whose frequency depends exclusively on m/z of each
ion. Then, orbital motions are detected and transformed via Fourier transform, resulting in a
frequency spectrum and subsequently in a mass spectrum. The longer the ions are trapped,
the more oscillations are recorded, leading to increased resolution. For this reason, the
Orbitrap technology allows high-resolution and high-mass accuracy measurements, making
it highly suitable for discovery proteomics 3!7%,

Combining the Quadrupole and Orbitrap technologies develops the hybrid system
Quadrupole-Orbitrap, in which the selective electric field applied for each precursor ion is
coupled with the ions’ trapping system in orbital motion. Moreover, the presence of a
fragmentation chamber with Higher-Energy Collisional Dissociation method, in which
precursor ions are accelerated by an electric field and collided with inert gas molecules
(typically N2), enables the generation of smaller products, thus allowing more oscillations,
more mass spectra and increased resolution and accuracy. This mechanism called tandem
mass-spectrometry (MS/MS) is a critical step in bottom-up proteomics, since the amino acid

sequence of the original peptide is analyzed in a second stage of mass spectrometry 324,

1.4.4 Data acquisition

A specific application of the bottom-up strategy is shotgun proteomics, which is an
unbiased and investigative proteomics approach *!7.

In shotgun proteomics, raw data acquired from tandem mass-spectrometry analysis can
be analysed through two different methods: data-dependent analysis (DDA) and data-
independent analysis (DIA).

In DDA mode, a continuous full-scan MS (MS!) quantifies all the precursors within a
specific m/z range. Then, the mass spectrometer selects the most intense precursors
(typically top 10 or 20) for the fragmentation and the MS? analysis. DDA is considered a
stochastic method, as the precursors selected for fragmentation can vary from run to run,
depending on their abundance and signal intensity at a specific time 3.

In DIA mode, the instrument systematically fragments all ions across a predefined m/z

range, regardless of their intensity or abundance. DIA divides the full MS' m/z range (e.g.,
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400-1200 m/z) into sequential isolation windows (typically 5-25 Da m/z ranges). Within
each window, all precursors are fragmented simultaneously, and the resulting MS? spectra
contain fragments from multiple co-isolated peptides. Fragment ions in overlapping spectra
are deconvoluted and assigned to their respective precursors using advanced data processing
tools designed for DIA workflows, such as Sequential Windowed Acquisition of all
THeoretical fragment ions (SWATH) **¢ and DIA-NN 313,

DDA is particularly well suited for discovery proteomics and targeted proteomics, for
obtaining detailed sequence information with high confidence. Its ability to generate high-
quality MS/MS spectra makes it valuable for identifying novel peptides and localizing
modifications. On the other hand, DIA is better adapted to quantitative and large-scale
proteomic studies, offering superior reproducibility and comprehensive peptide coverage
across diverse and complex sample sets. The decision to employ DDA or DIA should be

based on experimental goals, sample complexity, and desired analytical outcomes.
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Chapter Two:
Materials and Methods
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2.1 Secretome analysis of mEF's

2.1.1 Cell culture

WT, iR1KO, iR2KO or iR1/2 dKO mouse embryonic fibroblasts (mEFs), kindly provided
by Dr. Carl P. Blobel, were isolated as described previously **7. Cells were grown until
confluence in 6-well plates in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM)
(Biowest, Riverside, Newry and Mourne, UK) supplemented with 1% L-Glutamine, 1%
Penicillin and Streptomycin (Pen-Strep), 1% Sodium Pyruvate and 10% Fetal Bovine Serum
(FBS) at 37 °C, 5% COx. Then, cells were thoroughly washed with PBS to remove remnants
of serum, and incubated 3 h with serum-free DMEM, either in the presence or absence of 25
ng/mL phorbol 12-myristate 13-acetate (PMA - Sigma-Aldrich, St. Louis, MO, US).

For rescue experiments, iR1/2 dKO mEFs were seeded at 70% confluency in 6-well
plates, then media was replaced with OptiMEM (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA). Recombinant murine iRhom1 and/or recombinant murine iRhom2 were cloned
into a pcDNA3.1/Zeo (+) plasmid, in frame with the CDS5 signal peptide for efficient
secretion and a 3xFLAG-tag sequence at their C-term. 500 ng of iRhom1-FLAG and
iRhom2-FLLAG were used either alone or in combination (iR1, iR2, iR1/2), mixed with 5 uL
of Lipofectamine 3000 (Invitrogen, Thermo Fisher Scientific, Waltham, MA, US) and added
to cells. After 5 h, OptiMEM was replaced with DMEM containing 10% serum and grown
for 48 h. After washing, cells were incubated 3 h with or without 25 ng/mL PMA in serum-

free conditions.

2.1.2 Sample processing

Conditioned media were harvested and centrifuged at 14,000 x g for 10 min to remove
cell debris, and then applied to filter-aided sample preparation (FASP) *2° by using Vivaspin
protein concentrator spin columns with a 10 kDa molecular weight cut-off (Sartorius,
Gottingen, Germany). First, proteins were reduced (1M Dithiothreitol (DTT) in 100 mM
Tris/HCI, 8 M urea pH 8.5) for 30 min at 37° C, then alkylated in 50 mM iodoacetamide
(IAA) for 5 min at room temperature and washed twice in 100 mM Tris/HCI, 8 M urea pH
8.0 at 14,000 x g for 30 min. 10 pg of proteins per sample were digested with 0.2 pg LysC
(Promega, Madison, WI, US) in 25 mM Tris/HCI, 2 M urea pH 8.0 overnight (enzyme to
protein ratio 1:50) and with 0.1 pg trypsin (Promega, Madison, WI, USA) in 50 mM
ammonium bicarbonate for 4 h (enzyme to protein ratio 1:100). Resulting peptides were
desalted by stop-and-go extraction (STAGE) method on reverse phase C18 (Supelco
Analytical Products, part of Sigma-Aldrich, Bellefonte, PA, USA) 328, The C18 resin was

activated with 100 pL of methanol and then washed twice with 0.1% formic acid. Samples
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were forced through the tip and washed four times with the same formic acid solution, and
then eluted in 40 pL. of 60% acetonitrile in 0.1% formic acid. The volume was reduced in a
SpeedVac (Thermo Fisher Scientific, Waltham, MA, US) and the peptides were resuspended
in 20 pL of 0.1% formic acid, ready to be analysed by LC-MS/MS.

2.1.3 LC-MS/MS analysis

An Ultimate 3000 nanoLC system (Thermo Scientific) was coupled online with an
Acclaim PEPMap C18 column (50 cm x 75 um ID, Thermo Fisher Scientific) to Q-Exactive
Plus mass spectrometer (Thermo Fischer Scientific). 1 pug peptides were separated with 250
nL/min flow using a 220 min binary gradient of water and acetonitrile (from 2% to 95%
acetonitrile in water), injected into the mass spectrometer, and their intensities quantified by
using label-free quantification (LFQ) and data-dependent acquisition (DDA). Full MS scans
were acquired at a resolution of 70,000 (m/z range: 300—1400; automatic gain control (AGC)
target: 1 x 10% max injection time 50 ms). The DDA was used on the 10 most intense peptide
ions per full MS scan for peptide fragmentation. A dynamic exclusion of 120 s was used for
peptide fragmentation.

To achieve more sensitivity for iRhom-rescued mEFs analysis, the LC-MS/MS analysis
was performed using a nanoLC system (Vanquish Neo UHPLC - part of Thermo Scientific)
connected to Acclaim PEPMap C18 column (25 cm x 75 pm ID, Thermo Scientific,
Waltham, MA, USA) for peptide separation to an Exploris 480 mass spectrometer (Thermo
Fisher Scientific). 1 ug peptides were separated at a flow rate of 250 nL/min using a 130 min
binary gradient of water and acetonitrile containing 0.1% formic acid at fixed column
temperature of 50°C. Data-independent acquisition (DIA) was used for identification of
proteins and their label free quantification (LFQ). The mass spectrometer was set in positive
ion mode to acquire a full MS' scan at a resolution of 120,000 across a mass-to-charge (m/z)
scan range of 400 to 1000, followed by 60 consecutive DIA windows with a 1 m/z overlap
and optimized window placement. The automatic gain control (AGC) target was set to 3 x
10° ions to enter the mass analyser within 50 ms as maximum injection time. Then, 60
isolation windows were acquired at a resolution of 30,000, an AGC target of 8 x 10°, and the
maximum injection time was automatically adjusted to optimise cycle time. Collision-
induced fragmentation was set to 30% of the normalized higher-energy collisional

dissociation (HCD).
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2.1.4 Proteomic data analysis

For analysis with DDA method, data were normalized and analysed using Maxquant
software (maxquant.org, Max-Planck Institute Munich, version 2.0.1.0 3*°) and searched
against a reviewed canonical FASTA database of mus musculus. The Perseus software
platform (http://www.perseus-framework.org (accessed on 7 July 2022); copyright of Max
Planck Institute of Biochemistry- Martinsried- Munich; Germany) was used to perform
statistical analysis. For DIA analysis, data were elaborated with the software DIA-NN
(version 1.8.1), and matched with a reviewed canonical FASTA database of mus musculus.
The Perseus software platform (http://www.perseus-framework.org (accessed on 9 May
2024); copyright of Max Planck Institute of Biochemistry- Martinsried- Munich; Germany)
was used to perform statistical analysis. LFQ values were log2 transformed and a two-sided
Student’s t-test was used for the statistical analysis of stimulated versus control mEFs. Up

to three biological replicates were used for these analyses.

2.2 Secretome analysis of HTB94 cells

2.2.1 Generation of iR1KO, iR2KO and A17KO HTBY4 cells

Fibroblast-like HTB94 cells were cultured in high glucose Dulbecco’s Modified Eagle’s
Medium (DMEM) (Biowest, Riverside, Newry and Mourne, UK) supplemented with 1% L-
Glutamine, 1% Penicillin and Streptomycin (Pen-Strep), 1% Sodium Pyruvate and 10%
Fetal Bovine Serum (FBS) at 37 °C, 5% CO». CRISPR-Cas9 was used to generate iR1KO,
iIR2ZKO and A17KO cell lines. CRISPR guide for iRhoml (5°-
GGGAATGTCCAGCTTTAGCC-3’, targeting exon 2), iRhom?2 (5°-
GCATGCTGTCCTGCTCGCCA-3’, targeting exon 3), ADAM17 (5°-
GGTCGCGGCGCCAGCACGAA-3’, targeting exon 1) and not targeting control sequences
(NTC, 5’-TCCGGAGCTTCTTTCAGTCAA-3’ — referred as WT) were cloned into vector
lentiCRISPRV2 (Addgene, cat. No. 52961) as previously described **°. HEK293T packaging
cells were used for CRISPR/Cas9 lentiviral particle production. Cells were seeded on 10 cm
culture dish and incubated overnight at normal growth condition (37°C, 5% CO2, DMEM
with 10% FBS, P/S, 1% L-Glutamine and 10mM sodium pyruvate). 1 mL of OptiMEM was
supplemented with 37 pL of Lipofectamine 3000 and mixed. In a second tube, 1 mL of
OptiMEM was mixed with 13.3 pg of the packaging plasmid pxPAX2, 9 ug pcDNA3.1-
VSVG and with 18 pg of lentiCRISPRv2-iRhoml, lentiCRISPRv2-iRhom2,
lentiCRISPRv2-ADAM17 or lentiCRISPRv2-NTC. Lipofectamine and plasmid were mixed
and incubated for 20 minutes at 37°C. HEK293T were washed with PBS and medium was
changed with OptiMEM 10% FBS prior to cell transfection. The transfection mix was added
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to the cells and incubated overnight Then, the medium was changed with DMEM
supplemented with 2% FBS, 1% P/S, 10mM sodium butyrate and after 24 hours the
conditioned medium containing viral particles was collected, centrifuged to remove cell
debris and used for lentiviral transduction. 500 pL of medium containing lentiviral particles
were added to 500 uL HTB94 cell suspension, in the presence of 5 ug/mL polybrene. Cells
were transferred onto a 6-well plate and spinfected by centrifuging cells at 1800 rpm for 2
hours at 33°C. After an overnight incubation with the viral suspension, cells were collected,
washed twice and incubated with growth media supplemented with 1pug/mL of puromycin
for selection of transduced cells. After selection, the generation of iR1KO, iR2KO and
A17KO cell lines was evaluated by Western blotting.

2.2.2 Cell culture

WT, iR1KO, iR2KO and A17KO HTBY4 cells grown until confluency in 6-well plates
with high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Biowest, Riverside,
Newry and Mourne, UK) supplemented with 1% L-Glutamine, 1% Penicillin and
Streptomycin (Pen-Strep), 1% Sodium Pyruvate and 10% Fetal Bovine Serum (FBS) at 37
°C, 5% CO2. Then, cells were thoroughly washed with PBS to remove remnants of serum,
and incubated 3 h or 1 h with serum-free DMEM, either in the presence or absence of 25

ng/mL phorbol 12-myristate 13-acetate (PMA - Sigma-Aldrich, St. Louis, MO, US).

2.2.3 Mass spectrometry-based analysis

WT, iR1KO, iR2KO, A17KO HTB94 conditioned media were collected, applied to FASP and
STAGE-tips, and analysed by LC-MS/MS as described above. Peptide intensities were quantified by
using label-free quantification (LFQ) and data-dependent acquisition (DDA), and then searched
against a reviewed canonical FASTA database of Homo sapiens by using MaxQuant software. LFQ
values were log2 transformed and a two-sided Student’s t-test was used for the statistical analysis of
stimulated WT, iR1KO or iR2KO versus A17KO cells. In addition, one-way Anova with Dunnett’s
multiple comparisons test was used to statistically compare levels of specific proteins in the
conditioned media of iR1KO, iR2KO or A17KO cells versus that of WT cells. Three biological

replicates were used for this analysis.

2.3 Western Blotting
2.3.1 Evaluation of ectodomain shedding on endogenous proteins
mEFs or HTB94 cells were grown in 6-well plates in DMEM supplemented with 10%

serum until confluence. Then, cells were washed in PBS, and incubated 3 h with serum free

DMEM, with or without 25 ng/mL PMA (Sigma-Aldrich, St. Louis, MO, US) and 10 uM
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Marimastat (Sigma-Aldrich). Conditioned media were harvested and proteins precipitated
with 5% v/v trichloroacetic acid (Sigma-Aldrich, St. Louis, MO, US) before being
resuspended in Laemmli sample buffer (Bio-Rad, Hercules, CA, US). Cells were collected
with STET lysis buffer (50 mM Tris, pH 7,5, 150 mM NaCl, 2 mM EDTA, 1% Triton),
containing protease inhibitor cocktail (1:25, Roche Life Science, Merck, Mannheim,
Germany). Protein concentration was measured by using a colorimetric 562 nm BCA assay
(T-Pro Biotechnology, Taiwan, China). Proteins from conditioned media and lysates were
reduced with 2-Mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA) and denatured at 95
°C for 5 min before being loaded onto an acrylamide gel and analysed using SDS-PAGE
electrophoresis, then by immunoblotting with the following antibodies used: anti-PTK7
(R&D Systems, Minnesota, US), anti-APP (Millipore, Burlington, Massachusetts, US), anti-
EPHB3 (Abcam, Cambridge, United Kingdom), anti-LAMP1 (Abcam, Cambridge, United
Kingdom). Anti-calnexin (ENZO lifescience, Farmingdale, NY, US) was used for protein
loading control. A donkey anti-goat, a goat anti-rabbit and an anti-mouse HRP-conjugated
secondary antibody were used (Promega, Madison, Wisconsin, US). Bands corresponding
to specific proteins were quantified using Image Lab software (Bio-Rad, Hercules, CA, US).
A two-sided Student’s t-test was used to evaluate proteins statistically significantly

regulated. A p-value less than 0.05 was set as the significance threshold.

2.3.2 Evaluation of ectodomain shedding on recombinant proteins

Recombinant human matrix associated remodelling 8 (MXRAS), mouse H2-D1, human
signal regulatory protein o (SIRPa) or seizure protein 6 (SEZ6) was cloned into a
pcDNA3.1/Zeo (+) plasmid, in frame with the CD5 signal peptide for efficient secretion and
a FLAG tag sequence. APP was cloned into pEAK12 as previously reported **!. mEFs or
HTB94 cells were grown in 6-well plates until 70% confluence, then media was replaced
with OptiMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). 1 pg of plasmid
was mixed with 5 pL of Lipofectamine 3000 (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, US) and added to cells. After 5 h, OptiMEM was replaced with DMEM
containing 10% serum and grown for 48 h. After washing, cells were incubated with or
without 25 ng/mL PMA and 10 uM marimastat and treated as described above. Anti-FLAG
[M2] (Sigma-Aldrich, St. Louis, MO, US) was used to detect MXRAS in the conditioned
media and lysates of MEFs and HTB94 cells. Anti-FLAG was also used to detect H2-D1
and SIRPa; anti-HA [HA7] (Sigma-Aldrich, St. Louis, MO, US), to detect recombinant APP
and SEZ6 in the lysate of the different mEFs. An anti-mouse HRP-conjugated secondary
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antibody was used to develop immunoblots. An anti-f3 actin (Santa Cruz, Dallas, Texas, US)

and a goat anti-mouse were used to detect actin as a protein loading control.

2.3.3 Evaluation of protein stability

WT, iR1KO, iR2KO and iR1/2 dKO MEFs were plated onto 12-well plates and
transfected with FLAG-H2D1 as described above. Cells were incubated for 1 h in serum-
free DMEM supplemented with 10 pM MG132 (Sigma-Aldrich, St. Louis, MO, USA) or
100 uM Chloroquine biphosphate (Sigma-Aldrich, St. Louis, MO, USA) and then stimulated
for 3 h with 25 ng/mL PMA. Equal volume of DMSO was used for negative controls. Cell
lysates were collected in STET, and 20 pg proteins were loaded into a polyacrylamide gel
for SDS-PAGE analysis and subsequent immunoblotting. The following antibodies were
used: anti-FLAG [M2] (Sigma-Aldrich, St. Louis, MO, US), anti-LC3 (Novus Biologicals,
Cambridge, UK); anti-ubiquitin [P4G7] (Covance, Princeton, New Jersey, US), anti-
calnexin (ENZO LifeScience, Farmingdale, NY, US).

2.4 RNA extraction and RT-qPCR analysis

H2-D1 transfected iR1KO, iR2KO, iR1/2 dKO and WT mEFs were grown to confluence
in 12-well plates and stimulated or not with 25 ng/ml PMA for 3 h. Then, cells were washed
twice with PBS and lysed with 700 uL of QIAzol (QIAGEN, Hilden, Germany). Total RNA
was extracted with the miRNeasy Mini Kit (QIAGEN, Hilden, Germany) according to the
manufacturer’s instructions. Genomic DNA was removed by DNase treatment for 30 min. 1
ng of mRNA was retrotranscribed to cDNA using Retro High-Capacity kit (Applied
Biosystems, Thermo Fisher Scientific). SybrGreen was used to detect amplified target
mRNAs and their expression levels were evaluated using AACT calculation method with
H2D1 (gMmuCEP0043536, Bio-Rad, Hercules, CA, US) as target and GAPDH
(@MmuCEP0039581, Bio-Rad, Hercules, CA, US) as reference mRNA. SsoAdvanced™
Universal SYBR® Green Supermix from Bio-Rad was used according to the manufacturer’s

instruction.

2.5 Analysis on MHC-I trafficking

2.5.1 Flow cytometry analysis

Cells plated in 6-well plates were grown in DMEM supplemented with 10% serum until
confluence. Then, cells were washed in PBS, and incubated 3 h with serum free DMEM,
with or without 25 ng/mL PMA (Sigma-Aldrich, St. Louis, MO, US) and 10 uM Marimastat
(Sigma-Aldrich). were harvested with TryPLE reagent (Gibco, Thermo Fisher Scientific,
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Waltham, MA, USA). Then, cells were harvested and processed to flow cytometry analysis.
Briefly, mEFs, HTB-94 and THP-1 were stained with FITC anti-HLA Class 1 [W6/32],
isotype IgG2a (Abcam, Cambridge, UK) or PE anti-HLA Class 1 [W6/32], isotype I1gG2a
(BioLegend, San Diego, CA) at room temperature for 15 minutes according to the
manufacturer’s instruction, washed with PBS and then resuspended in 300 uL PBS. Cells
were analysed with FACS Celesta SORP flow cytometer and FACS Diva software version
9.0 (BD Biosciences, CA, US).

2.5.2 Evaluation of ER-to-Golgi transport

iRhom2KO HTBY%4 cells and its WT counterparts were grown in 6—well plates and then
treated with 10 pg/ml brefeldin A (Sigma-Aldrich, US) or monensin (BD GolgiStop™
Protein Transport Inhibitor containing monensin, BD Biosciences, US) for 3 h. Then, cells
were harvested with TryPLE reagent (Gibco, part of Thermo Fisher Scientific) and processed
for flow cytometry analysis. Briefly, HTB94 were stained with FITC anti-HLA Class I
[W6/32], isotype Ig(G2a (Abcam, Cambridge, UK) or PE

anti-HLA Class 1 [W6/32], isotype IgG2a (BioLegend, San Diego, CA) at room
temperature for 15 min according to the manufacturer’s instruction, washed with PBS and
then resuspended in 300 ul PBS. Cells were analysed with FACS Celesta SORP flow
cytometer and FACS Diva software version 9.0 (BD Biosciences, CA, US).

2.5.3 Co-immunoprecipitation

For the co-immunoprecipitation of iRhom2 and HLA, 2.2 x 10° cells were seeded in a
10 cm dish. Then, 10 pg of pcDNA3.1 plasmid containing HA tagged iRhom2, HA tagged
inactive signal peptide peptidase-like 2 protease b (Sppl2b-D/A) or empty plasmid were
transfected with 30 pul of Lipofectamine 3000 (Invitrogen). After 48 h, cells were lysed in
1 ml of lysis buffer (50 mm Hepes pH 7.4, 150 mm NaCl, 5 mm EGTA, 1% Glycerol, 1%
Triton X100, 1.5 mm MgCl2, 10 mm 1,10-Phenanthroline) supplemented with complete
protease inhibitor (Roche, Basel, CH). Cell lysates were cleared by centrifugation at 16,000g
for 20 min at 4 °C. 500 pl of cleared lysates were applied to agarose beads coupled with anti-
HA antibodies (A2095, Sigma—Aldrich, US) and incubated o/n at 4 °C. Then, beads were
washed 6 times in lysis buffer and incubated with 20 pl of Laemmli buffer at 65 °C for
20 min. Eluted proteins were loaded onto an acrylamide gel, separated by SDS-PAGE
electrophoresis and then analysed by Western blotting using following antibodies: anti-

ADAM17 (ab39162, Abcam, Cambridge, UK), anti-HA [HA7] (Sigma-Aldrich, St. Louis,
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MO, US), anti-HLA,ABC [EMR8-5] (ab70328, Abcam, Cambridge, UK) and anti-GAPDH
(Code 5174, Cell Signaling, Danvers, Massachusetts, US).
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Chapter Three:
Characterization of iRhom-mediated
substrate selectivity of stimulated ADAM17

by high-resolution proteomics
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3.1 Introduction

The membrane-bound metalloprotease ADAM17 was first discovered as the enzyme
responsible for release of tumour necrosis factor a (TNFa), and therefore it is also known as
TNFo converting enzyme (TACE) 717> In addition, ADAMI17 plays a pivotal role in
activation of the EGFR as it mediates the release of several EGFR ligands °**%. For this
reason, since its discovery ADAMI17 has been considered of pharmaceutical interest,
especially in the context of autoimmune diseases characterized by excess release of soluble

TNFa, such as rheumatoid arthritis 2%’

, and malignancies in which EGFR signalling is
aberrantly activated **2. However, therapeutic inhibition of ADAM17 has been difficult to
achieve for its broad list of substrates and the lack of selectivity of small molecule inhibitors
and potential related mechanism-based toxicity arising from the inhibition of TGFo/EGFR-
dependent protection of the skin and intestinal barrier **3732°. Nowadays, the list of ADAM17
substrates includes over 80 different transmembrane proteins, spanning from proteins
playing a role in inflammation, such as TNFa, its receptors TNFR1 and TNFR2, and IL-6R,
to growth factors, endocytic receptors and adhesion molecules 77200336,

ADAMI17 maturation and activity is strictly regulated by its essential co-factors iRhom1
and iRhom2, seven-transmembrane-spanning proteins belonging to the family of inactive
rhomboid proteases 34201279288 After forming a tight complex with ADAM17, iRhoms
mediate its maturation and trafficking from the ER to the cell surface. iRhom1 and iRhom?2
are both expressed in most tissues and they are somewhat redundant in supporting ADAM17
maturation '8%20128 At the cell surface, iRhoms can integrate the stimuli leading to
ADAMI17 activation, functioning as the regulatory subunit of an iRhom/ADAM17 catalytic
complex **7*3, Finally, iRhoms have been reported to address the proteolytic activity of
ADAMI17 toward specific substrates #3327 iRhom-mediated selectivity for some ADAM17
substrates has been tested on a limited number of substrates so far, including the EGFR
ligands. Interestingly, while the stimulated shedding of all substrates was supported by
iRhom2, iRhom1 was able to compensate for iRhom2 loss only in few cases *27.

Clearly, a systematic identification of ADAMI7 substrates and elucidating the
involvement of either iRhom in their cleavage is of general relevance to understanding the
contribution of these molecules to the pathogenesis of diseases states as diverse as
autoimmune diseases and cancer.

To address this, I employed a mass spectrometry—based proteomic approach aimed at

identifying substrates cleaved by ADAM17 in an iRhom1- or iRhom2-dependent manner.

This analysis was conducted in mouse embryonic fibroblasts (mEFs) and in the human
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chondrosarcoma-derived fibroblast-like cell line HTB94, both of which endogenously
express iIRhom1 and iRhom?2. By comparing the proteomic profiles of these cell systems
under conditions of specific iRhom depletion or modulation, in this chapter I aim to define
the molecular specificity of ADAMI17-mediated shedding and its regulation by individual

iRhom isoforms.

3.2 Mass spectrometry-based characterization of iRhom-mediated

substrate selectivity of stimulated ADAM17 in mEFs

To explore the contribution of iRhoml or iRhom2 to the substrate selectivity of
stimulated ADAM17, 1 treated WT, iRhom1KO (iR1KO), iRhom2KO (iR2KO) or
iRhom1/2dKO (iR1/2dKO) mEFs with PMA (phorbol 12-myristate 13-acetate) - a

commonly used ADAMI17 activator >*202327

, and applied their conditioned media to a
systematic mass spectrometry-based secretome analysis. Label-free quantification (LFQ)
was used to quantitatively compare abundance of proteins detected in each MEF line versus

their abundance in the same line upon PMA -stimulation (Figure 6).
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Figure 6: Schematic representation of the mass spectrometry-based approach used to identify ADAM17 substrates and
investigate their iRhom-mediated selectivity in mEFs. Mouse embryonic fibroblasts (mEFs) were isolated from
iRhom1KO, iRhom2KO, iRhom1/2 double KO (dKO) and WT control mice, grown until confluence in 6-well plates and
stimulated with PMA in serum-free media. Conditioned media of PMA-stimulated cells and their untreated controls were
subjected to mass spectrometry analysis and label-free quantification. For each cell line (WT, iR1KO, iR2KO or iR1/2dKO)
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the relative abundance of proteins in the conditioned media of PMA stimulated cells was quantified versus its untreated
controls.

To note, mEF cultures consist of a heterogeneous population of cells that are isolated
from different mouse embryos (i.e. iR1KO, iR2KO, iR1/2 dKO or WT mouse), rather than
a clonal cell line in which iR1 or iR2 were ablated. This limits the possibility to investigate
the contribution of either iRhom to ADAMI7-mediated shedding by comparing the
secretome of different mEF lines (for instance, to compare abundance of proteins in the
secretome of stimulated iR1KO or iR2KO mEFs with that of iR1/2 dKO mEFs). Indeed,
LFQ of proteins in the secretome of different mEF lines could conceivably also recognize
alterations in protein levels that reflect differences in their genetic background or in the cell
types present in different cultures, rather than protein alterations due to the ablation of
iRhom1 or iRhom?2.

LFQ found 871 proteins in the secretome of stimulated and control WT mEFs; 813 in
stimulated and control iRhom1KO mEFs; 669 in stimulated and control iRhom2KO mEFs;
and 846 in the secretome of stimulated and control iRhom1/2dKO mEFs (Figure 7A). Once
stimulated, ADAM17 mostly mediates ectodomain shedding (i.e. the proteolytic release of
transmembrane proteins) of single-pass transmembrane (either type 1 and type 2) and GPI-
anchored proteins **. The ectodomain of these shed proteins accumulate in the conditioned
media and can systematically be detected by mass spectrometry (sheddome) 3*°. Thus, I
focused my analysis on proteins with this topology. The sheddome of PMA-stimulated WT
mEFs comprised 82 proteins (68 type 1, 6 type 2 and 8 GPI-anchored proteins, according to
Uniprot annotation), of iRhom1KO mEFs 72 proteins (62 type 1, 7 type 2 and 3 GPI-
anchored proteins), of iRhom2KO mEFs 57 proteins (48 type 1, 5 type 2 and 4 GPI-anchored
proteins) and of iRhom1/2dKO 60 proteins (50 type 1, 4 type 2 and 6 GPI-anchored proteins)
(Figure 7B). 38 proteins were detected in the sheddome of WT, iRhom1KO and iRhom2KO
mEF lines (Figure 7C). 55 proteins were present in the sheddome of both WT and
1iRhom1KO mEFs, accounting for about 60% of total proteins in their sheddomes, and 45
proteins were detected in the sheddome of both WT and iRhom2KO mEFs (about 49% of
total proteins).

Sheddome analysis of WT MEFs by mass spectrometry and LFQ revealed that 32 single-
pass/GPI-anchored proteins increased upon PMA stimulation (proteins were arbitrarily
considered as altered upon PMA stimulation when the p-value of their change, measured
with a two-sided Student t-test without correction for multiple hypothesis testing, was below
0.05, and when their levels changed by at least 30%) (Figure 7D, Table 3). As expected, the
ectodomain of most of these proteins did not increase in the conditioned media of stimulated

iR1/2 dKO mEFs, in which ADAMI17 is inactive due to lack of both iRhoms '**?! (Figure
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7E). Only four transmembrane proteins increased in iR1/2 dKO MEFs upon PMA
stimulation, and among them COLECI2 and LAMP2 also increased in WT MEFs,
suggesting that these are not ADAM17 substrates and their regulation involves mechanisms
unrelated to ADAMI17-dependent shedding (Figure 7D, 7E). Within the group of proteins
whose shedding was increased in stimulated WT MEFs versus untreated controls, and
unchanged in iR1/2 dKO MEFs, 14 are known ADAMI17 substrates (e.g. VASN, AXL and
ALCAM), and 16 proteins are putative novel substrates of the protease, including matrix
remodeling associated 8 (MXRAS) that emerged among the most highly stimulated proteins
upon activation of ADAM17 (Figure 7D, Table 3).

Table 3: List of ADAM17 substrates in mEFs. In bold, putative novel substrates. The table contains a list of 30 single-pass
transmembrane proteins that were significantly increased in the secretome of WT MEFs upon PMA stimulation. Indicated
are the protein IDs, names of the proteins, the gene names, the number of peptides detected by MS for each protein, the
mean of the ratio between PMA-stimulated mEFs and untreated controls of 3 biological replicates, the p-value calculated
with a two-sided, heteroscedastic t-test based on the intensity ratios for PMA-stimulated and control MEFs, and the
reference, when available, to the protein validation as an ADAM17 substrate.

Gene -LOG(P-
Protein ID Protein name Peptides Ratio Difference p-value Ref
name value)
Inactive tyrosine- 258
Q8BKG3 Ptk7 64 6,782522 2,76 6,97E-07 6,16
protein kinase 7
Low-density 57
P35951 LdIr 33 12,25401 3,62 1,61E-06 5,79
lipoprotein receptor
Matrix-remodeling-
QIDBV4 Mxra8 27 8,149036 3,03 1,87E-06 5,73 Putative novel
associated protein 8
C-type mannose 341
Q64449 Mrc2 72 30,34769 4,92 5,07E-05 4,29
receptor 2
QIQURS Semaphorin-7A Sema7a 18 4,595394 2.2 1,22E-04 3,92 342
Vascular cell 274
P29533 Vcaml 44 5912116 2,56 1,83E-04 3,74
adhesion protein 1
Q61490 CD166 antigen Alcam 16 3.91777 1,97 2,11E-04 3,68 205
Q8C351 Layilin Layn 2 2,819482 1,5 2,66E-04 3,58 Putative novel
Netrin receptor
008747 Unc5c 17 3,51239117 1,81 1,16E-03 2,94 Putative novel
UNC5C
P97798 Neogenin Neol 36 5,796026 2,54 1,69E-03 2,77 343,344
Plexin domain-
QIDC11 containing protein Plxdc2 16 3,137656 1,65 3,53E-03 2,45 Putative novel
2
Multiple epidermal
Q8BH27 growth factor-like Megf9 4 3,888195 1,96 3,77E-03 2,42 Putative novel
domains protein 9
Tyrosine-protein 204
Q00993 Axl 12 2,055221 1,04 4,05E-03 2,39
kinase receptor UFO
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P54754

P25118

P25119

035598

Q05909

Q8R2Y2

P59222

QI9DBHS

035188

Q9CZTS5

P12023

P15379

BOV2N1

089026

070458

Q8VCF1

Ephrin type-B

receptor 3

Tumor necrosis
factor receptor
superfamily member

1A

Tumor necrosis
factor receptor
superfamily member

1B

Disintegrin and
metalloproteinase
domain-containing

protein 10

Receptor-type
tyrosine-protein
phosphatase
gamma
Cell surface
glycoprotein
MUC18

Scavenger receptor

class F member 2

Vesicular integral-
membrane protein

VIP36

Fractalkine

Vasorin

Amyloid beta A4

protein

CD44 antigen

Receptor-type
tyrosine-protein

phosphatase S

Roundabout
homolog 1
Oncostatin-M-
specific receptor

subunit beta

Soluble calcium-
activated

nucleotidase 1

Ephb3

Tnfrsfla

Tnfrsflb

Adaml10

Ptprg

Mcam

Scarf2

Lman2

Cx3cll

Vasn

App

Cd44

Ptprs

Robol

Osmr

Cantl

30

19

12

25

13

24

48

34

15

2,499191

2,846855

2,746208

2,408665

3,533848

1,796482

2,412781

3,62164

3,044432

3,031875

3,829073

1,835225

9,411166

6,068036

1,641915

1,66544886

1,32
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By using a similar approach, I found that levels of 28 single-pass transmembrane/GPI-

anchored proteins increased in the conditioned media of iR1KO cells upon PMA stimulation

(Figure 7F). Within this group of proteins, which included several known ADAMI17

substrates, 15 proteins were also found more abundant in the sheddome of PMA -stimulated
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WT mEFs (Figure 7F, 7G), suggesting that iRhom1 could be dispensable for the cleavage
of these known and putative ADAM17 substrates. Conversely, levels of 7 proteins that were
increased in the sheddome of PMA-stimulated WT mEFs, including the known ADAM17
substrates ALCAM and APP, that were not altered in the sheddome of iR1KO mEFs (Figure
7G). 13 proteins increased in the sheddome of PMA -stimulated iR1KO mEFs and were not
detected in the conditioned media of WT mEFs. For these proteins, a similar cross-evaluation
of their secretome alteration in WT and iR1KO MEFs could not be performed. This group
of proteins comprised a number of known ADAMI17 substrates (e.g. CSF1, LRP1 and
SORCS1), whose shedding still occurs in the absence of iRhom1 (Figure 7G).

16 single-pass transmembrane/GPI-anchored proteins increased upon PMA stimulation
in the sheddome of iR2KO mEFs (Figure 7G). 11 of these proteins, which include several
known ADAM17 substrates (e.g. PTK7, LDLR, MRC2, NEO1, AXL, VCAMI, VASN,
APP, CX3CL1) were also found more abundant in the conditioned media of PM A-stimulated
WT mEFs, suggesting that iRhom?2 is not essential for their shedding (Figure 7G). On the
other hand, 9 proteins that were more abundant in the sheddome of WT mEFs upon PMA
stimulation, were not altered in stimulated iR2KO mEFs, suggesting that release of these
proteins could specifically be regulated by iRhom?2. The remaining 5 proteins increased in
the sheddome of PMA-stimulated iR2KO mEFs were not identified in the conditioned media
of WT mEFs. This group of proteins comprised known (CSF1, GPC1, SDC4) and putative
novel (SIRPa, PTPRK) ADAMI17 substrates, shedding of which can also occur when
iRhom?2 is ablated (Figure 7G).
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Figure 7: Unbiased high-resolution proteomics identified novel ADAM17 substrates in mEFs and the iRhom-dependency
of their cleavage. A) Number of proteins detected in the secretome of WT, iR1KO, iR2KO and iR1/2dKO. In WT, 871
total proteins were identified in the secretome, of which 121 were secreted and 196 membrane-associated; in iR1KO, 813
total proteins were identified in the secretome, of which 118 were secreted and 174 membrane-associated; in iR2KO, 669
total proteins were identified in the secretome, of which 101 were secreted and 143 membrane-associated; in iR1/2dKO,
846 total proteins were identified in the secretome, of which 100 were secreted and 163 membrane-associated, based on
annotations in the reviewed canonical FASTA database of Mus musculus from UniProt. B) Number and topology of
proteins detected in the sheddome of WT, iR1KO, iR2KO and iR1/2dKO mEFs. Among the transmembrane proteins
identified in the WT sheddome, 68 proteins were type 1, 6 were type 2 and 8 were GPI-anchored; in iR1KO sheddome, 62
transmembrane proteins were type 1, 7 were type 2 and 3 were GPI-anchored; in iR2KO sheddome, 48 transmembrane
proteins were type 1, 5 were type 2 and 4 were GPI-anchored; in iR1/2dKO sheddome, 50 transmembrane proteins were
type 1, 4 were type 2 and 6 were GPI-anchored, based on annotations in the reviewed canonical FASTA database of Mus
musculus from UniProt. C) Venn diagram showing the overlapping sheddome of WT, iR1KO, iR2KO and iR1/2dKO. 38
proteins were detected in the sheddome of WT, iRhom1KO and iRhom2KO mEF lines, 18 were detected exclusively in
WT, 11 exclusively iR1KO and 7 exclusively in iR2KO. 17 proteins were detected both in WT and iR1KO sheddome,
while 7 were detected in WT and iR2KO sheddome. Only 4 proteins were detected both in iR1KO and iR2KO sheddome.
D) Volcano plot showing the relative abundance in log2 of 871 proteins detected in the secretome of PMA-stimulated
versus control secretome of WT mEFs (n=6). Proteins with a p-value below 0.05 (black dashed horizontal line) were
highlighted as blue (log2 PMA/CTL < 0.30; black dotted vertical line) and red (log2 PMA/CTL > 0.30; black dotted vertical
line) open circle dots. Transmembrane proteins increased in PMA-treated secretome were represented as red filled dots
with their protein names. Moreover, putative novel ADAM17 substrates with a reduction (p-value < 0.05) in PMA-
stimulated proteins are highlighted in white (16), while known ADAM17 substrates are highlighted in black (14). E)
Volcano plot showing the relative abundance in log2 of 846 proteins detected in the secretome of PMA -stimulated versus
control secretome of iRhom1/2dKO mEFs (n=6). Proteins with a p-value below 0.05 (black dashed horizontal line) were
highlighted as blue (log2 PMA/CTL < 0.30; black dotted vertical line) and red (log2 PMA/CTL > 0.30; black dotted vertical
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line) open circle dots. Transmembrane proteins increased in PMA-treated secretome were represented as red filled dots
with their protein names. F) Volcano plot showing the relative abundance in log2 of 813 proteins detected in the secretome
of PMA-stimulated versus control secretome of iRhom1KO mEFs (n=6). Proteins with a p-value below 0.05 (black dashed
horizontal line) were highlighted as blue (log2 PMA/CTL < 0.30; black dotted vertical line) and red (log2 PMA/CTL >
0.30; black dotted vertical line) open circle dots. Transmembrane proteins increased in PMA-treated secretome were
represented as red filled dots with their protein names. G) Volcano plot showing the relative abundance in log2 of 871
proteins detected in the secretome of PMA-stimulated versus control secretome of iRhom2KO mEFs (n=6). Proteins with
a p-value below 0.05 (black dashed horizontal line) were highlighted as blue (log2 PMA/CTL < 0.30; black dotted vertical
line) and red (log2 PMA/CTL > 0.30; black dotted vertical line) open circle dots. Transmembrane proteins increased in
PMA-treated secretome were represented as red filled dots with their protein names.

In order to study iRhom1 or iRhom2 contribution to the shedding of ADAM17 substrates
identified by proteomics, I analysed proteins whose release upon PMA stimulation was
increased in WT, iR1KO or iR2ZKO MEFs. Out of the 47 proteins whose release was
stimulated by PMA and detected in at least one of the three mEF lines, only 23 were detected
in the secretome of all three different mEF lines and for which a cross-evaluation could be
performed (Figure 8A, 8B). From this list I additionally removed EPHB3 and LAMPI, as
‘quantitative analysis of regulated intramembrane proteolysis’ (QARIP), which allows
mapping identified peptides to the protein transmembrane topology, revealed that the
identified peptides not only match with their ectodomains, but also with their intracellular
domains (Figure 8C).

In addition, I confirmed by Western blotting that both proteins are present in the
secretome in their full-length form, perhaps tethered to extracellular vesicles (Figure 8D and
8E). On the contrary, I did not remove the ADAM17 substrate PTK7 from this list, for which
QARIP also matched peptides with its intracellular domain, as I proved by Western that the
majority of PTK7 in the conditioned media is indeed a shed form of the protein, and only a

minor fraction of the protein is full-length (Figure 8F).
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Figure 8: Sheddome analysis revealed that shedding of most ADAM17 substrates can be supported by either iRhom. A)
Venn diagrams showing the entire sheddome and B) cross-evaluation of proteins detected in the secretome of mEF lines.
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Among the 47 proteins identified, only 23 were extracted since they were detected in at least one of the three mEF lines.
In bold, we highlighted putative novel ADAMI17 substrates. C) Quantitative analysis of regulated intramembrane
proteolysis (QARIP) showed the peptide distribution of 23 proteins extracted from the three secretome analysis’ cross-
evaluation (orange: signal peptide, blue: extracellular domain, yellow: transmembrane domain, green: cytoplasmic domain,
purple: luminal domain, grey: unknown, black: detected peptide). Identified peptides of 20 out of 23 proteins derived from
extracellular domains; EphB3, Lamp1 and Ptk7 peptides derived also from their cytoplasmic domains. D) Immunoblots on
WT, iRhom1KO, iRhom2KO and iRhom1/2dKO mEFs treated with or without 25 ng/mL PMA and/or 10 pM marimastat
(MM) showing soluble and full-length levels of EphB3 in TCA precipitated conditioned media (CM) and cell lysates
(Lysates). In CM, full-length EphB3 (flEphB3) protein was detected according with QARIP analysis showed in Figure 8C.
Actin was used as a loading control. E) Immunoblots on WT, iRhom1KO, iRhom2KO and iRhom1/2dKO mEFs treated
with or without 25 ng/mL PMA and/or 10 uM marimastat (MM) showing soluble and full-length levels of Lamp1 in TCA
precipitated conditioned media (CM) and cell lysates (Lysates). In CM, full-length Lamp1 (flLamp1) protein was detected
according with QARIP analysis showed in Figure 8C. Actin was used as a loading control. F) Immunoblots on WT,
iRhom1KO, iRhom2KO and iRhom1/2dKO mEFs treated with or without 25 ng/mL PMA and/or 10 uM marimastat (MM)
showing soluble and full-length levels of Ptk7 in TCA precipitated conditioned media (CM) and cell lysates (Lysates). In
CM, full-length Ptk7 (fIPtk7) protein was detected according with QARIP analysis showed in Figure 8C. Actin was used
as a loading control.

From the mass spectrometry-based cross-evaluation of proteins released in WT, iR1KO and
iR2KO MEFs emerged that 10 proteins out of 21 were released in each mEF line upon PMA
stimulation: 7 known ADAM17 substrates - PTK7, LDLR, MRC2, VCAM1, AXL, CX3CL1 and
VASN - and 3 putative novel substrates - MXRAS, NEO1 and LMAN2. These proteins could be
shed by activated ADAMI17 in the presence of either iRhom (Figure 7D-7G, 8A). Similarly, CSF1
could be released by either iR1KO or iR2KO MEFs upon PMA stimulation (its increase in WT MEFs
did not reach statistical significance). Extracellular levels of PTPRS increased in PMA stimulated
iRhom1 KO or WT MEFs, but they were not altered in stimulated iRhom2KO mEFs, suggesting that
this protein could be an ADAM17 substrate whose shedding is dependent on iRhom2. Conversely,
the ADAM17 substrate APP was shed in iRhom2KO and WT mEFs, while unaltered in iRhom1KO
mEFs upon PMA stimulation, suggesting it as an ADAMI17 substrate whose cleavage could depend
on iRhoml. The remaining 10 proteins were augmented by PMA stimulation only in the secretome
of WT, iR1KO or iR2KO mEFs, and unaltered in the others. Of note, p-value and ratio of change for
proteins belonging to this group were slightly above the threshold of significance that I applied for
the analysis, and none of these proteins reached the more stringent significance criterion when using
false-discovery rate (FDR) correction for multiple hypothesis testing (1%). This could be due to the
fact that proteins within this group, including the ADAM17 substrates SDC4, LRP1 and CD44, can
also be shed by a number of other proteinases (i.e. ADAM10, ADAM12 and membrane-type matrix
metalloproteinases !2343-34€). Conversely, the increase of the 10 proteins that were shed in iR1KO,

iR2KO and WT MEFs was highly above the significance threshold in all three different cell lines.
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To dissect the contribution of iRhom1 and iRhom2, I performed hierarchical clustering
on the 21 secreted proteins that were reliably detected across all genotypes—WT, iR1KO,
and iIR2ZKO—following 3-hour PMA stimulation. While the cross-evaluation of proteins
shed by individual mEFs provided a general overview, this targeted analysis aimed to resolve
whether distinct subsets of ADAMI17 substrates display differential reliance on either
iRhom1 or iRhom?2 for their shedding.

The resulting clustered heatmap revealed three major protein groups with distinct
shedding patterns. The first cluster included OSMR and LRP1, which were shed by WT
cells, but not by iR1KO or iR2KO mEFs, and only minimally by iR1/2 dKO mEFs. The
second cluster comprised 6 ADAM17 substrates — APP, SDC4, PTPRK, PTPRM, MCAM,
AND CD44 — whose shedding was strongly increased in iR2KO mEFs and, to a lesser extent,
in WT and iR1KO cells, compared to iR1/2 dKO cells '*’.

The third and the larger cluster included 12 proteins — DAG1, VASN, CSF1, CX3CLlI,
LMAN2, PTPRS, AXL, VCAMI1, MXRAS, LDLR, NEO1, AND MRC2 — which displayed
relatively consistent release across all three mEF genotypes. These proteins likely represent
substrates whose shedding is supported by either iRhom.

Overall, this analysis did not reveal distinct groups of ADAM]17 substrates that are
selectively shed when the protease is in complex with iRhom?2 or iRhom1, in contrast with

the study by Maretzky et al. 37,
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Figure 9: Clustering Analysis of ADAM17 substrates revealed a non-selective dependency on iRhom1 or iRhom?2 in mEFs.
Clustered heatmap of PMA-induced secreted proteins in WT, iR1KO, iR2KO and iR1/2dKO mEFs. The heatmap shows
21 proteins consistently detected across all three genotypes following 3h PMA stimulation. Rows represent individual
proteins, and columns correspond to genotypes. Protein abundance was scaled (Z-score), and hierarchical clustering using
Euclidean distance was applied to both proteins and samples. Three main clusters emerged: (1) proteins modestly released
in iR1/2dKO; (2) proteins enriched in WT and iR2KO cells, indicating an iRhom1 preferentiality; and (3) proteins similarly
secreted across all genotypes, suggesting that either iRhoms are involved in ADAM17-mediated shedding. Color intensity
reflects relative secretion levels, with red indicating higher and blue lower abundance.

3.3 Secretome analysis on rescued iRhoml and iRhom2 in knockout

mEFs

To address the limitations posed by the heterogeneous genetic background of mEF
cultures, a rescue experiment was performed in iRhom1/2 double knockout (dKO) mEFs.
Either iRhom1 or iRhom2 was reintroduced into the same genetic background—that of iR1/2
dKO mEFs—by transient transfection. Secretome profiling was then performed following
PMA stimulation (3h), under the same biological conditions used in the initial comparison.
However, it is important to note that the proteomic method employed in this analysis
differed: while the previous proteomic analysis on knockout mEFs relied on data-dependent
acquisition (DDA), the rescue experiment was performed using data-independent acquisition
(DIA). This methodological shift is significant, as DIA allows for more comprehensive and
reproducible peptide detection by fragmenting all precursor ions within defined mass-to-
charge windows, hereby minimizing the sampling bias inherent to DDA, which selectively

fragments only the most abundant peptides **’, thus allowing me to have a more
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comprehensive and comparable analysis on iRhom1/ADAMI17 and iRhom2/ADAMI17
sheddome.

Secretome analysis in PMA-stimulated iR1/2dKO mEFs rescued with either iRhom1,
iRhom2 or both iRhoms, identified a total of 3609 proteins across all conditions. Among
these, proteins annotated as single-pass transmembrane or GPI-anchored (according to
UniProt topology classification) were prioritized for downstream analysis, given their
potential to be ADAM17 substrates.

When iR1/2 dKO mEFs were transfected with a combination of iRhom1 and iRhom?2, 68
putative ADAMI17 substrates (including type I and II transmembrane as well as GPI-
anchored proteins) increased in abundance in the conditioned media following PMA
stimulation (Figure 10A), confirming functional restoration of the ADAMI17 shedding
machinery.

Single reintroduction of iR1 into iR1/2 dKO mEFs led to an increase of 88 single-pass or
GPI-anchored proteins upon PMA stimulation, compared to mock-transfected cells (Figure
10B). Among these proteins, there were numerous known ADAMI17 substrates, including
AXL, VCAMI, SDC4 and MHC-I molecules, thus confirming that reintroduction of iRhom1
alone is sufficient to restore ADAM]17 function.

Similarly, transfection of iRhom?2 into iR1/2 dKO mEFs led to an increase in 91 putative
ADAMI17 substrates upon PMA stimulation, compared to mock-transfected cells (Figure
10C).

Interestingly, the majority of these putative substrates were shed upon reintroduction of
either iRhom1, iRhom2, or both into iR1/2 dKO cells (Figure 10B and 10C), indicating that
the same set of proteins can be shed regardless of which iRhom is present. The full list of
these proteins is provided in Table 4. 23 of these proteins were indeed referenced as
ADAMI17 substrates (VCAM1, TNFRSFIA, SDC4, AXL, PTK7, NEO1, CX3CLI1, MRC2,
HBEGF, CSF1, SDCI1, APP, VASN, LDLR, APLP2, LRP1, PNP, CD44, KITLG, L1CAM,
GPC1, NCAM1, ALCAM), 17 of which were detected in all three secretomes (Table 4), 5
were detected both in iR1 and iR2 rescue secretomes (CD44, KITLG, LICAM, GPC1,
NCAMI) (Figure 10B, 10C), and only 1 (ALCAM) exclusively found in the iR1 secretome
(Figure 10B).

Notably, the known ADAMI17 substrates HBEGF and KITLG (isoform Kit Ligand 2),
which were previously shown to be iRhom2-dependent in a different experimental context
327 were, under the conditions used in this study, effectively shed in the presence of either
iRhom1 or iRhom2. This suggests that, unlike in the previous setting, both iRhoms can

support their shedding in our system.
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Figure 10: Unbiased high-resolution proteomics
on iR1/2dKO mEFs with iR1 and/or iR2
confirmed most ADAMI7 substrates can be
supported by either iRhom. A) Volcano plot
showing the relative abundance in log2 of 3609
proteins detected in the PMA-stimulated
secretome of iR1 and iR2-rescue versus secretome
of iR1/2dKO mEFs (n=3). Western blots of
iRhoml and iRhom?2 are shown both in iR1/2dKO
(dKO) and rescued iRhoms (dKO iR1/2). Proteins
with a p-value below 0.05 (black dashed
horizontal line) were highlighted as blue (log2
iRhoml-iRhom2/dKO < 0.30; black dotted
vertical line) and red (log2 iRhom1-iRhom2/dKO
>(.30; black dotted vertical line) open circle dots.
Transmembrane proteins increased in the
secretome of iRhoml-iRhom2 rescued were
represented as red filled dots with their protein
names. Moreover, putative novel ADAMI17
substrates with a reduction (p-value < 0.05) in
iR1/2-rescue secretome are highlighted in white,
while known ADAM17 substrates are highlighted
in black. B) Volcano plot showing the relative
abundance in log2 of 3609 proteins detected in the
PMA-stimulated secretome of iR1-rescue versus
secretome of iR1/2dKO mEFs (n=3). Western blot
of iRhom1 is shown both in iR1/2dKO (dKO) and
rescued iRhoml1 (dKO iR1). Proteins with a p-
value below 0.05 (black dashed horizontal line)
were highlighted as blue (log2 iRhom1/dKO <
0.30; black dotted vertical line) and red (log2
iRhom1/dKO > 0.30; black dotted vertical line)
open circle dots. Transmembrane proteins
increased in the secretome of iRhoml rescued
were represented as red filled dots with their
protein names. Moreover, putative novel
ADAM17 substrates with a reduction (p-value <
0.05) in iR1-rescue secretome are highlighted in
white, while known ADAMI17 substrates are
highlighted in black. C) Volcano plot showing the
relative abundance in log2 of 3609 proteins
detected in the PMA-stimulated secretome of iR2-
rescue versus secretome of iR1/2dKO mEFs
(n=3). Western blot of iRhom2 is shown both in
iR1/2dKO (dKO) and rescued iRhom2 (dKO iR2).
Proteins with a p-value below 0.05 (black dashed
horizontal line) were highlighted as blue (log2
iRhom2/dKO < 0.30; black dotted vertical line)
and red (log2 iRhom2/dKO > 0.30; black dotted
vertical line) open circle dots. Transmembrane
proteins increased in the secretome of iRhom2
rescued were represented as red filled dots with
their protein names. Moreover, putative novel
ADAM17 substrates with a reduction (p-value <
0.05) in iR2-rescue secretome are highlighted in
white, while known ADAMI17 substrates are
highlighted in black.
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Table 4: List of ADAM17 substrates in rescue mEFs. In bold, putative novel substrates. The table contains a list of 71
single-pass transmembrane proteins that were significantly increased across rescue iR1/iR2, rescue iR1, and rescue iR2
upon 3h PMA stimulation. Indicated are the protein IDs, names of the proteins, the gene names, the mean of the ratio
between PMA-stimulated iRhom-rescue mEFs and iR1/2dKO controls of 3 biological replicates, the p-value calculated
with a two-sided, heteroscedastic t-test based on the intensity ratios for PMA-stimulated iRhom-rescue mEFs and
iR1/2dKO controls, and the reference, when available, to the protein validation as an ADAM17 substrate.

-LOG(P-
Protein ID Protein name Gene name Ratio Difference p-value Ref
value)
A2ASQ1 Agrin Agrn 11,055867 3,47 2,43E-02 1,61 Putative novel
Q8K4Q8 Collectin-12 Colec12 10,779199 3,43 2,75E-02 1,56 Putative novel
Q62351 Transferrin rf;ceptor protein Tfrc 2,619099 1,39 2,14E-01 0,67 Putative novel
089051 Integral men;grane protein Itm2b 2,684435 1,42 2,53E-01 0,60 Putative novel
Q99J85 Neuronal pentraxin receptor Nptxr 7,428826 2,89 4,22E-01 0,38 Putative novel
Q69ZN7 Unconventional myosin-Ic Myof 8,827677 3,14 4,75E-01 0,32 Putative novel
P29533 < < Veaml 25,169530 4,65 8,31E-03 2,08 274
Vascular cell adhesion protein 1 > > > »
P25118 Tumor necrosis factor receptor Tnfrsfla  3,821588 1,93 7,08E-04 3,15 27
superfamily member 1A
035988 Syndecan-4 Sded 17,120499 4,10 1,53E-03 2,82 235
Q00993 Tyrosine-protein kinase Axl 12,460244 3,64 2,18E-03 2,66 204
receptor UFO
P14429 H-2 class I histocompatibility H2-Q7 7,958733 2,99 2,64E-03 2,58 Putative novel
antigen, Q7 alpha chain
QSBKG3  Inactive tyrosin7e-pr°tein kinase Ptk7 26,318345 472 5,92B-03 2,23 258
P01901 H-2 class I histocompatibility H2-K1 7,498731 2,91 6,22E-03 2,21 Putative novel
antigen, K-B alpha chain
Q62179 Semaphorin-4B Semadb 9,292230 3,22 7,32E-03 2,14 Putative novel
P01897 H-2 class I histocompatibility H2-L 12,778687 3,68 7,80E-03 2,11 Putative novel
antigen, L-D alpha chain
P97798 Neogenin Neol 18317881 420 7,97E-03 2,10 343,344
035188 Fractalkine Cx3cll 9,569776 3,26 1,44E-02 1,84 210
Q64449 C-type mannose receptor 2 Mrc2 8,507627 3,09 1,50E-02 1,82 341
Q8VHY0 Chondroitin sulfate Cspgd 15,354146 3,94 1,51E-02 1,82 Putative novel
proteoglycan 4
P55144 Tyrosine-protein kinase Tyro3 3,693474 1,88 2,01E-02 1,70 Putative novel
receptor TYRO3
088393 Transforming growth factor Tgfbr3 7,782785 2,96 2,14E-02 1,67 Putative novel
beta receptor type 3
Q8BHNO Protein phosphatase 1L Ppmll 6,940109 2,79 2,20E-02 1,66 Putative novel
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BOV2N1

Q61495

Q06186

QIEPR5

QYDBV4

Q64695

QSKIE3

035375

P07141

P18828

P12023

Q61730

QYEPL2

P05622

Q9CZT5

P98156

Q7TMJS

088572

Q05909

P35951

P14719

Q924X6

088792

Q06335

Q8BTJ4

Q8C351

Receptor-type tyrosine-
protein phosphatase S

Desmoglein-1

Proheparin-binding EGF-like
growth factor

VPS10 domain-containing
receptor SorCS2

Matrix remodeling-associated
protein 8

Endothelial protein C
receptor

Protein delta homolog 2

Neuropilin-2

Macrophage colony-stimulating
factor 1

Syndecan-1

Amyloid-beta A4 protein

Interleukin-1 receptor
accessory protein

Calsyntenin-1

Platelet-derived growth factor
receptor beta

Vasorin

Very low-density lipoprotein
receptor

Phosphoinositide-3-kinase-
interacting protein 1

Low-density lipoprotein
receptor-related protein 6

Receptor-type tyrosine-
protein phosphatase gamma

Low-density lipoprotein
receptor

Interleukin-1 receptor-like 1

Low-density lipoprotein
receptor-related protein 8

Junctional adhesion molecule
A

Amyloid-like protein 2

Bis(5'-adenosyl)-
triphosphatase enpp4

Layilin

Ptprs

Dsgl

Hbegf

Sorcs2

Mxra8

Procr

DIk2

Nrp2

Csfl

Sdcl

App

Ilrap

Clstnl

Pdgfrb

Vasn

Vidir

Pik3ip1

Lrp6

Ptprg

Ldlr

Imri1

Lrp8

Fllr

Aplp2

Enpp4

Layn

10,550273

2,555676

8,472230

3,853908

4,176919

4,145261

4,402706

6,696546

24,696181

3,290717

7,651424

2,947571

10,892017

6,946851

4254572

2,825481

2,889211

2,482048

3,249811

8,055738

5,756840

3,801260

3,439883

2,702705

3,325121

6,971745

1,95

2,14

2,74

1,56

3,45

1,53

1,31

2,77E-02

2,99E-02

3,19E-02

3,27E-02

3,28E-02

3,57E-02

3,76E-02

3,84E-02

3,87E-02

4,23E-02

4,66E-02

4,77E-02

5,19E-02

5,31E-02

5,70E-02

6,29E-02

6,70E-02

7,91E-02

8,77E-02

9,01E-02

1,00E-01

1,14E-01

1,15E-01

1,28E-01

1,39E-01

1,41E-01

1,56

1,52

1,50

1,49

1,48

1,45

1,43

1,42

1,32

1,28

1,27

1,24

1,20

1,17

1,10

1,06

Putative novel

Putative novel

53

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

282

235

214215

Putative novel

Putative novel

Putative novel

243

Putative novel

Putative novel

Putative novel

Putative novel

57

Putative novel

Putative novel

Putative novel

209

Putative novel

Putative novel
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035516

P18572

Q62470

B2RXS4

Q03145

Q91ZX7

QI1XX1

P59222

035598

P15116

035664

QS0TF3

Q62165

P97785

Q64253

P05533

POCW02

QIWTRS

008542

Q61468

P35456

P04925

Neurogenic locus notch
homolog protein 2

Basigin

Integrin alpha-3

Plexin-B2

Ephrin type-A receptor 2

Prolow-density lipoprotein
receptor-related protein 1

Protocadherin gamma C3

Scavenger receptor class F
member 2

Disintegrin and
metalloproteinase domain-
containing protein 10

Cadherin-2

Interferon alpha/beta
receptor 2

Protocadherin-19

Dystroglycan

GDNF family receptor alpha-
1

Lymphocyte antigen 6E

Lymphocyte antigen 6A

Lymphocyte antigen 6C1

Cadherin-13

Efna4

Mesothelin

Urokinase plasminogen
activator surface receptor

Major prion protein

Notch2

Bsg

Itga3

Plxnb2

Epha2

Lrpl

Pcdhge3

Scarf2

Adaml10

Cdh2

Ifnar2

Pcdh19

Dagl

Gfral

Ly6e

Ly6a

Lyé6cl

Cdh13

Efna4

Msin

Plaur

Prnp

3,625919

7,151270

3,930085

4,136589

4,293291

3,409321

5,907757

3,255235

2,961059

7,644007

2,588221

2,670106

2,981320

6,076436

20,095369

4,460274

3,783190

6,594002

3,879679

6,932915

2,677373

3,499557

1,86

1,70

1,57

1,58

2,60

4,33

2,16

1,92

2,72

1,96

2,79

1,42

1,53E-01

1,66E-01

1,69E-01

1,78E-01

1,93E-01

2,31E-01

2,38E-01

2,39E-01

2,60E-01

2,88E-01

3,12E-01

3,36E-01

4,02E-01

1,61E-04

1,33E-03

7,58E-03

4,19E-02

5,64E-02

7,27E-02

1,66E-01

3,41E-01

3,73E-01

0,81

0,78

0,77

0,75

0,72

0,62

0,58

0,40

3,79

2,88

2,12

1,38

1,25

1,14

0,78

0,47

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

220

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

230
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To gain further insight into the overall effect of iRhom1 and iRhom?2 re-expression on the
ADAMI17 sheddome, I performed hierarchical clustering on secretome data derived from
iRhom1/2 dKO mEFs rescued with either iRhoml, iRhom2, or both, following PMA
stimulation for 3h.

Hierarchical cluster analysis revealed that the sheddome of iR1/2 dKO cells transfected with both
iRhoms clustered closely with those of cells transfected with either iRhom1 or iRhom2 alone. No
proteins were identified as being selectively shed by only one iRhom, further indicating that, under

my experimental conditions, either iRhom is sufficient to support the shedding of all detected

ADAM17 substrates.

iR1/iR2 iR2 iR1 dKO

Figure 11: Clustering Analysis of ADAM17 substrates revealed a non-selective dependency on iRhom! or iRhom2 in
rescue mEFs. Clustered heatmap of PMA-induced secreted proteins in rescue iR1/iR2, rescue iR2, rescue iR1 and
iR1/2dKO mEFs. The heatmap shows 71 proteins consistently detected across all three genotypes following 3h PMA
stimulation. Rows represent individual proteins, and columns correspond to genotypes. Protein abundance was scaled (Z-
score), and hierarchical clustering using Euclidean distance was applied to both proteins and samples. One main cluster
emerged: proteins similarly secreted across all genotypes, suggesting that either iRhoms are involved in ADAMI17-
mediated shedding. Color intensity reflects relative secretion levels, with red indicating higher and blue lower abundance.

In conclusion, I used a mass spectrometry-based approach for a systematic identification
of ADAM17 substrates in mEFs, and to explore the iRhom-mediated substrate selectivity of
stimulated ADAM17 in an unbiased manner. This approach allowed me the identification of
putative novel substrates of ADAMI17 and, altogether, my results suggested that most
substrates could be cleaved by stimulated ADAM17 in the presence of either iRhom.
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3.4 Shedding of most ADAMI17 substrates is supported by either
iRhom1 and iRhom2 in human fibroblast-like cells

iRhom KO mEFs are an established model to investigate iRhom-mediated substrate
selectivity of ADAMI17 327*% However, since these are immortalized cell lines that
potentially originate from different embryonic cell types, a direct mass spectrometry-based
comparison across different MEF lines could not be performed. For this reason, I ablated
ADAMI17, iRhoml and iRhom?2 in a human fibroblast-like cell line (HTB94) and used the
generated ADAM17 KO (A17KO), iR1IKO and iR2KO HTB94 cell lines to compare
abundance of ADAMI17 substrates in their secretome and further investigate iRhom-
mediated substrate selectivity of the protease in a more quantitative manner. To this aim,
WT, A17KO, iR1KO and iR2KO HTB94 cells were stimulated with PMA for 3 h, then
conditioned media were collected and subjected to quantitative secretome analysis (the

experimental workflow used is represented in Figure 12).

+PMA
—> . e WT/ADAM17KO
WT
HTB94 g
10g2(WTIA17KO)
+PMA
—’ iRhom1KO/ADAM17KO
: LC- s
iRhom1KO MS/MS ;
HTB9%4 g
+PMA log2(iR1KOA17KO)
—b S
iRhom2KO/ADAM17KO
iRhom2KO _
HTB94 f
10g2(iIR2ZKO/A17KO)
+PMA
) 1
ADAM17KO
HTB94

Figure 12: Schematic representation of the mass spectrometry-based approach used to identify ADAM17 substrates and
investigate their iRhom-mediated selectivity in human HTB94 cells. ADAM17, iRhoml or iRhom2 was ablated in
fibroblast-like HTB94 cells. Then, iR1KO, iR2KO, A17KO or NTC controls were grown until confluence in 6-well plates,
stimulated with PMA in serum-free media and conditioned media subjected to high resolution mass spectrometry analysis.
Abundance of proteins in WT, iR1KO or iR2KO cells was measured and relatively quantified versus A17KO cells.
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1616 proteins were found in conditioned media of PMA-stimulated A17KO HTB94 cells
and WT controls, of which 578 membrane proteins and 275 secreted proteins. 19 single-
pass/GPI-anchored proteins were found more abundant in the secretome of the stimulated
WT HTB94. Among them, 10 known ADAMI17 substrates (SDC4, NRGI1, VASN,
SEMAA4D, PTK7, MRC2, JAG1, PTPRF, APLP2 and APP) and 9 potential novel substrates
(MXRAS, PROCR, NTM, PVRLI1, NEO1 AMIGO2, PTPRG, CADM1 and MET) (Figure
13A).

To identify ADAMI17 substrates preferentially shed when the proteinase is in complex
with iRhom1 and/or iRhom2, I compared abundance of single-pass/GPI-anchored proteins
in the secretome of iIR1KO or iR2KO cells with that of proteins in A17KO cells. 20 single-
pass/GPI proteins were significantly increased in the secretome of iR1KO compared to
A17KO cells (Figure 13B), and 19 were increased in the iR2ZKO compared to A17KO
(Figure 13C).
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Figure 13: Unbiased high-resolution proteomics
identified novel ADAM17 substrates in genetically
ablated HTB94 and iRhom-dependency of their
cleavage. A) Volcano plot showing the relative
abundance in log2 of proteins detected in the
secretome of WT versus ADAM17KO secretome of
HTB94 stimulated for 3h with PMA (n=3). Proteins
with a p-value below 0.05 (black dashed horizontal
line) were highlighted as blue (log2 PMA/CTL <
0.30; black dotted vertical line) and red (log2
PMA/CTL > 0.30; black dotted vertical line) open
circle dots. Transmembrane proteins increased in WT
secretome were represented as red filled dots with
their protein names. B) Volcano plot showing the
relative abundance in log2 of proteins detected in the
secretome of iRhomlKO versus ADAMI17KO
secretome of HTB94 (n=3). Proteins with a p-value
below 0.05 (black dashed horizontal line) were
highlighted as blue (log2 PMA/CTL < 0.30; black
dotted vertical line) and red (log2 PMA/CTL > 0.30;
black dotted vertical line) open circle dots.
Transmembrane proteins increased in iRhom1KO
secretome were represented as red filled dots with
their protein names. C) Volcano plot showing the
relative abundance in log2 of proteins detected in the
secretome of iRhom2KO versus ADAMI17KO
secretome of HTB94 (n=3). Proteins with a p-value
below 0.05 (black dashed horizontal line) were
highlighted as blue (log2 PMA/CTL < 0.30; black
dotted vertical line) and red (log2 PMA/CTL > 0.30;
black dotted wvertical line) open circle dots.
Transmembrane proteins increased in iRhom2KO
secretome were represented as red filled dots with
their protein names.
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Table 5: List of ADAMI17 substrates detected in WT, iR1KO, iR2KO HTB94 (3h PMA stimulation). In bold, putative
novel substrates. The table contains a list of 24 single-pass transmembrane proteins that were significantly increased across
WT, iR1KO, iR2KO HTB94 upon 3h PMA stimulation. Indicated are the protein IDs, names of the proteins, the gene
names, the mean of the ratio between PMA-stimulated WT and ADAM17KO controls of 3 biological replicates, the p-
value calculated with a two-sided, heteroscedastic t-test based on the intensity ratios for PMA-stimulated WT and
ADAM17KO controls, and the reference, when available, to the protein validation as an ADAM17 substrate.

Protein

ID

P05067

QIYUNNS

Q15223

P18827

P32004

QIBY67

P78324

Q13740

P30530

P31431

Q13308

QIYBRK3

QYUBGO

Q9P121

P23470

Q02297

P78504

Q6EMK4

P08581

Q92859

Protein name Gene name

Amyloid beta A4 protein APP

Endothelial protein C

PROCR
receptor
Nectin-1 PVRLI1
Syndecan-1 SDC1
Neural cell adhesion molecule
LICAM
L1
Cell adhesion molecule 1 CADM1
Tyrosine-protein phosphatase
SIRPA
non-receptor type substrate 1
CD166 antigen ALCAM
Tyrosine-protein kinase
AXL
receptor UFO
Syndecan-4 SDC4
Inactive tyrosine-protein kinase
PTK7
7
Matrix-remodeling-associated
MXRAS
protein 8
C-type mannose receptor 2 MRC2
Neurotrimin NTM
Receptor-type tyrosine-
P ypely PTPRG
protein phosphatase gamma
Neuregulin-1 NRG1
Protein jagged-1 JAGI1
Vasorin VASN
Hepatocyte growth factor
patocyte g MET
receptor
Neogenin NEOL1

Ratio

1,34

3,56

Difference

0,427108129

2,557636897

1,7425855

0,789938609

0,555720011

1,154051463

0,88205719

0,828751246

1,09725825

1,944568634

1,422921499

1,831478755

1,386271159

1,823226293

1,354874293

1,766304016

1,228529612

1,759130478

1,092961629

1,680378596

p-value

1,14E-03

8,82E-03

2,34E-02

9,66E-02

7,57E-02

4,95E-02

2,21E-01

1,60E-01

6,30E-02

7,78E-04

1,16E-02

7,66E-05

1,06E-04

2,58E-03

8,38E-03

1,75E-03

1,62E-04

2,74E-02

1,22E-03

7,15E-05

-LOG(P-

value)

2,94354629

2,054424342

1,630398071

1,015070695

1,120640972

1,30575307

0,655107098

0,796618069

1,200965382

3,109117401

1,936202239

4,115877721

3,97629548

2,588059562

2,076611586

2,757636256

3,791019921

1,563040771

2,91210608

4,145581607

Ref

214215

Putative novel

Putative novel

235

252

Putative novel

Putative novel

205

204

235

258

Putative novel

341

Putative novel

Putative novel

260

248

Putative novel

343,344
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Receptor-type tyrosine-protein 261
P10586 PTPRF 2,09 1,061140696 4,03E-03 2,394186404
phosphatase F

Amphoterin-induced protein
Q86SJ2 ) AMIGO2 2,90 1,534685771 2,25E-03 2,648439006 Putative novel

Q06481 Amyloid-like protein 2 APLP2 1,48 0,567075094 8,07E-03 2,093058607 209

Q92854 Semaphorin-4D SEMA4D 3,05 1,606820424 1,14E-02  1,942294585 268

The proteomic method used to identify ADAM17 substrates that were shed in an iRhom1 -
or iRhom2-dependent manner was based on the relative quantification of their abundance in
the secretome of WT, iR1KO or iR2KO cells versus their abundance in the secretome of
A17KO cells. In order to better assess the shedding efficiency by which ADAM17 cleaves
its substrates when either iRhom is ablated, I complemented this analysis by comparing the
secretome abundance of known/putative ADAMI17 substrates across the different WT,
iR1KO, iR2KO and A17KO HTB94 cells. Extracellular levels of 10 known ADAM17
substrates (VASN, NRGI1, SDC4, PTK7, JAG1, PTPRF, APLP2, SEMA4D, AXL and APP)
were diminished in A17KO cells and not altered in the secretome of iR1KO or iR2KO cells
compared to WT cells, indicating them as proteins that could be shed by stimulated
ADAMI17 in an iRhom1- or iRhom2-dependent manner (Figure 14A). I also included into
this group the known ADAMI17 substrates SDC1, ALCAM and L1CAM. Indeed,
extracellular levels of these proteins were lower in A17KO than WT cells, although such an
alteration in protein abundance did not reach statistical significance when analysed by 2-way
ANOVA, and their levels in the conditioned media of iR1KO and iR2KO were similar to
those of WT cells (Figure 13A). Moreover, I included, within this group, 6 putatively novel
substrates of ADAM17, whose release was equally supported by iRhom1 or iRhom2, as their
levels in the secretome of iR1KO and iR2KO cells were similar to those in WT cells, and
their levels in A17KO significantly less (NEO1, PTPRG, MET, CADMI1, PROCR,
MXRAS) (Figure 13A). I also included SIRPa within this group, although changes in its
abundance across the different cell lines did not reach statistical significance when analysed
by 2-way ANOVA. Altogether, these data showed that shedding of 20 out of the 24 proteins
that I identified as known/novel ADAMI17 substrates in HTB94 cells could be supported by
either iRhom1 or iRhom2. Extracellular levels of one putative ADAM17 substrate, NTM,
were lower in A17KO cells compared to WT and iR2KO cells (Figure 13B). Although it did
not reach statistical significance, I found that NTM levels in the secretome of iR1KO cells

were less than in WT. This suggests that NTM could be preferentially cleaved by ADAM17
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when the proteinase is in complex with iRhom1. On the other hand, the decrease of MRC2
(a known ADAMI17 substrate), AMIGO2 and PVRLI1 (putative substrates) levels in the
secretome of iIR2KO cells compared to WT was larger than in iR1KO cells. (Figure 13C).
This suggests that ADAMI17-dependent shedding of MRC2, AMIGO2 and PVRLI1 was
mainly supported by iRhom?2.
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Figure 14: ADAM17 substrates protein intensities showed different shedding efficiency of the complex ADAM17/iRhom1
and ADAM17/iRhom2. A) Quantification of iRhom1/iRhom2-dependent ADAM17 substrates intensities detected in the
secretome of stimulated WT, ADAM17KO, iR1KO, and iR2KO HTB94 cells. Additionally, ADAM17 substrates were
divided into two groups, known ADAM17 substrates (above black dashed line) and novel ADAM17 substrates (below
black dashed line). Statistical analysis was performed by using one-way Anova with Dunnett’s multiple comparison tests
(mean values + standard deviation; ns not statistical, ***adjusted p-value<0.001, **adjusted p-value<0.01, *adjusted p-
value<0.05; n=3). B) Quantification of iRhom1-dependent ADAM17 substrates intensities detected in the secretome of
stimulated WT, ADAM17KO, iR1KO, and iR2KO HTB94 cells. Statistical analysis was performed by using one-way
Anova with Dunnett’s multiple comparison tests (mean values + standard deviation; ns not statistical, **adjusted p-
value<0.01; n=3). C) Quantification of iRhom2-dependent ADAM17 substrates intensities detected in the secretome of
stimulated WT, ADAM17KO, iR1KO, and iR2KO HTB94 cells. Statistical analysis was performed by using one-way
Anova with Dunnett’s multiple comparison tests (mean values + standard deviation; ns not statistical, ***adjusted p-
value<0.001, *adjusted p-value<0.05; n=3).
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Similar to the analysis performed in mEFs, I conducted hierarchical clustering to identify
groups of ADAMI17 substrates shed in the presence of either iRhom (Figure 14). This
approach enables an unbiased classification of putative iRhoml-dependent, iRhom2-
dependent, or iRhom1/2-independent ADAM17 substrates.

First, the analysis showed that the sheddomes of iRhomI1KO and iRhom2KO cells
clustered closely with that of WT cells, and separately from A17KO cells—indicating that
loss of either iRhom alone does not fully abrogate ADAM17-mediated shedding.

Second, two major clusters of proteins were identified. The first included LICAM,
PTPRF, AMIGO2, MRC2, and PVRL1, whose ectodomain levels were elevated in WT and
iR2KO cells compared to A17KO cells, but not similarly increased in iR1KO cells. This
pattern aligns with the two-way ANOVA results and supports the classification of these
proteins as putative iRhom2-dependent substrates.

The second cluster comprised the remaining 18 proteins, which—despite some
variability—were shed at comparable levels in iRhom1KO, iRhom2KO, and WT cells
relative to A17KO cells, suggesting that both iRhoms can support their shedding.

r=1

iR1KO iR2KO WT A17KO

Figure 15: Clustering Analysis of ADAM17 substrates revealed a non-selective dependency on iRhom1 or iRhom2 in WT,
iR1KO, iR2KO and A17KO HTB94. Clustered heatmap of PMA-induced secreted proteins in in WT, iR1KO, iR2KO and
A17KO HTBY94. The heatmap shows 24 proteins consistently detected across all three genotypes following 3h PMA
stimulation. Rows represent individual proteins, and columns correspond to genotypes. Protein abundance was scaled (Z-
score), and hierarchical clustering using Euclidean distance was applied to both proteins and samples. Color intensity
reflects relative secretion levels, with red indicating higher and blue lower abundance.
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Altogether, these data indicate that a clear-cut division of ADAM17 substrates into iRhom1 -
selective or iRhom2-selective groups does not emerge—at least under the experimental
conditions used in this study. Therefore, I next explored whether certain substrates might be
preferentially, rather than exclusively, shed by either iRhom. To this end, I directly compared
the abundance of known and putative ADAM17 substrates in the secretomes of iR1KO and
1R2KO cells, aiming to identify substrates more efficiently cleaved when ADAM17 is
complexed with iRhom1 or iRhom?2 (Figure 16).

Although proteomic analysis did not reveal discrete groups of iRhoml- or iRhom2-
dependent substrates, it did highlight a continuum of substrate preference. Some substrates,
such as NTM, were more efficiently shed in the presence of iRhoml, while others—
including MRC2, AMIGO?2, and PVRL1—were preferentially cleaved when ADAM17 was

in complex with iRhom?2.

iRhom-mediated selectivity

* * * * wk ok dke * ok ke * e dekkk  kkkk hdkdk Rk
ns ns ns ns ns * * *% s *kdk * 23 * *

Log2 iRhom1KO/iRhom2KO
(protein intensities)

RS2 preforontial__————— iRhom{-pre

Figure 16: iRhom-mediated selectivity analysis showed a continuum between substrates preferentially shed in the presence
of iRhom1 and substrates shed in the presence of iRhom?2. Ratio of protein intensities across iRhom1KO and iRhom2KO
in logarithmic scale (log2) among ADAM17 putative substrates (n=3). Statistical analysis was performed by using one-
way Anova with Dunnett’s multiple comparison tests (mean values + standard deviation; ns not statistical, #### or
*#**adjusted p-value<0.0001; ### or ***adjusted p-value<0.001, ## or **adjusted p-value<0.01; # or *adjusted p-
value<0.05; n=3).

Compared to the seminal study by Maretzky et al. 3’

, which identified distinct groups of
ADAMI17 substrates with clear iRhom selectivity, my findings differ significantly. A key

distinction between the two studies lies in the duration of ADAMI17 stimulation: while
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Maretzky et al. used a 1 hour PMA stimulation, my experiments employed a longer
stimulation period of 3 hours.

To determine whether prolonged PMA stimulation might introduce secondary effects
unrelated to physiological ADAM17 activation—and thereby contribute to the discrepancies
between our results—I repeated the secretome analysis using a shorter PMA stimulation time
(1 hour instead of 3 hours) in WT, A17KO, iR1KO, and iR2KO HTB94 cells.

As expected, reducing the stimulation time resulted in the identification of fewer proteins
in the conditioned media. Specifically, 1519 proteins were identified in PMA-stimulated and
non-stimulated WT cells—6% fewer than in cells stimulated for 3 hours (Figure 13).
Nevertheless, 1-hour stimulation was sufficient to observe ADAM17 activity in our system:
the ectodomains of 18 putative ADAMI17 substrates (transmembrane or GPI-anchored
proteins) were significantly increased in PMA-stimulated WT cells compared to A17KO
cells. These included SEMA7A, ALCAM, CSPG4, and others (Figure 17A, Table 6).

Consistently, in iR1KO and iR2KO HTB94 cells stimulated for 1 hour and compared to
A17KO cells, most of these substrates were still efficiently shed, supporting the earlier
conclusion that either iRhom can support the shedding of the majority of ADAMI17
substrates.

To further explore whether deletion of either iRhom impairs shedding of specific
substrate groups, I performed hierarchical clustering of the ADAM17 substrates identified
following 1-hour PMA stimulation. This analysis revealed that WT cells clustered with
iIRhom2KO cells, which were themselves close to iRhom1KO cells, and all were distinct
from A17KO cells (Figure 18).

Three main substrate clusters emerged from the analysis. The first cluster—including
AGRN, CDH2, and CLSTN1—showed higher abundance in WT and iR2KO cells than in
iR1KO and A17KO cells, suggesting these are preferentially shed via iRhom1. The second
cluster included PRNP, APLP2, and others, whose levels were elevated in WT and iR1KO
cells compared to iIR2KO and A17KO cells, indicating preferential reliance on iRhom2. The
third cluster comprised numerous substrates that were shed similarly in WT, iR1KO, and
iR2KO cells compared to A17KO, implying that either iRhom is sufficient to support their
shedding.

Interestingly, and in contrast to previous experiments, these data reveal three
distinguishable groups of ADAMI17 substrates with a degree of iRhom selectivity: iRhom1 -
dependent, iRhom2-dependent, and those equally supported by both iRhom:s.
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Table 6: List of ADAM17 substrates detected in WT, iR1KO, iR2KO HTB94 (1h PMA stimulation). In bold, putative
novel substrates. The table contains a list of 18 single-pass transmembrane proteins that were significantly increased across
WT, iR1KO, iR2KO HTB94 upon 1h PMA stimulation. Indicated are the protein IDs, names of the proteins, the gene
names, the mean of the ratio between PMA-stimulated WT and ADAM17KO controls of 3 biological replicates, the p-
value calculated with a two-sided, heteroscedastic t-test based on the intensity ratios for PMA-stimulated WT and
ADAM17KO controls, and the reference, when available, to the protein validation as an ADAM17 substrate.

Protein

ID

P05067

QIYUNNS

094985

000468

P26006

QYBZM5

075326

Q13740

P30530

P31431

P35052

P04156

P55287

Q6UVK1

P16070

Q02297

Q06481

Protein name

Amyloid beta A4 protein

Endothelial protein C

receptor

Calsyntenin-1

Agrin

Integrin alpha-3

NKG2D ligand 2

Semaphorin-7A

CD166 antigen

Tyrosine-protein kinase

receptor UFO

Syndecan-4

Glypican-1

Major prion protein

Cadherin-11

Chondroitin sulfate
proteoglycan 4

CD44 antigen

Neuregulin-1

Amyloid-like protein 2

Gene name

PROCR

CLSTN

AGRN

ITGA3

ULBP2

SEMAT7A

ALCAM

AXL

SDC4

GPCl1

PRNP

CDH11

CSPG4

CD44

NRG1

APLP2

Ratio

12,04

6,76

12,66

7,97

12,87

0,34

16,11

2,87

Difference

1,680171

4,022692

0,475665

0,358737

0,537726

1,530799

3,469282

2,599937

3,558235

3,469282

3,587095

0,992805

1,065071

1,508293

0,582623

4,014098

1,694599

p-value

1,44E+05

7,40E+05

4,99E+01

1,07E+03

3,70E+01

3,69E+03

8,81E+06

1,25E+06

2,35E+05

2,56E+04

9,92E+03

2,85E+02

2,66E+04

4,29E+06

9,38E+03

1,67E+05

9,13E+03

-LOG(P-

value)

3,278601

3,863216

1,478594

2,008188

1,435027

2,273403

4,949001

4,070285

3,444789

2,759127

2,509804

1,76001

2,770402

4,604696

2,49588

3,329652

2,489058

214215

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

Putative novel

205

204

235

230

Putative novel

Putative novel

205

260

209
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Figure 17: Unbiased high-resolution proteomics
identified novel ADAMI17 substrates in genetically
ablated HTB94 and iRhom-dependency of their
cleavage. A) Volcano plot showing the relative
abundance in log2 of proteins detected in the secretome
of WT versus ADAMI17KO secretome of HTB94
stimulated for 3h with PMA (n=3). Proteins with a p-
value below 0.05 (black dashed horizontal line) were
highlighted as blue (log2 PMA/CTL < 0.30; black
dotted vertical line) and red (log2 PMA/CTL > 0.30;
black dotted wvertical line) open circle dots.
Transmembrane proteins increased in WT secretome
were represented as red filled dots with their protein
names. B) Volcano plot showing the relative abundance
in log2 of proteins detected in the secretome of
iRhom1KO versus ADAM17KO secretome of HTB94
(n=3). Proteins with a p-value below 0.05 (black dashed
horizontal line) were highlighted as blue (log2
PMA/CTL < 0.30; black dotted vertical line) and red
(log2 PMA/CTL > 0.30; black dotted vertical line) open
circle dots. Transmembrane proteins increased in
iRhom1KO secretome were represented as red filled
dots with their protein names. C) Volcano plot showing
the relative abundance in log2 of proteins detected in the
secretome of iRhom2KO versus ADAMI17KO
secretome of HTB94 (n=3). Proteins with a p-value
below 0.05 (black dashed horizontal line) were
highlighted as blue (log2 PMA/CTL < 0.30; black
dotted vertical line) and red (log2 PMA/CTL > 0.30;
black dotted vertical line) open circle dots.
Transmembrane proteins increased in iRhom2KO
secretome were represented as red filled dots with their
protein names.
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Figure 138: Clustering Analysis of ADAM17 substrates revealed a non-selective dependency on iRhoml or iRhom2 in
WT, iR1KO, iR2KO and A17KO HTB94. Clustered heatmap of PMA-induced secreted proteins in in WT, iR1KO, iR2KO
and A17KO HTB94. The heatmap shows 18 proteins consistently detected across all three genotypes following 1h PMA
stimulation. Rows represent individual proteins, and columns correspond to genotypes. Protein abundance was scaled (Z-
score), and hierarchical clustering using Euclidean distance was applied to both proteins and samples. Color intensity
reflects relative secretion levels, with red indicating higher and blue lower abundance.
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3.5 Discussion

This study provides a comprehensive analysis of the substrate selectivity of ADAMI17 in
the context of its regulation by iRhom1 and iRhom2. By integrating mass spectrometry—
based secretome profiling with functional validation in both mouse embryonic fibroblasts
(mEFs) and human HTB94 fibroblast-like cells, I systematically evaluated how the presence
or absence of each iRhom influences ADAMI7-mediated shedding. Consistent with
previous reports showing partial redundancy between iRhoml and iRhom2 in promoting
ADAMI17 maturation and trafficking, my data demonstrated that the majority of ADAMI17
substrates can be shed in the presence of either iRhom. This was clearly shown in both mEFs
and HTB94 cells, where approximately two-thirds of identified ADAMI17 substrates—
including known ones such as PTK7, VASN, and APLP2, as well as novel candidates like
MXRAS and SIRPa—were shed efficiently when either iRhom1 or iRhom2 was present.
While this supports a model of functional overlap, my data also uncovered cases of substrate
preference, albeit not strict selectivity. In particular, APP and NTM exhibited higher
dependency on iRhoml for their release, while MRC2, AMIGO2, and PVRL1 were
preferentially shed in an iRhom2-dependent manner. However, these differences appear
quantitative rather than absolute, suggesting a continuum of iRhom-mediated regulation
rather than distinct, non-overlapping substrate pools.

Importantly, 1 addressed potential concerns that prolonged PMA stimulation may
introduce secondary effects unrelated to physiological ADAMI17 activation, potentially
explaining discrepancies between my results and those reported by Maretzky et al., which
used a 1-hour stimulation protocol 3%’. It is well established that most ADAM17-mediated
shedding occurs rapidly—within the first 20 to 30 minutes—due to cleavage of a readily
available pool of pre-existing membrane-bound substrates. Beyond this window, shedding
increasingly reflects the turnover and availability of newly synthesized proteins, the levels
of which depend on ongoing biosynthesis, trafficking, and post-translational regulation 2°2,
Therefore, extended stimulation times risk capturing a mixture of primary and secondary
effects, including transcriptional upregulation or compensatory changes in substrate
presentation.

To distinguish these contributions and assess the reproducibility of substrate preferences
under more acute activation conditions, I performed an additional secretome analysis using
a shorter PMA stimulation of 1 hour in WT, A17KO, iR1KO, and iR2KO HTB94 cells. As
anticipated, fewer proteins were identified compared to the 3-hour dataset—Ilikely due to

reduced cumulative shedding—but 18 transmembrane or GPI-anchored proteins were still
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significantly enriched in WT versus A17KO cells, confirming robust ADAM17 activity even
at this earlier time point. Hierarchical clustering of these ADAM17 substrates recapitulated
trends observed in the 3-hour data, including the emergence of three substrate groups: those
preferentially shed via iRhoml1 (e.g., AGRN, CDH2), iRhom2 (e.g., PRNP, APLP2), and a
numerous one in which substrates were equally supported by both iRhoms.

Previous studies demonstrated that certain ADAMI17 substrates, such as EGFR ligands,
are more tightly regulated in an iRhom-selective manner. In particular, differential iRhom
dependence has been reported for ligands like TGFa and amphiregulin (iR1/iR2-dependent),
HB-EGF and epiregulin (iR2-dependent) **’. Notably, work by Zhao et al. demonstrated that
substrate selectivity can also depend on the structural accessibility of the cleavage site, which
is influenced by how iRhoms present the substrate to ADAM17. Their findings showed that
modifying the transmembrane or juxtamembrane regions of substrates altered their
susceptibility to cleavage, suggesting a spatial component to iRhom-mediated regulation **3,
In my study, however, I did not observe significant iRhom-selective differences in EGFR
ligand shedding (this is the case of the iRhom-rescue experiment on mEFs. This may indicate
that EGFR ligands represent a more specialized subset of ADAMI17 substrates where
regulatory mechanisms are more stringent, possibly reflecting their potent biological roles
in development and disease.

Together, these findings support a model in which activated ADAM17 cleaves a broad
yet selectively regulated set of substrates depending on its association with iRhoml1 or
iRhom?2. Rather than enforcing a rigid division of labor, iRhoms appear to act as modulators
of substrate accessibility and cleavage efficiency within a shared pool of potential targets.
This nuanced view of iRhom function has important implications for therapeutic strategies
aiming to fine-tune ADAMI17 activity. In particular, selective modulation of iRhom1 or
iRhom2—rather than global inhibition of ADAMI17—could offer a way to attenuate
pathogenic shedding events (e.g., in inflammation or cancer) while preserving beneficial
proteolytic functions in the nervous system or epithelial barriers. The ability to discriminate
between iRhom-dependent pathways thus opens a path toward more targeted interventions

with fewer off-target consequences.
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Chapter Four:
Validation of ADAM17 substrates revealed
a novel mechanism for iRhom?2

in regulating trafficking of MHC-I
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4.1 Introduction

ADAMI17 is a membrane-anchored metalloprotease that mediates the proteolytic
release—or ectodomain shedding—of a wide array of transmembrane proteins, including
pro-inflammatory cytokines (e.g., TNFa), receptors, and growth factor precursors. The
maturation, trafficking, and activity of ADAMI17 are tightly regulated by its obligate co-
factors iRhom1 and iRhom2, two catalytically inactive rhomboid proteins that form a
complex with ADAM17 and govern its ER exit and cell surface localization. While iRhom1
and iRhom? are partially redundant in their ability to support ADAM17 maturation, they can
also differentially affect the shedding of specific substrates, particularly under stimulated
conditions 288337338 Recent studies have started to reveal how the individual iRhoms shape
the substrate repertoire of ADAM17, but a comprehensive, experimentally validated map of
this regulation has remained limited.

In this context, I performed a series of Western blot—based validation experiments to
confirm the identity and regulation of ADAMI17 substrates identified through secretome
proteomics in both mouse embryonic fibroblasts (mEFs) and human HTB94 fibroblast-like
cells. These experiments were conducted under the same stimulation and genetic conditions
used for mass spectrometry—namely PMA treatment and targeted ablation of ADAM17,
iRhom1, or iRhom2—allowing a direct comparison between proteomic data and
biochemical detection of shedding events. Western blotting was used to monitor the release
of ectodomains into the culture medium and to evaluate how substrate cleavage depends on
ADAMI7 activity and the presence of individual iRhom:s.

To address limitations related to low endogenous expression or insufficient antibody
sensitivity, I additionally employed a substrate overexpression strategy. Full-length
constructs of selected single-pass transmembrane proteins were transiently expressed in the
same cell lines, and their cleavage was evaluated by detecting soluble fragments in the
conditioned media. This complementary approach allowed for more robust validation across
genotypes and enhanced sensitivity in detecting quantitative differences in substrate
processing.

Among the validated proteins, I identified a novel regulatory connection between iRhom2
and major histocompatibility complex class 1 (MHC-I) molecules. Prior work from
Scilabra’s lab had suggested that MHC-I can be cleaved by ADAMI17 2%, T observed a
reduction MHC-I levels in the conditioned media of ADAMI17-deficient cells. Intriguingly,
I also found that iRhom?2 plays a role in regulating MHC-I abundance at the cell surface,
independent of its effect on ADAM17 maturation. Loss of iRhom?2 led to a reduction in both

soluble and membrane-associated MHC-I molecules, suggesting that iRhom?2 contributes to
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MHC-I turnover or trafficking in addition to supporting its shedding. This dual regulation
may reflect a broader role for iRhom?2 in shaping immune surveillance by controlling antigen
presentation pathways—especially in cells of myeloid origin where iRhom2 expression is
predominant and where ADAM17 activity is tightly linked to immune function 2.
Together, these validation studies confirm the functional relevance of newly identified
ADAMI17 substrates and provide new insight into iRhom2-mediated regulation of
membrane protein dynamics. In particular, the discovery that iRhom?2 influences MHC-I
processing highlights a previously underappreciated role for this protein in modulating

immune-related functions, expanding its significance beyond classical substrate shedding.
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4.2 Validation of ADAM17-mediated shedding supported by either

iRhom in mEFs

Thus far, iRhom-mediated selectivity of ADAMI17 cleavage has been assessed for 9
substrates. All of them can be effectively cleaved by stimulated ADAMI17 when in a
complex with iRhom2, while the cleavage of only 3 substrates (TGFa, ICAM, L-selectin)
can be stimulated by PMA when iRhom?2 is ablated, and the protease is in complex with
iRhom1 #2738 Interestingly, my mass spectrometry-based analysis identified 10 additional
substrates that were shed by activated ADAM17 when in a complex with either iRhom1 or
iRhom?2. To validate these results, I analysed the contribution of iRhom1 and iRhom2 to
PMA -stimulated shedding of PTK7 and APP by Western blotting as an orthogonal method.
PTK?7 and APP are two known ADAM17 substrates *>*°, which increased in the conditioned
media of WT MEFs with the highest statistical significance upon PMA stimulation (Figure
7, Table 3). Western blotting showed that levels of shed PTK7 and APP highly increased in
the conditioned media (CM) of WT MEFs upon PMA stimulation (with a PMA-
stimulated/control ratio of about 2 and 3, respectively), in agreement with the proteomic
results (Figure 19A, 19B). Cellular PTK7 decreased upon PMA stimulation and in line with
its shedding from the cell membrane, while APP levels in the cell lysate did not change. In
contrast, PMA stimulation of iR1/2 dKO mEFs did not lead to a similar increase of PTK7
and APP in the extracellular levels, indicating that these two proteins are indeed shed by
ADAMI17 in response to PMA (Figure 19C, 19D). PMA-stimulation increased their levels
in the conditioned media of either iRhom1KO or iRhom2KO mEFs, indicating that either
iRhom could support their ADAM17-dependent shedding (Figure 19E-19H).
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Figure 19: ADAM17 shedding of Ptk7 and APP were supported by either iRhom by validation with western blotting. A)
Western blots on WT mEFs treated with or without 25 ng/mL PMA for 3h showing the abundance of soluble Ptk7 (sPtk7)
and APP (sAPP) in TCA precipitated conditioned media (CM) and the abundance of full-length Ptk7 (fIPtk7) and APP
(fIAPP) in cell lysates (Lysates). Calnexin was used as loading control. B) Densitometric quantification of levels of sPtk7
and sAPP in CM and fIPtk7 and fIAPP in Lysates of WT mEFs (mean values + standard deviation; ns not statistical, *
p<0.05, *** p<0.001; n>3). C) Western blots on iRhom1/2dKO mEFs treated with or without 25 ng/mL PMA showing the
abundance of soluble Ptk7 (sPtk7) and APP (sAPP) in TCA precipitated conditioned media (CM) and the abundance of
full-length Ptk7 (fIPtk7) and APP (flIAPP) in cell lysates (Lysates). Calnexin was used as loading control. D) Densitometric
quantification of levels of sPtk7 and sAPP in CM and fIPtk7 and fIAPP in Lysates of iRhom1/2dKO mEFs (mean values
+ standard deviation; ns not statistical, * p<0.05; n>3). E) Western blots on iRhom1KO mEFs treated with or without 25
ng/mL PMA showing the abundance of soluble Ptk7 (sPtk7) and APP (sAPP) in TCA precipitated conditioned media (CM)
and the abundance of full-length Ptk7 (fIPtk7) and APP (flIAPP) in cell lysates (Lysates). Calnexin was used as loading
control. F) Densitometric quantification of levels of sPtk7 and sAPP in CM and fIPtk7 and fIAPP in Lysates of iRhom1KO
mEFs (mean values + standard deviation; ns not statistical, ** p<0.01, *** p<0.001; n>3). G) Western blots on iRhom2KO
mEFs treated with or without 25 ng/mL PMA showing the abundance of soluble Ptk7 (sPtk7) and APP (sAPP) in TCA
precipitated conditioned media (CM) and the abundance of full-length Ptk7 (fIPtk7) and APP (flAPP) in cell lysates
(Lysates). Calnexin was used as loading control. H) Densitometric quantification of levels of sPtk7 and sAPP in CM and
fIPtk7 and fIAPP in Lysates of iRhom2KO mEFs (mean values + standard deviation; ns not statistical, * p<0.05, ** p<0.01,
*** p<0.001; n>3).

95



4.3 Ectopically expressed proteins are degraded in MEFs lacking
iRhom2

Proteomics identified a number of transmembrane proteins whose shedding was increased
upon PMA stimulation and therefore potentially novel ADAM17 substrates. Some of these
proteins increased in the conditioned media of all three mEFs lines, including MXRAS,
which is a type 1 transmembrane protein that has been recently identified as the entry
receptor for multiple arthritogenic alphaviruses *%*!. In order to validate its ADAM]17-
mediated shedding and further investigate how iRhoms control the process, I planned to
exogenously express FLAG-tagged MXRAS8 in WT, iR1KO, iR2KO and iR1/2 dKO mEFs.
However, I noticed that cellular levels of MXRAS greatly differed across the different cell
lines. MXRAS8 was evident in the lysate of WT MEFs, and increased 2-fold in response to
3h of PMA. Such an increase was not dependent on ADAMI17 activity since addition of
marimastat to the cell culture did not suppress it (Figure 20A and 20B). Similar to WT MEFs,
MXRAS8 was detected in iR1KO cell lysates and its levels increased in response to PMA.
Intriguingly, when transfected in iR2KO or iR1/2 dKO mEFs, MXRA8 was almost
negligible (Figure 20A and 20B). In order to clarify whether this mechanism was specific
for MXRABS, I transfected the different mEF lines with H2-D1, a murine haplotype of major
histocompatibility class I molecules that I have recently identified as an ADAM17 substrate
(Calligaris et al. in press), and analysed its levels by Western. H2-D1 band pattern resembled
MXRAS in that the protein was detected in transfected WT and iR1KO mEFs, and its levels
increased upon PMA stimulation in these cell lines (Figure 6A and 6C). Yet, cellular H2-D1
was not detected when expressed in iR2KO or iR1/2dKO MEFs. A similar expression
pattern was found when mEFs were transfected with SIRPa (a protein that is cleaved by
ADAMSs *273%%) and SEZ6 (a BACEI1 substrate that is unrelated to ADAM17 7) (Figure 20A
and 20D-E). Since the plasmid pcDNA3.1 was used to express all these proteins, I
additionally transfected the different mEF lines with a construct containing APP cloned into
a different expression vector, the pPEAK20 **!. In line with the other overexpressed proteins,
APP was clearly detected in the lysate of WT and iR1KO MEFs, where PMA stimulation
led to an increment of the protein, and not evident in the lysate of iR2 and iR1/2dKO MEFs
(Figure 20A — 20F).
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Figure 20: Levels of exogenously expressed proteins decreased in absence of iRhom2. A) Western blots showing Mxra8
FLAG-tagged (fIMxra8), H2-D1 FLAG-tagged (flH2D1), Seizure 6 (SEZ6) HA-tagged (fI-SEZ6), Sirpa. FLAG-tagged
(flSirpa), AP-APP HA-tagged (flIAP-APP) protein abundances in cell lysates (Lysates) of WT, iRhom1KO, iRhom2KO,
iRhom1/2dKO mEFs treated with PMA and/or MM. Actin was used as a loading control (n>3). B) Densitometric
quantification of cell lysates level of full-length Mxra8 (flMxra8) (mean values + standard deviation; ns not statistical, *p-
value<0.05, **p-value<0.01; n=3) C) Densitometric quantification of cell lysates level of full-length H2D1 (flH2D1) (mean
values =+ standard deviation; *p-value<0.05, **p-value<0.01; n>3). D) Densitometric quantification of cell lysates level of
full-length Sirpa (flSirpa) (mean values + standard deviation; *p-value<0.05; n=3). E) Densitometric quantification of cell
lysates level of full-length SEZ6 (fISEZ6) (mean values + standard deviation; *p-value<0.05; n=2). F) Densitometric
quantification of cell lysates level of full-length AP-APP (flAP-APP) (mean values + standard deviation; *p-value<0.05;
n=3). G) Gene expression of H2-D1 by RT-qPCR in WT, iRhom1KO, iRhom2KO, iRhom1/2dKO mEFs treated with or
without PMA. Transcript levels were analysed using the 2—AACt method with GAPDH as reference and H2-D1 as target
gene. Data represent mean values + standard deviation from 2 separate experiments.
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Next, to address whether the ablation of iRhom2 could impair efficient transfection and
expression of ectopic proteins, I used an established protocol for quantitative PCR to
measure the expression of H2-D1 in transfected mEFs. This analysis displayed that, despite
the evident difference in protein levels, expression of H2-D1 across WT, iR1KO, iR2KO
and iR1/2dKO MEFs was comparable, and PMA did not alter its expression (Figure 20G).

To investigate potential post-transcriptional regulation, I analyzed the effect of the
proteasome inhibitor MG132 on H2-D1 protein stability. I found that the proteasome
inhibitor MG132 increased flH2-D1 levels in WT MEFs, mirroring the effect of PMA
stimulation (Figure 21A and 21B). MG132 also led to an increase in flH2-D1 in iR2KO
cells, suggesting that proteasomal degradation contributes to H2-D1 turnover independently
of iRhom2. However, the lower basal levels of flH2-D1 in iR2KO cells—despite similar
transcript levels—raise the possibility that iRhom2 may modulate protein stability or
trafficking in a way that is not fully captured by MG132 treatment alone. Although the
increases observed with PMA were not statistically significant in either genotype, the trend
suggests a potential role for iRhom2 in stabilizing flH2-D1, particularly under stimulated
conditions. In contrast, treatment with the lysosome inhibitor chloroquine did not
significantly alter flH2-D1 levels in either WT or iR2KO MEFs (Figure 21C and 21D),
supporting the idea that lysosomal degradation is not a major contributor to H2-D1 turnover
in this context.

In summary, while the proteasome clearly plays a role in regulating ectopic H2-D1 levels,
the contribution of iRhom?2 remains suggestive but not definitive in the current dataset.
These preliminary findings support a model in which iRhom2 may influence protein
stability—possibly by affecting accessibility to the proteasome or modulating post-
translational processing—and warrant further investigation with more targeted approaches

(e.g. pulse-and-chase with cycloheximide) to clarify its precise role.
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Figure 21: iRhom?2 stabilized protein expression impairing proteasomal degradation. A) Immunoblots on WT and
iRhom2KO mEFs pre-treated 1h with 10 uM MG132 and 3h with or without 25 ng/mL PMA showing full-length levels of
H2D1 in cell lysates (Lysates). Ubiquitin was used as a control for treatment and calnexin was used as a loading control.
B) Densitometric quantification of full-length levels of H2D1 (flH2D1) exogenously expressed in WT and iRhom2KO
mEFs treated with the proteasomal inhibitor MG132 (mean values + standard deviation; ns not statistical, *p-value<0.05;
n=3). C) Immunoblots on WT and iRhom2KO mEFs pre-treated 1h with 100 uM chloroquine (CQ) and 3h with or without
25 ng/mL PMA showing full-length levels of H2D1 in cell lysates (Lysates). LC3 lipidation was used as a control for
treatment and calnexin was used as a loading control. D) Densitometric quantification of full-length levels of H2D1
(flH2D1) exogenously expressed in WT and iRhom2KO mEFs treated with the lysosomal inhibitor chloroquine (CQ)
(mean values + standard deviation; ns not statistical, *p-value<0.05; n=3).

4.4 Validation of ADAMI17-mediated shedding supported by either
iRhom in HTBY%4

Next, I validated the results of the mass spectrometry-based analysis that identified a
number of novel putative substrates of ADAM17 in murine and human fibroblasts, and
provided information about the contribution of either iRhoml and iRhom2 to their
ADAMI17-mediated shedding. I started with the validation of two novel substrates: MXRAS
and SIRPa. WT, A17KO, iR1KO and iR2KO HTBY4 cells were transiently transfected with
constructs containing N-terminally FLAG-tagged MXRAS or SIRPa, and stimulated with
PMA, with or without the ADAM inhibitor marimastat. Then, levels of shed proteins in
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conditioned media and lysates were analysed by Western blotting. I found an increase of
shed MXRARS in the conditioned media of PMA-stimulated WT HTB94 cells, which was
reverted by marimastat (Figure 22A, 22B). Such an increase of shed MXRAS8 upon PMA
stimulation was not evident in A17KO cells, indicating that MXRAS is indeed an ADAM17
substrate. Loss of iRhom1 did not affect shedding of MXRAS, as its levels in the conditioned
media of iIR1KO cells augmented in response to PMA. Similarly, PMA stimulated MXRAS8
shedding also in the absence of iRhom?2, although to a lesser extent as in WT or iR1KO cells
(Figure 22A, 22B). Similar to what I noticed in mEFs, cellular levels of MXRAS levels
increased upon PMA stimulation, but its expression was homogenous across the different
HTBY94 cell lines (Figure 22A, 22B). Akin to MXRAS, extracellular SIRPa was more
abundant upon PMA stimulation in WT cells, and marimastat reduced it to the levels of
unstimulated WT cells and A17KO cells (Figure 22C, 22D). Upon PMA stimulation, levels
of SIRPa in the conditioned media increased 4-fold in both iR1KO cells and about 6-fold in
iR2KO cells, indicating that both iRhoms could support its shedding. In line with
proteomics, shedding of SIRPa was slightly more favourable in iR2KO cells than in iR1KO
cells. As a control, I also analysed shedding of a known ADAMI17 substrate, VASN. Shed
levels of VASN in the conditioned media increased in PMA -stimulated WT, iR1KO and
iR2KO cells, but not in A17KO cells, compared to unstimulated controls, and Marimastat
inhibited its shedding (Figure 22E, 22F). Nevertheless, I still observed a modest PMA-
induced increase of VASN in the CM of A17 KO cells. A plausible explanation is that PMA
also enhances exosome-mediated secretion of VASN, a route independent of A17-dependent
ectodomain shedding. Indeed, VASN is known to be packaged into exosomes and
released *°°. PMA, via PKC activation, can increase exosome release in various cell
types **¢. Thus, even in A17KO cells, PMA could enhance exosomal VASN export, yielding
the observed SN increase. In contrast with SIRPa, levels of shed VASN were slightly higher

in iIR1KO cells than in iR2KO cells, again in line with proteomics results.
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Figure 22: ADAM17 shedding of MXRA8 and SIRPa and VASN were supported by either iRhom by validation with
western blotting. A) Western blotting validation on WT, iRhom1KO, iRhom2KO and ADAM17KO HTB94 treated with
or without 25 ng/mL PMA and/or 10 uM marimastat (MM) of overexpressing Mxra8-FLAG on TCA precipitated
conditioned media (CM) and cell lysates (Lysates). Actin was used as a loading control. B) Densitometric quantification
of soluble levels of MXRAS8 (sMXRAR) and cell lysates levels of full-length Mxra8 (fIMXRA8) on WT, iR1KO, iR2KO
and ADAM17KO HTB94 lines treated with or without 25 ng/mL PMA and/or 10 uM marimastat (MM) (mean values +
standard deviation; ns not statistical, *p-value<0.05; n=7). C) Western blotting validation on WT, iRhom1KO, iRhom2KO
and ADAM17KO HTB94 treated with or without 25 ng/mL PMA and/or 10 uM marimastat (MM) of overexpressing
SIRPa-FLAG on TCA precipitated conditioned media (CM) and cell lysates (Lysates). Actin was used as a loading control.
D) Densitometric quantification of soluble levels of SIRPa (sSIRPA) and cell lysates levels of full-length SIRPa. (fISIRPA)
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on WT, iR1KO, iR2KO and ADAM17KO HTBY4 lines treated with or without 25 ng/mL PMA and/or 10 pM marimastat
(MM) (mean values + standard deviation; ns not statistical, *p-value<0.05; ***p-value<0.001; n=5). E) Western blotting
validation on WT, iRhom1KO, iRhom2KO and ADAM17KO HTBY%4 treated with or without 25 ng/mL PMA and/or 10
UM marimastat (MM) of Vasorin (VASN) on TCA precipitated conditioned media (CM) and cell lysates (Lysates). Actin
was used as a loading control. F) Densitometric quantification of soluble levels of VASN (sVASN) and cell lysates levels
of full-length VASN (flVASN) on WT, iR1KO, iR2KO and ADAM17KO HTB94 lines treated with or without 25 ng/mL
PMA and/or 10 uM marimastat (MM) (mean values + standard deviation; ns not statistical, *p-value<0.05; n=5).

4.5 iRhom2 regulates cell surface expression and shedding of MHC-I

molecules

MHC-I molecules are ubiquitously expressed, not only in immune cells, and therefore
they are expressed in tissues where both iRhom1 and iRhom2 are present. It was reported
that, other than supporting ADAMI7 maturation, iRhoms can control its substrate
selectivity 327348,

From my proteomic analysis explained in the previous chapter and from a secretome
analysis on bone marrow-derived macrophages carried out in Scilabra group >3, MHC-I
appeared to be shed by ADAMI17, and whose shedding was only supported by iRhom?2.

To test this hypotesis or whether there was some redundancy with iRhom1, I assessed
both expression and cell surface levels of endogenous H2-D1 in mEFs. I found that cell
surface levels of H2-D1 in iR2KO and A17KO cells were lower than WT, despite its higher
expression (Figure 23A). H2-D1 levels on the surface of iR1/2 dKO cells were comparable
with WT.

When treated with marimastat, PMA-stimulated WT MEFs showed higher H2-D1 cell
surface levels than controls (Figure 23B and 23C). Given their different genetical
background, I tested other cell lines to validate my findings on mEFs. Loss of iRhom?2 also
had similar effects on the human counterpart of MHC-I, leading to decreased cell surface
levels of HLA in human macrophage-like THP-1 cells (Figure 23D and 23E). Altogether,
these results suggested that, in addition to support its ADAM17-mediated shedding, iRhom?2
could regulate cell surface levels of MHC-I, in mouse and human, by a different mechanism.
Given the heterogeneity of mEFs lines, I further confirm this hypothesis by using HTB94
genetically ablated for ADAM17 and iRhom?2 in a human fibroblast-like cell line (HTB94).
PMA stimulation increased levels of HLA in the conditioned media of WT HTB94 cells,
while metalloproteinase inhibition by marimastat reduced them (Figure 23F and 23G), in
line with levels of vasorin, a known ADAM17 substrate 243, Loss of ADAM17 or iRhom2
clearly diminished extracellular levels of HLA in PMA -stimulated HTB94 cells compared
to the WT controls. Then, I evaluated levels full length HLA in cell lysates by Western blot

and on the cell membrane by flow cytometry. PM A stimulation, which increased HLA levels
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in the conditioned media, had negligible effects on its cell lysate or surface levels (Figure
23F-231). Conversely, metalloprotease inhibition did not change its levels in the lysate, but
it slightly increased its cell surface levels, in line with metalloproteinase inhibition in murine
fibroblasts (Figure 201).

Loss of iRhom?2 reduced surface levels of HLA in HTB94 cells, in spite of a mild overall
increase in their cellular levels (Figure 23F-231). ADAM17 ablation led to indistinguishable
results from iR2KO HTB94 cells on HLA shedding and membrane expression. Indeed,
ADAMI17 is known to stabilize iRhom2, preventing it from degradation '”°.
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Figure 23: iRhom?2 regulates membrane levels of MHC-I. A) Cell membrane levels of H2-D1 were measured by flow
cytometry (n = 3). B) C) Flow cytometry analysis shows that levels of H2-D1 on the cell surface of PMA-stimulated WT
MEFs increased in the presence of 10 pm marimastat (MM) (¥**p < 0.005, Student t-test; flow cytometry histograms of
one representative experiment are shown in (C). D) E) Flow cytometry analysis shows that levels of HLA in iR2ZKO THP-
1 cells were reduced compared to WT (*¥**p < 0.005, Student t-test; flow cytometry histograms of one representative
experiment are shown in (E). F) Immunoblots show that levels of shed HLA (sHLA) increased in the conditioned media of
PMA stimulated WT HTB94 cells compared to untreated controls. Addition of marimastat (MM) to PMA-stimulated cells
reduced extra cellular sHLA levels to those of unstimulated controls. sHLA in the conditioned media of stimulated A17KO
or iR2KO cells was reduced compared to stimulated WT controls. Levels of full-length HLA (flHLA) in the lysate of
A17KO cells and iR2KO slightly increased compared to WT cells. The ADAM17 substrate vasorin (VASN), is used as a
control protein that is known to be shed in an ADAM17 dependent manner in PMA stimulated cells, and GAPDH is used
as a protein loading control). G) Bands of sHLA in the conditioned media were quantified and normalized to the
corresponding fIHLA bands in the lysates. Results from three independent experiments were dis played as the mean of fold
change relative to untreated WT and ana lyzed by 2-way Anova (*p < 0.05; **p < 0.01, n.s. non-significant). H) Flow
cytometry shows that cell membrane levels of HLA increased when PMA stimulated WT HTB94 cells were treated with
mari mastat (MM), and that HLA levels decreased in ADAM17 KO and iRhom2 KO HTB94 compared to WT cells (*p <
0.05, n.s. non-sig nificant; 2-way Anova). I) Flow cytometry analysis of HLA levels in iRhom2 KO, ADAM17 KO and
WT HTB94 cells.
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In addition to ADAM17, iRhom2 was reported to support the trafficking of STING and
VISA 33738 T reasoned that iRhom2 could control surface levels of MHC-I by regulating its
trafficking in a similar manner. Thus, I treated iR2KO and WT HTB94 cells with brefeldin
A, which inhibits protein transport from the ER to the Golgi apparatus, or monensin, which
prevents protein secretion from the medial to trans cisternae of the Golgi complex. Both
drugs clearly reduced HLA levels at the surface of WT HTB94 cells, while they had minimal
effect on iRhom?2-deficient cells (Figure 21A and 21B). These results show that HLA exit
from the ER is quite rapid, and that iR2 plays a minor role, if any, in HLA trafficking through
the secretory pathway.

To evaluate whether MHC-I could be a direct interactor of iR2, as reported for STING
and VISA, I overexpressed iR2 along with SPPL2B D<A, which served as a negative control
due to its structural similarity, in terms of number of TMDs, to iRhom2 but distinct
functional profile. As expected, iR2 co-immunoprecipitated with ADAM17, but not with
HLA (Figure 21C). Altogether, these data suggest that, in addition to regulating its shedding,
iRhom2 may also influence the cell surface expression of MHC-I in both mouse and human

cells through a mechanism that remains to be elucidated.
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Figure 24: iRhom?2 loss reduces cell surface levels of HLA. A) B) Cell membrane levels of HLA in wild-type or iRhom2
KO HTBY4 cells, treated with or without brefeldin A (BFA) or monensin and measured by flow cytometry (n = 3, 2-way

Anova, ***p < 0.005). Flow cytom etry histograms of one representative experiment are shown in B). C) Co-
immunoprecipitation of iRhom2 with ADAM17 or HLA in HTB94 cells. (n=3)
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4.6 Discussion

To validate the candidate ADAMI17 substrates identified through mass spectrometry—
based secretome profiling, I performed a series of biochemical experiments using Western
blotting, which remains a gold standard technique for detecting both full-length and shed
protein fragments. These experiments were carried out in mouse embryonic fibroblasts
(mEFs) and human HTB94 fibroblast-like cells under the same experimental conditions used
for proteomic analyses, including PMA stimulation and defined genetic backgrounds (WT,
ADAMI17 knockout, iRhom1 knockout, and iRhom2 knockout). This allowed a direct
comparison between proteomic results and antibody-based detection of shedding events,
thereby strengthening the confidence in iRhom-dependent substrate regulation by ADAM17.

To extend validation to substrates with low endogenous expression or lacking sufficiently
sensitive antibodies, I also employed a complementary overexpression system. Selected
candidate substrates were transiently overexpressed in the aforementioned cell lines, and
their cleavage was assessed by analyzing conditioned media for the presence of shed
ectodomains. This approach provided a more consistent detection across genotypes and
allowed validation of shedding events initially inferred from proteomic data. It also enabled
the detection of quantitative differences in shedding that may otherwise be masked by low
endogenous abundance or antibody limitations.

In addition to validating known and newly proposed ADAM17 substrates, this analysis
led to the identification of a previously unrecognized regulatory role for iRhom?2 in
modulating the surface expression of major histocompatibility complex class I (MHC-I)
molecules. Previous evidence from Scilabra’s lab (Calligaris et al., 2024) had suggested that
MHC-I can be shed by ADAM17 under specific conditions. My proteomic data supported
this observation by revealing increased levels of MHC-I in the secretome of PMA-stimulated
WT HTB94 cells, which was reduced in the absence of ADAMI17. Notably, in the course of
validating this finding, I observed that loss of iRhom2 affected both the shedding and
membrane abundance of MHC-I molecules, suggesting a novel regulatory mechanism
whereby iRhom?2 contributes to MHC-I turnover or trafficking. This unexpected result points
to a broader role for iRhom2 in modulating immune recognition beyond its established
function in controlling ADAMI17 activation, with potential implications for immune
surveillance and tumor immune evasion.

Together, these validation experiments not only confirmed the accuracy of the proteomics
approach but also uncovered a new dimension of iRhom2 biology, highlighting its

involvement in the regulation of immune-related molecules such as MHC-I. These findings
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add mechanistic depth to the role of iRhoms in substrate selectivity and expand their

functional repertoire beyond classical ADAM17 substrates.

107



Conclusion and final remarks

This PhD gave me the opportunity to advance our understanding of the regulatory mechanisms
governing ADAMI17 activity, with a particular focus on the role of its cofactors iRhom1 and iRhom?2.
Through systematic and kinetic analyses, it becomes evident that iRhoms not only facilitate
ADAM17 maturation but also differentially control substrate selectivity, especially during the early
phases of activation. iRhom2 emerges as a dominant regulator of rapid, stimulus-induced shedding
across a broad range of substrates, while iRhom1 exhibits a more selective role, predominantly
supporting cleavage of substrates like TGFa.

By using mass spectrometry-based profiling, I showed how high-resolution proteomics is an
efficient and accurate tool for a more comprehensive study of ADAM17 biology (Figure 24), in that
further revealed a continuum of substrate preferences between iRhoml1- and iRhom2-associated
ADAMI17 complexes and identified novel substrates such as SIRPa, MXRAS8, and MHC-I. The
discovery of MHC-I regulation by iRhom?2, not solely through shedding but also by modulating
surface stability and trafficking, has critical implications for cancer immunology. The
downregulation of MHC-I in iRhom2-deficient cells, particularly in leukaemia, pancreatic ductal
adenocarcinoma (PDAC), suggests a novel mechanism of immune evasion and positions iRhom? as

a potential therapeutic target to enhance anti-tumor immunity in cold tumors.

Proteomics

iRhom1

iRhom1 iRhom2

Short-term or acute

Figure 25: High-resolution proteomics is an accurate tool for studying comprehensively ADAM17 biology both in health
and disease

Together, these findings underscore the dynamic and context-dependent nature of
ADAMI17 function, tightly governed by iRhoms in both substrate selection and temporal
response. They also highlight new avenues for therapeutic intervention—particularly the
modulation of iRhom2—to restore immune visibility in tumors and fine-tune growth factor

signaling in cancer. This work lays a strong foundation for the development of targeted
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therapies aimed at manipulating ADAM17/iRhom complexes in diseases characterized by

dysregulated shedding activity.
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