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Abstract

Consisting of a defined set of extracellular proteins secreted from resident cells and with minor contributions
from serum proteins, the extracellular matrix (ECM) is an essential component of all tissues. Maintaining tis-
sue homeostasis, structural support and cellular control through cell-ECM communication, the ECM has
come to be viewed as not just a passive structural entity but rather as a dynamic signaling conduit between
cells and the extracellular compartment. Proteins and their cleavage products mediate this communication,
and aberrant signaling, either directly or indirectly distorting the ECM, results in pathological conditions includ-
ing cancer, inflammation, fibrosis, and neurodegenerative diseases. Characterization of ECM components,
the matrisome, the extracellular environment and their changes in disease is therefore of importance to
understand and mitigate by developing novel therapeutics. Liquid chromatography-mass spectrometry (LC-
MS) proteomics has been integral to protein and proteome research for decades and long superseded the
obsolescent gel-based approaches. A continuous effort has ensured progress with increased sensitivity and
throughput as more advanced equipment has been developed hand in hand with specialized enrichment,
detection, and identification methods. Part of this effort lies in the field of degradomics, a branch of proteomics
focused on discovering novel protease substrates by identification of protease-generated neo-N termini, the
N-terminome, and characterizing the responsible protease networks. Various methods to do so have been
developed, some specialized for specific tissue types, others for particular proteases, throughput, or ease of
use. This review aims to provide an overview of the state-of-the-art proteomics techniques that have success-
fully been recently utilized to characterize proteolytic cleavages in the ECM and thereby guided new research
and understanding of the ECM and matrisome biology.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
Introduction

The extracellular matrix (ECM) is an essential
noncellular component of all tissues and organs and
is composed of a multitude of extracellular macro-
molecules synthesized and secreted by resident
cells, that provides localization context, homeosta-
sis, and structural integrity to tissues. ECM proteins
have historically been categorized into core ECM
proteins (collagens, proteoglycans, and
thors. Published by Elsevier B.V. This is an
ttp://creativecommons.org/licenses/by/4.0/)
glycoproteins with recognizable and characteristic
domain architectures) and ECM-associated pro-
teins, such as ECM-modifying enzymes, e.g., pro-
teases, lysyl oxidases, kinases, and growth factors
or cytokines localized within or more often bound to
the ECM. Collectively, these groups comprise 1056
protein-coding genes, accounting for approximately
4% of the human genome [1,2] and proteome [3].

Rather than being simple filling material providing
structural support between cells, the ECM influences
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many aspects of cellular biology, such as prolifera-
tion, differentiation, adhesion, and cell migration
[2,4�7]. Thus, it is a highly dynamic environment,
which is continuously renewed by the resident cells
after components are degraded by phagocytosis
[8,9] or proteases secreted on demand by resident
or infiltrating inflammatory cells, e.g., matrix metallo-
proteinases (MMPs) [10,11]. Degradation, remodel-
ing, and modification of ECM components are
precisely controlled through cell-cell and cell-ECM
communication and can vary markedly between dif-
ferent tissues and pathologies. As an example,
ECM stiffness is often higher in tumors than in sur-
rounding tissue stroma due to the increased deposi-
tion of ECM proteins by myofibroblasts [6]. Cells
sense changes in stiffness through mechanosensi-
tive interactions between the ECM and cell surface
integrin and growth factor receptors, to activate intra-
cellular signaling pathways such as mitogen-acti-
vated protein kinases (MAPK) [6,7] and the hippo
pathway [12]. MMPs are also increased in tumors,
driving remodeling of the basement membrane and
activating ECM-associated growth factors (such as
vascular endothelial growth factor (VEGF)), thereby
promoting vascularization, tumor growth, and migra-
tion [5,13]. With many parallels to carcinogenesis,
wound healing is a physiological process associated
with changes in the ECM [14,15]. To facilitate an
environment conducive to healing, wounds progress
through inflammation, proliferation, and remodeling
phases, whereby the ECM content changes
throughout these phases to promote the functions
necessary at each step. A disbalance in ECM com-
ponents through genetic mutations, chronic inflam-
mation or aberrant activation of proteases,
classically thought to be mainly MMPs, but now also
including a disintegrin and metalloproteases
(ADAMs) and meprins, can impair healing or lead to
abnormal scar formation [16�18].
In non-pathological conditions such as normal

aging, the ECM experiences significant changes.
The elastin and collagen levels decrease, and the
remaining collagen is subjected to increased cross-
linking, resulting in a stiffer matrix. Moreover,
increased MMP levels and lower ECM protein syn-
thesis are characteristic of ECM remodeling, leading
to overall increased degradation of structures like
the basement membrane [19] and impaired healing,
resulting in chronic ulcers [20].
Post-translational modifications in the
ECM

The changes in abundance of individual proteins
can initiate or exacerbate pathological changes in
the ECM and differential post-translational modifica-
tions (PTMs) in the tissue. With the advent of gene
knockouts and ‘omics’, the perceived complexity of
the ECM has increased over the past 50 years from
being considered as a simple “ground substance”
filling a void in the 1970s to having more than 1000
associated proteins performing different functions in
various networks today. The intricacies are further
compounded when considering the number of regu-
latory strategies available for other protein classes
to achieve the correct expression and activities
under different conditions. As an example, MMP
activities are regulated at several levels: transcrip-
tional and post-transcriptional regulation, transla-
tional regulation, localization, conversion from a
zymogen to the active protease through a proteolytic
event, secretion and intracellular trafficking, regula-
tion by four tissue inhibitors of metalloproteinases
(TIMPs), and finally by degradation of the active pro-
tease [21,22]. The number of possible modified
forms of the same protein (proteoforms) is further
increased by common PTMs such as glycosylation
[23], cross-linking [24], phosphorylation [23], sulfa-
tion [25] and proteolysis [26].

PTMs are essential for proper protein and tissue
function — they regulate properties such as protein
solubility, the absorbance of water molecules neces-
sary for sufficient ECM hydration, correct protein
folding, mineralization, activation or inactivation of
various soluble factors such as cytokines and pro-
teases, and degradation of ECM components. Acti-
vation and degradation events rely on proteases,
and so proteolysis in an essential part in maintaining
ECM homeostasis [26]. Moreover, the natural and
cleaved neo-N termini are themselves modified by
PTMs again altering function [27].
Prominent protease families in the ECM

The ECM is rich in proteases, each cleaving multi-
ple yet specific substrates, sometimes depending on
specific environmental factors such as pH [28]. Pro-
tease families are classified based on sequence
identity and homology of conserved domains, as
well as substrate specificity, mechanism of action,
whether they are membrane-bound or secreted.

MMPs, ADAMs, ADAMTSs, and meprins belong
to the metzincin superfamily, and 23 MMPs, 21
ADAMs, 19 ADAMTSs, and 2 meprins have been
discovered in humans [29�31]. MMPs are zinc-
dependent endopeptidases with many targets in the
ECM, including collagens, gelatin, aggrecan, fibro-
nectin, laminins and more, but specific MMPs target
distinct groups of substrates [32]. Furthermore, dif-
ferent MMPs are involved in distinct physiological
processes, such as angiogenesis (MMP2/16/19),
apoptosis (MMP7/9/10/14/23/25) or more specific
functions like tooth enamel formation (MMP20) [29].
More recently, it is becoming increasingly clear that
MMPs are involved in regulating signaling networks
by proteolytic processing of cytokines and
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chemokines [33�35] and removing masking inhibi-
tors of growth factors e.g. insulin-like growth factor
binding proteins (IGFBPs) [13].
ADAM and ADAMTS proteases also have essen-

tial functions in cell-cell and cell-ECM communica-
tion. A distinction has been made in substrate
specificity between the families where ADAMs pri-
marily target adhesion proteins and growth factors,
but few core ECM proteins [36], whereas ADAMTS
target protein families, such as procollagens
(ADAMTS2/3/14) [37], proteoglycans (ADAMTS1/4/
5/8/9/15/20) [37], the von Willebrand factor
(ADAMTS13) [36], and cartilage oligomeric matrix
protein (COMP) (ADAMTS7/12) [36]. Furthermore,
only around half the ADAMs have catalytic domains
and thus the other half are inactive variants that may
function by competition inhibition with complemen-
tary active ADAMTS counterparts [36].
Meprin metalloproteinases are part-time shed-

dases, which have been linked to several diseases
such as inflammatory bowel disease, sepsis, and
other inflammatory disorders [30]. The two isoforms
meprin a and meprin b are both expressed in a vari-
ety of tissues and share the same substrate specific-
ity for an acidic residue in the P1’ position, but while
meprin a is secreted meprin b is anchored to the cell
membrane [38].
Kallikreins are also crucial for maintaining a

homeostatic environment, especially in the skin.
They comprise a family of 15 extracellular serine
proteases, which process a variety of substrates,
such as collagens (KLK5/6/14) [28], glycoproteins
(KLK5/6/7/14) [28], and junctional adhesion struc-
tures between corneocytes (KLK5/6/7/13/14)
[39,40], ensuring correct regulation of desquamation
and inflammation and maintenance of the skin water
barrier via (SPINK) inhibitors. This is seen in patho-
logical conditions of the skin such as psoriasis,
atopic dermatitis and Netherton syndrome, in which
KLK activation has proven to be increased [28].
Another prominent protease family in the extracel-

lular space are cysteine cathepsins. They are a
diverse family of 11 members localized across the
nucleus, cytoplasm, and extracellular space with
overlapping and specific substrate specificities
[41�43]. Cathepsins are usually localized in the
endolysosomal system. Still, they have recently
been recognized as players in the extracellular
space, especially as a hallmark of inflammation in
pathological conditions, where their expression and
secretion are elevated [43]. However, their stability
and activity are limited by the extracellular pH, which
is suboptimal for cathepsin activity at acidic pHs.
Multiorgan transcript profiling for every protease

and inhibitors by the CLIP-CHIPTM revealed a com-
plex expression profile of proteases and inhibitors
[44]. Most of these proteases do not work in isolation
but as part of more extensive interconnected net-
works necessary for mutual regulation and function.
Similarly, protease and inhibitor interactome net-
works together reveal a highly connected dynamic
expression [45] and interaction network of proteases
and inhibitors in tissues and cells termed the ‘prote-
ase web’ [46].

Due to the immense complexity of the protease
web [47], ‘omics’ technologies are needed to deci-
pher this complex landscape of interconnected
matrisome proteases and substrates. Such methods
record snapshots of the proteome and degradome
of a sample and allow identifying new nodes and
connections within complex protease networks,
leading to a deeper understanding of integrated
underlying mechanisms.
Proteomics to deconvolute the ECM
composition

Based on antibody technology or MS-based pro-
teomics, various methods are available to quantify
abundances and modifications of the ECM constitu-
ent proteins. If available, validated antibody-based
methods have advantages in time and costs, but at
the expense of low throughput and coverage. Assay
development typically takes months for novel targets
since antigens must be isolated and specific anti-
bodies raised and characterized. On the other hand,
MS-based proteomics relies only on the availability
of the protein sequence of interest and general
knowledge of possible modifications to the
sequence. With the more advanced instrumentation
developed over the last decade, MS sensitivity has
increased such that MS-based proteomics has
become the preferred technology for proteome char-
acterization [48].

MS enables the collection of qualitative or quanti-
tative global proteome datasets, with novel techno-
logical developments allowing for still higher
throughput of hundreds of samples per day while
maintaining sensitivity and identification of thou-
sands of proteins [49]. The standard workflow for
MS is “bottom-up proteomics”, whereby the sample
of interest is initially denatured, reduced, and alky-
lated to break and prevent disulfide bond formation.
Proteins are then digested, typically with trypsin
(working protease), and a clean-up step is per-
formed to remove non-peptide components such as
salts that would otherwise interfere with MS data
acquisition. The samples are fractionated by online
reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC) to increase proteome coverage,
and the eluate is continuously ionized and frag-
mented in tandem MS. Each fragment’s mass-to-
charge (m/z) is measured, and peptide identifica-
tions can be made based on the characteristic m/z
distribution. Abundances of peptides across sam-
ples can be determined using both the intensity of
the intact peptide before fragmentation or if using an
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isotopic labeling scheme, such as tandem mass
tags (TMT) or Isobaric tags for relative and absolute
quantitation (iTRAQ), based on reporter ions
released by fragmentation. This has the advantage
over MS1 quantification, e.g., by isotopic dimethyla-
tion or stable isotopic labeling with amino acids in
cell culture (SILAC), to quantify and identify peptides
within the same spectrum.
Proteomics has been used to characterize the

healthy ECM and study ECM alterations in several
pathological conditions [50], and one study focusing
on inflammatory bowel disease using a standard
bottom-up workflow found characteristic ECM prote-
omic signatures even before the development of
symptoms in affected tissues [51].
A current limitation to the study of the ECM by MS-

based proteomics lies in the low solubility of several
of its components when applying standard proteo-
mics workflows. For this reason, to increase cover-
age of proteins which might become less soluble as
a result of their maturation when being incorporated
into the ECM, specific protocols have been devel-
oped to optimize ECM proteome coverage. Crucial
adaptations in these protocols include enrichment of
ECM-specific proteins by decellularizing tissues to
enable annotation of ECM- and ECM-associated
proteins in the analysis. As example, these modified
protocols have been used to collect data, e.g., on
changes in ECM composition between healthy and
cancerous tissues [52].
Degradomics technologies for ECM
research

Despite considerable improvements in the sensi-
tivity of MS instruments, proteomes from biological
samples are often still too complex to be compre-
hensively assessed. Therefore, it is challenging to
identify low-abundance proteoforms since discovery
MS approaches prioritize analyzing the most abun-
dant protein species. Hence, many specialized MS
workflows have been developed, allowing for the
specific analysis of different subproteomes, such as
phosphoproteomics for phosphorylated proteins,
glycomics for glycosylated proteins, and degrado-
mics for determining protease cleavage events.
Most such protocols employ an enrichment step
specific for the chosen subproteome before analysis
and might include an orthogonal offline fractionation
to decrease the complexity of individually injected
samples.
Degradomics is particularly suited for studying

remodeling events in the ECM, since it focuses on
identifying and quantifying cleaved protein neo-N
termini, which often are semi-tryptic peptides (N ter-
minus generated by study protease; C terminus gen-
erated by trypsin) that are inherently overlooked in
conventional workflows, focusing on tryptic peptides
for simple protein identification. Degradomics also
enables the characterization of spatiotemporal
dynamics of proteolytic processes. Typically, protein
N termini are analyzed due to favorable chemistry of
the N-terminal primary amine, but complementary
C-terminomics is also becoming more readily avail-
able [53,54]. Multiple strategies for enriching and
analyzing the N-terminome have been developed,
allowing for increased throughput and coverage of
the degradome [55]. These strategies broadly fall
into the two categories of negative or positive enrich-
ment.
Negative enrichment of N termini

In contrast to specifically capturing the N termini
as is achieved by positive selection procedures (see
below), negative enrichment strategies remove
internal tryptic peptides. This is achieved by labeling
at the protein level before digestion and subsequent
removal of the tryptic peptides using their free pri-
mary amine (Fig. 1). Contrary to positive enrichment
strategies, negative selection enables the detection
of modified N termini and neo-N termini.

Terminal amine isotopic labeling of substrates

The most widely used degradomics technologies
for studying ECM proteolysis was developed in the
Overall Lab termed terminal amine isotopic labeling
of substrates (TAILS) [56]. TAILS is a high-through-
put method compatible with most labeling schemes.
The primary amines in the protease exposed sam-
ples to be compared are first blocked with isotopic
labels such as TMT, iTRAQ, or heavy/light dimethy-
lation at the protein level vs. conventional isotopic
labeling for proteomics, which labels the tryptic pep-
tides after tryptic digestion. Protease treated and
controls or multiple tissue samples are first labeled
individually and then the samples are mixed,
digested, typically with trypsin, and the tryptic pepti-
des are removed through a reductive amination
reaction with a water-soluble high molecular weight
dendritic hyperbranched polyglycerol-aldehyde
(HPG-ALD) polymer. Under acidic conditions and in
the presence of a mild reductant, typically sodium
cyanoborohydride, tryptic peptides are covalently
bound to the polymer, which can be removed by
ultrafiltration based on molecular mass difference. It
is essential to avoid amine-containing buffers in this
process, as they either interfere with the labeling
reaction or saturate binding sites on the polymer.

TAILS has proven to be a versatile technique that
allows for easy multiplexing and robust performance
across different tissue types. Examples include
characterization of more than 9000 N termini and
4000 proteins in the human dental pulp degradome
[57], 1368 N termini and 2625 proteins in human



Fig. 1. Overview of selected N-terminal enrichment workflows. In positive enrichment workflows, primary amines are
tagged, typically with biotin, digested, and enriched using affinity chromatography. In the negative enrichment workflows
COFRADIC, TAILS, and HUNTER, the samples are first labelled followed by digestion, and instead of selectively enrich-
ing neo-N termini, different methods are employed to remove the tryptic peptides from the sample. In COFRADIC,
sequential HPLC runs with a labeling step in between removes tryptic peptides based on a change in hydrophobicity after
labeling. In TAILS, tryptic peptides bind covalently to a polymer which can subsequently be removed. HUNTER is a new
protocol which is especially useful in studies with limited material available. After digestion tryptic peptides are labeled
with undecanal which retains the peptides in the C18 column during stage-tipping, allowing only N termini to elute. Cre-
ated with BioRender.com.
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bone [58], 650 proteins and »1300 N termini in por-
cine wound exudates [16], 3800 N termini from the
fresh frozen liver and 2300 N termini from formalin-
fixed paraffin-embedded liver samples [59].
High-efficiency undecanal-based N termini
enrichment

High-efficiency undecanal-based N termini enrich-
ment (HUNTER) is a novel TAILS-based negative
enrichment technique that traps tryptic peptides
upon modification with undecanal by reversed-
phase chromatography rather than using the HPG-
ALD polymer. As a new technique HUNTER has not
yet been used for ECM studies but could be of inter-
est to the reader as it has shown promise for deliver-
ing higher sensitivity with low input samples (down
to 2 ug), while results were comparable to TAILS at
higher amounts of starting material [60].
Combined fractional diagonal chromatography

In combined fractional diagonal chromatography
(COFRADIC), proteins are first reduced and
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alkylated, followed by the blocking of all free amines
by acetylation. After digestion, many tryptic peptides
are removed in a strong cation exchange chroma-
tography (SCX) step since they will have a double
charge versus the blocked N termini that only have a
single charge on the C-terminal arginine or lysine. A
reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC) step fractionates the peptides,
after which the addition of 2,4,6-trinitrobenzenosul-
fonic acid tags all remaining internal peptides. In a
second RP-HPLC step, the tag ensures a sufficiently
large retention time shift to separate tagged from
non-tagged peptides [61]. There are some limita-
tions of COFRADIC, namely the lack of easy label-
ing methods because all primary amines are initially
hidden. Variations of this technique are available,
such as ChaFRADIC and chaFRAtip, which can
support more versatile labeling approaches [62,63].
COFRADIC has been used in ECM characteriza-

tion by describing the degradome of the myofibro-
blast secretome in gastric cancer, showing and
validating increased abundances and activation of
MMP1, MMP2, and MMP3 that contribute to the dif-
ferences in ECM remodeling between healthy and
tumorous tissue [64].
Positive enrichment of N termini

Positive enrichment strategies aim to retain and
isolate neo-N termini commonly by tagging N-termi-
nal primary amines at the protein level with an affin-
ity tag, such as biotin, for subsequent isolation using
avidin/streptavidin-biotin affinity purification.
Although they inherently miss naturally modified N
termini, positive enrichment methods can have
increased sensitivity for neo-N termini and thus com-
plement negative enrichment approaches.

Subtiligase based N-terminomics

For example, N-terminal peptides can be biotiny-
lated with the help of an engineered version of the
enzyme subtiligase, which selectively biotinylates
peptide N termini while leaving the e-amines of
lysine side chains unmodified. This allows specific
purification of protein N termini. After on-bead diges-
tion with trypsin, the N-terminal peptides can be
eluted by cleaving a tobacco etch virus (TEV) cleav-
age site between the peptide and biotin tag using a
TEV protease [65]. The method is still being actively
developed with the most recent addition of subtili-
gase-TM, a workflow used for specifically studying
cleavages close to the cell membrane [66]. One limi-
tation of the approach is a slight substrate bias,
which results in different substrates being biotiny-
lated at different rates, making some cleavage sites
more accessible to analysis than others. Develop-
ments in the area address these issues by
developing new subtiligase mutants, but to cover a
wider sequence space, multiple mutants are neces-
sary [67]. Furthermore, since the N termini are
blocked with biotin, conventional labeling
approaches are not possible to the same extent,
multiplexing capability is very limited compared to
other workflows, and the absence of identification of
natural N termini or acetylated or cyclized N termini
greatly reduces proteome coverage and protein
identifications.

Alternative positive enrichment techniques have
been developed but have not obtained traction, or
are specialized for specific proteins, such as chemi-
cal enrichment of protease substrates (CHOPS),
designed to study dipeptidyl peptidases [68]. Bioti-
nylated N-terminomics methods have been limited
for ECM characterization but have been used in
other areas, for example, to study the degradome of
blood clotting [69].

Non-enrichment degradomics techniques

Several degradomics approaches exclude enrich-
ment steps from the protocol, which can be benefi-
cial to shorten procedures and with limitations in
sample material, but at the expense of lower sub-
strate coverage. One example is the fast profiling of
protease specificity (FPPS) approach, in which the
samples are labeled with trideutero-acetate prior to
reduction, alkylation, and digestion, then fraction-
ated using ion exchange and reverse phase chro-
matography. Neo-N termini are then identified as
trideutero-acetylated peptides which are present
only together with the protease under study [42]. A
gel-based technique based on conventional 2D-gel
electrophoretic identification of excised protein
bands by MS/MS analysis has been relabeled as
protein topography and migration analysis platform
(PROTOMAP). This approach also omits N-terminal
enrichment by relying upon protease and non-prote-
ase treated sample separation using sodium
dodecyl sulfate polyacrylamide gel electrophoresis.
If a protein is present as a lower band in the prote-
ase treated sample than the control, it is identified
as a possible substrate [70]. More recently, a new
high-throughput protease screen (HTPS) has been
introduced, which directly measures peptides
released by recombinant test proteases from com-
plex protein mixtures [71] and is readily adaptable to
the ECM as substrate space.

Selection of degradomics techniques for ECM
studies

The selection of an N-terminomics approach for
studying ECM proteolysis will often depend on the
resources of the laboratory and access to a suitable
proteomics core facility. For highly active recombi-
nant proteases targeting high-abundance
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substrates, a standard bottom-up proteomics
approach in combination with degradomics data
interpretation can be successful. HTPS is a powerful
alternative but requires specific implementation and
poses additional challenges to data analysis. For
identification of lowly abundant substrate cleavages
resulting from partial processing of a low activity test
protease (e.g., wild-type versus knockout of low
abundant protease) or low substrate protein levels,
the authors recommend N-terminal enrichment prior
to analysis along with isotopic labeling for relative
quantification (e.g., TAILS). In the case of very low
input samples, HUNTER shows promise as an
enrichment step with increased sensitivity. In vitro
studies generally provide more flexibility and easier
setup but require active recombinant protease.
There is also the potential for some false positive
non-physiological cleavages compared to in vivo
experiments, but still, reveal potential substrates
that can be cleaved given the right conditions. If pro-
teins of interest are highly insoluble, for example, in
highly cross linked ECM such as bone and teeth,
specific steps could be taken in the protocol to
account for this [52]. As an example, Bell et al. per-
formed TAILS on sequential dissociative extracts of
healthy human bone that subsequently enabled the
largest bone N-terminome dataset to date. The sec-
ond 6 M guanidinium extract was followed by tryptic
digestion of the insoluble cross-linked protein to
release MS-compatible peptides at the same time
as the matrix was solubilized, and this was followed
by one last extraction in 6 M urea with 1 mM EDTA
in which LysC is active, which enabled complete
extraction of proteins from healthy human bone [58].
With sequential extracts and the help of novel work-
ing proteases like TrpN or LysargiNase [72] and
enrichment of N-terminal peptides without prior
chemical modification, N-terminomics is now possi-
ble on fractions solubilized through protein digestion
[73], making essentially even insoluble ECM frac-
tions accessible to advanced degradomics (Table 1).
Protease families analyzed by
degradomics (Table 1)
ADAMTSs

In addition to demonstrating high performance on
a range of sample types, TAILS has been used for
studying multiple ECM proteases. In one study,
TAILS mapped the previously unknown specificity of
ADAMTS7 using human fibroblasts co-cultured with
HEK cells that had been transfected with either a
truncated version of ADAMTS7 or an inactive mutant
of the truncated protease. The authors found evi-
dence for proteolytic changes in more than 40 ECM
or transmembrane proteins, covering a range of pro-
tein types such as collagens, growth factors, cell
surface receptors, and proteases, ADAMTS7 itself
being one target [74]. As ADAMTS7 inhibition has
been proposed as a treatment strategy for coronary
artery disease, the degradome was investigated in
vascular smooth muscle and endothelial cells to
identify endogenous substrates which may be used
as biomarkers for ADAMTS7 activity. Across three
TAILS experiments, 24 common cleavages likely
caused by ADAMTS7 could be deciphered, and a
specific cleavage of fibulin-3 was orthogonally vali-
dated [75]. Functional exploration of this cleavage
event is still missing, but proteolysis by MMPs within
one amino acid of the same cleavage site demon-
strated an effect on interaction of fibulin-3 with bind-
ing partners [76].

ADAMTS9 was studied in relation to its role in
melanogenesis using a mouse tail model and is
likely necessary for melanocyte survival past E18.5.
TAILS showed 68 possible cleavage sites, with 21 in
ECM proteins, including biglycan, fibronectin, fibril-
lin-1, and periostin [77].

The epidermal barrier defects caused by keratino-
cyte specific deletion of ADAMTS17 was also stud-
ied in mice and was found to be highly similar to
barrier defects caused by deletion of the epidermal
growth factor receptor (EGFR). The similar proteo-
lytic processing of the structural proteins keratin 1
and 10, filaments, filaggrin, and filaggrin-2 between
the models provides clues to the mechanism behind
the phenotype, but also illustrates the need for
improving our understanding of proteolytic networks
[78].

ADAMTS2, ADAMTS3, and ADAMTS14 have
classically been known to cleave the aminopropep-
tide of fibrillar collagens, and while they might be
implicated in other processes, other substrates had
not previously been identified. Using human fibro-
blast secretomes, TAILS identified 8, 17, and 22
possible substrates for each protease, respectively,
mostly related to ECM or TGF-b signaling, signifi-
cantly broadening ADAMTSs’ functions [79]. Simi-
larly, ADAMTS2 and ADAMTS14 were more
recently investigated in vivo, using mouse models
deficient in either protease, identifying 68 potential
cleavages in ECM proteins, including collagens [80].
Importantly, these did not only include the known N-
propeptide cleavages but several new key events in
collagen homeostasis as well as proteolytic modifi-
cations of small leucine-rich proteoglycans consid-
ered to control immune responses [81].

ADAMs

TAILS collected the first N-terminomics data on
the degradome of ADAM10 and ADAM17 ectodo-
mains in murine HL-1 cardiomyocytes, identifying 42
and 49 putative unique neo-N termini generated by



Table 1. An overview of all studies identified in this review which applied degradomics technologies to study the ECM. In
cases where no protease is given, the aim of the study was a general characterization of the sample degradome.

Year Protocol Isotopic labeling Protease Sample type Refs.

2013 COFRADIC SILAC � Secretomes of human gastric
cancer-associated
myofibroblast

[64]

2016 TAILS Heavy/light formaldehyde Cathepsin L FFPE and frozen mouse liver [59]
2015 TAILS Heavy/light formaldehyde � Human dental pulp [57]
2019 TAILS Heavy/light formaldehyde � Human Alveolar Bone [58]
2015 TAILS iTRAQ � Pig (Sus scrofa) wound fluid [16]
2019 TAILS iTRAQ ADAMTS7 Secretome of a coculture of

human fibroblasts and
ADAMTS7-mutant transfected
HEK cells

[74]

2022 TAILS TMT ADAMTS7 Secretomes from Human Cor-
onary Artery Smooth Muscle
Cells and Human umbilical
vein endothelial cells trans-
fected with ADAMTS7

[75]

2018 TAILS Heavy/light formaldehyde ADAMTS9 1 week old þ/þ vs. Adamt-
s9Und4/þmouse tail skin

[77]

2016 TAILS Heavy/light formaldehyde ADAM17 Keratinocyte-specific ADAM17
deficient murine skin

[78]

2016 TAILS iTRAQ ADAMTS2, ADAMTS3,
ADAMTS14

Secretomes of human
fibroblasts

[79]

2021 TAILS iTRAQ ADAMTS2, ADAMTS14 8 week old Wt, TS2�/�, TS14�/

�and TS2�/�/TS14�/� antero-
ventral murine skin

[80]

2010 TAILS iTRAQ MMP-2, MMP-9 Secretomes of MMP-2�/-

murine embryonic fibroblasts
[84]

2010 TAILS CLIP-TRAQ MMP-2 Secretomes of MMP-2�/-

murine embryonic fibroblasts
[85]

2013 TAILS iTRAQ/CLIP-TRAQ MMP-2 12-O-tetradecanoylphorbol 13-
acetate treated and untreated
MMP-2�/� murine skin

[86]

2010 TAILS Heavy/light formaldehyde MMP-2, MMP-11 Secretomes of MMP-2�/-

murine fibroblasts, murine
inflammatory bronchoalveolar
fluid, and MCF-7 human breast
cancer cells

[87]

2015 TAILS SILAC-iTRAQ MMP-10 Secretomes of MMP-10�/-

murine keratinocytes and
embryonic fibroblasts

[89]

2014 TAILS iTRAQ MMP-10 Secretomes of MMP-10�/�

murine embryonic fibroblasts
[90]

2015 TAILS iTRAQ MMP-10 Secretomes from MMP-10-/-
keratinocytes and 8 week old
mouse back epidermis with
MMP-10 overexpressing basal
keratinocytes

[91]

2012 TAILS iTRAQ MMP-25 Secretomes of human fetal
lung fibroblasts

[93]

2021 TAILS Heavy/light formaldehyde MMP-8 MMP8 overexpressing oral
tongue squamous cell carci-
noma HSC-3 cells

[98]

2014 TAILS iTRAQ and CLIP-TRAQ MMP-12 Secretomes of MMP-12�/�

murine embryonic fibroblasts
and RAW 264.7 murine
macrophages

[99]

2018 TAILS Heavy/light formaldehyde MMP-9, Neutrophil elastase Glycoengineered hepatocellu-
lar carcinoma cell line HepG2

[100]

2019 TAILS, PROTOMAP Heavy/light formaldehyde and
SILAC

KLK7 Human ovarian cancer cell line
OVMZ-6

[70]

2014 TAILS Heavy/light formaldehyde KLK4, KLK5, KLK6, KLK7 Human ovarian cancer cell line
OVMZ-6

[103]

2016 TAILS iTRAQ Cathepsin B, Cathepsin H,
Cathepsin L, Cathepsin S,
Cathepsin Z

Rip1-Tag2 mouse model of
pancreatic neuroendocrine
tumorigenesis with knockouts
of either cathepsin B, H, L, S,
Z, or both B and S

[107]

(continued)
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Table 1 (Continued)

Year Protocol Isotopic labeling Protease Sample type Refs.

2014 TAILS Heavy/light formaldehyde Cathepsin B, Cathepsin L Secretomes of Ctsb�/� Ctsl�/�

or Ctsb single deficient murine
embryonic fibroblast

[108]

2011 TAILS Heavy/light formaldehyde Cathepsin L Secretomes of Ctsl�/� murine
embryonic fibroblasts

[109]

2012 TAILS iTRAQ Cathepsin D CtsD�/� immortalized murine
embryonic fibroblasts

[110]

2021 TAILS TMT Cathepsin D MDA-MB-231 triple-negative
breast cancer cells cocultured
with human mammary
fibroblasts

[111]

2021 TAILS TMT Meprin beta Meprin beta knock-in mouse
skin

[101]

2013 TAILS iTRAQ Meprin alpha, Meprin Beta Secretomes of HaCaT,
HEK293, Caco2 or U373 cell
lines

[83]

2011 TAILS iTRAQ Meprin alpha, Meprin Beta Secretomes of HaCaT cell
lines

[102]

2019 TAILS Heavy/light formaldehyde Fibroblast activation protein-
alpha

Secretomes of fibroblast acti-
vation protein-alpha positive or
negative murine embryonic
fibroblasts

[112]

2016 TAILS Heavy/light formaldehyde Fibroblast activation protein-
alpha

Secretome of human CT5.3
cancer associated fibroblasts

[113]

2021 TAILS TMT � Murine colon tissue from a
dextran sodium sulfate
induced colitis model

[51]

2020 TAILS TMT Soluble ADAM10, soluble
ADAM17

Secretome of murine cardio-
myocyte HL-1 cells

[82]

2015 FPPS None Cathepsin K, Cathepsin L,
Cathepsin S

Secretome of breast carci-
noma cells (MDA-MB-231)

[42]

2015 None specified None KLK7 Supernatant of melanoma
WM9, WM902, WM35, and
HaCaT cell lines

[104]

2018 None specified None KLK15 Supernatant of human prostate
cancer PC3 cells

[105]

2017 None specified None KLK9 Supernatant of tongue squa-
mous carcinoma cells (SCC9)
and HaCaT cells

[106]

2011 ATMOS Heavy/light formaldehyde MMP-2, MMP-8, MMMP-9,
neutrophil elastase

Human plasma fibronectin and
LM-111 from Engelbreth-
Holm-Swarm murine
carcinoma

[97]

2020 ATOMS Heavy/light formaldehyde MMP-1, MMP-2, MMP-3,
MMP-7, MMP-8, MMP-9,
MMP-10, MMP-12, MMP-13,
MMP-14

Human tyrosyl-tRNA
synthetase

[96]

2019 ATOMS Heavy/light formaldehyde MMP-2, MMP-3, MMP-7,
MMP-8, MMP-9, MMP-13,
MMP-14

Human tryptophanyl-tRNA
synthetase

[95]
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ADAM10 or ADAM17, respectively, as well as 45
shared cleavages. Ten ECM proteins were identified
as substrates, including the structural proteins fibro-
nectin (shared) and collagen IV (ADAM17), as well
as adhesion molecules (N cadherin, shared) and the
protease inhibitor cystatin C (ADAM17) [82]. This
cleavage significantly reduced cystatin C’s inhibitory
activity towards meprin a Interestingly, an earlier
degradomics study identified ADAM10 as a sub-
strate of meprin b, further illustrating the tight inter-
connectivity of the extracellular protease web [83].
MMPs

The two closely related gelatinases, MMP2 and
MMP9, were characterized in the original publication
introducing multiplex iTRAQ-TAILS using fibroblast
secretomes [84]. The authors revealed a striking dif-
ference with around 200 candidate substrates for
MMP2 but only 20 for MMP9 and validated multiple
novel substrates or cleavages for both proteases,
including galectin-1 and pyruvate kinase M1/M2.
Further characterization of MMP2 led to additional
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candidate cleavages when new statistical frame-
works were introduced for TAILS data analysis [85].
Intriguingly, an N-terminal analysis of the comple-
ment system in MMP2 deficient mice showed a
reduced activation of complement in inflamed skin
[86]. This was orthogonally deciphered to be due to
a lack of MMP2 cleavage, normally causing inactiva-
tion of the complement inhibitor CI1, at the start of
the complement cascade. In the absence of MMP2,
this master controller serpin halts complement acti-
vation and also bradykinin production by cleavage
of kininogen leading to reduced tissue edema in
inflammation. MMP11 is associated with poor prog-
nosis in cancers with complex pleiotropic effects,
including inhibition of apoptosis and enhancing
migration. In one of the first studies characterizing
candidate substrates, TAILS identified several novel
substrates, including galectin-1 and endoplasmin,
which were later validated [87]. As a promoter of
apoptosis, host evasion and cancer aggressiveness
galectin-1 has been of clinical interest as a target for
cancer therapy [87,88] and its validation as a target
for MMP11 can help our understanding of the tumor
microenvironment.
A series of studies investigated the function of

MMP10 using different variations of TAILS in both
fibroblasts and keratinocytes and identified several
novel substrates. Proteolysis could also be investi-
gated in mixed fibroblast and keratinocyte secre-
tomes while retaining information about the cellular
origin of the cleavage using two orthogonal labeling
approaches; SILAC was used to distinguish cell
lines in MS1 scans, while ITRAQ was used for abun-
dance measurements of individual peptides. This
approach is especially beneficial if it is suspected
that larger complexes are formed in the extracellular
space with proteins originating from different cell
types because complex formation in vivo might
affect proteolysis that cannot be seen by investi-
gating each secretome individually [89]. The
capabilities of TAILS for mechanistic investiga-
tions were shown in another study using fibroblast
or keratinocyte secretomes individually but with
time series analysis of MMP10-dependent sub-
strate processing. As time-series data provides
information on reaction kinetics and specificity,
the evidence of true cleavages is significantly
increased compared to other techniques if
increasing or decreasing patterns are observed.
Here, indirect cleavages of platelet-derived growth
factor receptor alpha and type 1 collagen were
revealed, corresponding with the role of MMP10
in wound or tumor tissues [90,91].
TAILS was also used to characterize MMP25, a

prominent neutrophil cell membrane protease, impli-
cated in both cancer and multiple sclerosis [92,93].
The authors identified almost 60 novel substrates in
fibroblast secretomes, including vimentin. As
another example of bioactivity switches engendered
by MMP cleavages, the cleaved form of “moonlight-
ing” extracellular vimentin markedly increased
phagocytosis after cleavage and removed its effect
on monocyte recruitment [93]. Other recent exam-
ples of such bioactivity modification are the moon-
lighting proteins [94] including tryptophanyl-tRNA
synthetase [95] and the related tyrosyl-tRNA synthe-
tase [96] that function as pro- and anti-inflammatory
molecules on MMP cleavage. These latter studies
identified multiple cleavage sites using a single pro-
tein variant of TAILS known as Amino Terminal Ori-
entated MS (ATOMS) [97], which is now viewed as
a facile replacement to Edman degradation for N-ter-
minal sequencing of proteins.

Using TAILS on MMP8 overexpressing oral
tongue squamous cell carcinoma HSC-3 cells, close
to 40 candidate substrates were identified for
MMP8, a protease normally considered PMN spe-
cific, that play a tumor-suppressive role in tongue
squamous cell carcinoma (OTSCC) [98]. Interest-
ingly, one of the cleavages was localized to FXYD
domain-containing ion transport regulator 5
(FXYD5), which is associated with poor survival
rates in OTSCC. This cleavage was validated exten-
sively and indicated the protein as a potential thera-
peutic target. In this specific type of cancer, MMP8
cleavage of the anti-adhesive FXYD5 was believed
to increase cell-cell adhesion and thereby reduce
cancer metastasis, but studies of other cancers
have also identified links between MMP8 and cell-
matrix adhesion suggesting alternative mechanisms
which are yet to be described [98].

Bellac et al. provided extensive evidence that
MMP12 has a protective role in arthritis after validat-
ing 24 cleavages characterized by a thorough triple
TAILS approach of arthritic ankle joints [99]. Among
these cleavages were fibrin and extracellular actin,
which are abundant in the neutrophil extracellular
traps that are associated with neutrophil infiltration
and processing of complement proteins dampening
inflammation. In addition, several components of the
complement cascade were inactivated providing a
new route to suppression of complement induced
inflammation.

More recently, MMP9 and neutrophil elastase
were used to treat GalNAc-T2 deficient and compe-
tent cells, which revealed that proteolysis can also
be regulated by protein glycosylation resulting in
both increased and decreased activity depending on
the substrate and the location of the glycosylation
modification in the cut site. Among the altered sub-
strates were several related to proteolytic networks
and lipid homeostasis [100]. All in all, TAILS has
revealed the surprising role for MMPs being overall
protective in inflammation and in many cancers, by
cleavage of signaling molecules and not just matrix.
These new substrates further include intracellular
and moonlighting proteins that have multiple inflam-
matory roles.
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Meprins

Proteases that have benefited tremendously from
degradomics are the meprins, with few peptide
substrates known previously. Meprin b is a metallo-
proteinase that is upregulated in certain hyperproli-
ferative skin diseases. TAILS analysis of the Meprin
b substrate repertoire revealed a surprising diversity
of unexpected substrates and pointed to new roles
for the meprins that had not been previously consid-
ered. Indeed, Jefferson et al. identified more than
150 extracellular Meprin b substrates, including acti-
vating cleavage of the proteases proKLK7 and proA-
DAM10, as well as cleaving the VEGF-A/CTGF
complex increasing angiogenesis by releasing free
VEGF-A [83]. Syndecan-1 was initially identified as
a novel Meprin b substrate, that when cleaved led to
delayed differentiation and impaired adhesion of ker-
atinocytes. The reason for this has been proposed to
be a result of reduced syndecan-1 dependent insu-
lin-like growth factor receptor 1 (IGFR1)-mediated
signaling which again results in reduced down-
stream signaling from the keratinocyte differentiation
regulator PI3K/AKT [101]. Moreover, it has been
shown that meprin b is relevant in the processing of
the amyloid precursor protein relevant for Alzheimer
disease and can degrade it into nontoxic fragments.
However, the exact role of meprin b in Alzheimer
disease is still to be discovered [102]

Kallikreins

KLK7 expression is increased in ovarian cancer,
but its role here is undetermined. TAILS and PRO-
TOMAP have been employed to search for novel
substrates in multiple cancer cell lines that may help
elucidate its function. The authors found 16 novel
candidate substrates as well as two known targets,
with eight substrates identified across cell lines that
are involved in cell adhesion, ECM remodeling and
cell migration. Several cleavages activated other
proteases, one of which being the novel substrate
MMP10, which as KLK7 cleaves ECM and base-
ment membrane components, indicating both direct
and indirect roles for KLK7 in metastasis [70]. A
related study investigating KLK4-7 co-expression in
an ovarian cancer cell line found a tryptic-like speci-
ficity with a similar repertoire of substrates [103].
The FPPS approach has also been used to study

the KLK7 degradome of melanoma cell lines. This
work identified several substrates, including mid-
kine, CYR61, and tenascin-C, whereby midkine was
only susceptible to KLK7 cleavage and not to other
kallikreins. Furthermore, the authors found an
inverse relationship between midkine and KLK7 in
human melanoma tissue and demonstrate how
KLK7 cleavage of midkine reduces its proliferative
and migratory effects [104]. Kinetic and degrado-
mics analysis of KLK15 in prostate adenocarcinoma
cell supernatant revealed a trypsin-like activity [105],
and of KLK9 in HaCaT and SCC9 cell lines indicated
KLK10 and midkine as novel substrates [106].

Cathepsins

Cathepsins have also been investigated using
TAILS. In a mouse model of pancreatic cancer,
knockouts were performed of cathepsins B, H, L, S,
and Z. Several substrates were found and validated,
including pyruvate kinase, the ER chaperone 78-
kDa glucose-regulated protein (GRP78), and the
oncoprotein prothymosin-alpha [107]. Like for
MMPs, many of these are not members of the
canonical matrisome, demonstrating potential activi-
ties of matrisome proteases across extracellular and
intracellular tissue compartments. In other studies,
cathepsin L deficiency decreased periostin and
increased MMP2 abundances in mouse embryonic
fibroblasts. Double negative cathepsin L and B fibro-
blasts had a cooperative effect on secretome con-
tent and a degradative cathepsin-MMP2 axis
[108,109]. Interestingly, it was shown in another
study that the extracellular cysteine cathepsin prote-
ase inhibitor cystatin C is decreased in cathepsin D
transfected mice, and the aspartic cathepsin D-
dependent cleavage of cystatin C thereby increase
cysteine cathepsin proteolytic activities, linking the
activity of different protease classes [110]. TAILS
analysis of the cathepsin D substrate degradome
validated secreted protein acidic and rich in cysteine
(SPARC) as a target whose limited proteolysis
results in multiple fragments, one of which inhibits
triple-negative breast cancer tumor cell adhesion
and stimulates migration [111]. The technique FPPS
has also been used to study cathepsins K, L, and S
specificity profiles, yielding profiles very similar to
COFRADIC [42].

Fibroblast activation protein-a

Two studies applied TAILS to investigate fibro-
blast activation protein-a (FAP-a), which is generally
expressed at a low level except in activated fibro-
blasts around tumors or other sites of tissue remod-
eling. FAP-a can act both as an amino dipeptidase
and an endopeptidase and has been found to prefer
proline N-terminal to the cleavage site. TAILS identi-
fied FAP-a cleavages in collagens, fibronectin, fibril-
lins 1 and 2, lysyl oxidase-like-1, C-X-C motif
chemokine ligand 5 (CXCL5), colony stimulating fac-
tor 1 (CSF-1), C1q and TNF related 6 (C1qT6) and
more [112,113].
Conclusion and perspectives

Proteolysis is a crucial irreversible modification
essential for proper tissue function but detrimental if
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imbalanced in disease. Over the last decade, con-
siderable effort has been expended into refining
techniques for characterizing the degradomes of dif-
ferent ECM proteases. Current techniques provide
unparalleled sensitivity and specificity to unravel
and monitor important cleavage events in the matri-
some. Without doubt, degradomics has revolution-
ized our understanding of protease function in vivo
in the regulation of connective tissue homeostasis
and remodeling.
For the future, targeted MS approaches could

also be used for cleavage validation instead of
classical gel-based methods, allowing for a sub-
stantial increase in throughput. Since most degra-
domics techniques rely on data-dependent
acquisition, missing values between replicates
can also be a challenge, mainly if they depend
on single peptides rather than proteins. For this
reason, it is essential to split samples for parallel
analysis of both the N-terminome and the prote-
ome in a shotgun analysis. In TAILS this is known
as preTAILS. Combining both data sets for pro-
tein identification then enables high confidence
protein substrate identification in addition to their
cognate neo-N termini generated by proteolysis.
Novel technologies or targeted MS methods in
active development, e.g., Proteolytic Signature
Peptides (PSP) [114] should further ensure com-
plete mapping of selected processing events,
including the extent of substrate processing [115].
Newer and faster instruments allow simultaneous
monitoring of high numbers of PSPs towards
high-sensitivity discovery experiments. Ultimately,
with help of data-independent acquisition (DIA)
[116] PSPs can be extended to comprehensive
Proteolytic Signature Libraries (PSL), e.g., cover-
ing all proteolytic processing events in the matri-
some, to systematically assess detrimental shifts
in the ECM degradome in routinely recorded pro-
teome maps from patients [117].
Effort is also needed to gain an even deeper

understanding of the intricacies of the effects of
individual proteases and complex proteolytic net-
works. As machine learning algorithms are
adapted and applied to problems of proteolytic
networks, these interconnected effects will likely
be easier to spot. For significant yet infrequent
cleavages, sensitivity still poses a problem. Thus,
degradomics has contributed dramatically to
matrix biology by revealing greater depth in the
dynamic nature of the ECM, and new cryptic sig-
naling functions in multiple cytokines, chemo-
kines, structural proteins and moonlighting
proteins. The task is now to understand this com-
plexity in order to grasp the implications of target-
ing new mediators in drug development to treat
severe debilitating diseases affecting the majority
of our population with encroaching age.
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