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ABSTRACT

The extracellular matrix (ECM) is a complex as-
sembly of proteins that constitutes the scaffold or-
ganizing cells, tissues, and organs. Over the past
decade, mass-spectrometry-based proteomics has
become the method of choice to profile the com-
position of the ECM, or the matrisome, of tissues.
To assist non-specialists with the reuse of ECM pro-
teomic datasets, we released MatrisomeDB (https:
//matrisomedb.org) in 2020. Here, we report the ex-
pansion of the database to include 25 new curated
studies on the ECM of 24 new tissues in addition
to datasets on tissues previously included, more
than doubling the size of the original database and
achieving near-complete coverage of the in-silico
predicted matrisome. We further enhanced data visu-
alization by maps of peptides and post-translational-
modifications detected onto domain-based repre-
sentations and 3D structures of ECM proteins. We
also referenced external resources to facilitate the
design of targeted mass spectrometry assays. Last,
we implemented an abstract-mining tool that gen-
erates an enrichment word cloud from abstracts of
studies in which a queried protein is found with
higher confidence and higher abundance relative to
other studies in MatrisomeDB.

GRAPHICAL ABSTRACT

• Matrisome of 24 new �ssues
• 2,051 human and 949 mouse matrisome proteoforms, 

6,891,623 human and 4,763,174 mouse matrisome PSMs
• Near-complete coverage of the in-silico predicted

matrisome
• Near-complete protein sequence coverage
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Data annota�on

Protein
iden�fica�on 

MatrisomeDB
2.0

New 
func�onali�es

• Comprehensive descrip�on of organs or �ssues of origin
and sample prepara�on methods

• Coverage maps overlaid onto domain-based (SMART) 
representa�on and 3D structures (AlphaFold)

• Lists of PTMs detected in each study and across studies
• Tool to facilitate the design of targeted proteomic assays
• Abstract-mining tool + word cloud generator

• Unified search parameters using the August 2022 human
and mouse reference UniProt databases 

• Unified list of variable PTMs allowed

• Cura�on of 100+ manuscripts on ECM proteomics
• Iden�fica�on of 25 LC-MS/MS studies of ECM-enriched

samples using adequate methodology (label-free, DDA)
• Retrieved 772 publicly available and iden�fiable raw files

INTRODUCTION

The extracellular matrix (ECM) is a complex assembly of
proteins forming the scaffold supporting cell and tissue or-
ganization (1,2). In addition to its structural roles, the ECM
provides biochemical and mechanical signals that orches-
trate a plethora of cellular processes ranging from prolifer-
ation and survival, to stemness, differentiation, and migra-
tion. ECM remodeling is integral to physiological events,
including embryonic development (3), scarring (4) and ag-
ing (5,6). An imbalance in the ECM, caused either by mu-
tations in ECM genes or by alterations in ECM metabolism
(excessive accumulation or, on the contrary, destruction), is
a hallmark of many diseases such as cancer and fibrosis (7–
10). The ECM thus constitutes an immense reservoir of dis-
ease biomarkers and therapeutic targets that has remained,
until recently, largely under-explored.

The insolubility of ECM proteins, mediated by their ex-
tensive post-translational modifications (PTMs) and incor-
poration in higher-order complexes, hindered, for a long

*To whom correspondence should be addressed. Tel: +1 312 355 5417; Email: anaba@uic.edu
Correspondence may also be addressed to Dr. Yu (Tom) Gao. Tel: +1 312 996 8087; Email: yugao@uic.edu

C© The Author(s) 2022. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

https://orcid.org/0000-0002-4796-5614
https://matrisomedb.org


D1520 Nucleic Acids Research, 2023, Vol. 51, Database issue

Figure 1. MatrisomeDB usage. The color code indicates, for each country, the number of visits for the January 2020–September 2022 period. Red dots
depict the cities from which connections to MatrisomeDB were established.

time, their comprehensive biochemical analysis. In addi-
tion, the lack of framework to define the parts list of the
ECM has limited big data annotation and further prevented
the application of high-throughput methods to profile the
composition of the ECM. Over the past decade, differ-
ent approaches relying on sequential protein extraction or
decellularization have been developed to achieve enrich-
ment of ECM proteins (11–14). Moreover, different pro-
tein solubilization and digestion methods have been devised
to make the ECM amenable to bottom-up mass spectro-
metric analysis. Last, we have defined the ‘matrisome’ as
the compendium of genes encoding proteins that can con-
tribute to form an ECM (15–17). Combined, these devel-
opments have contributed to make mass-spectrometry the
state-of-the-art method to characterize the protein compo-
sition of the ECM (18,19). With the broad adoption by sci-
entists and publishers of Findable, Accessible, Interopera-
ble and Reusable (FAIR) guiding principles (20), datasets
from existing ECM proteomic studies are now largely avail-
able from public repositories. However, they are difficult to
utilize without specific expertise. To improve the accessibil-
ity of this rich source of data, we released in 2020, Ma-
trisomeDB, the ECM protein knowledge database (21). In
its original version, MatrisomeDB included datasets from
17 studies on the ECM of 15 normal tissue types, six can-
cer types and other diseases including vascular defects and
lung and liver fibroses. Since its release in 2020, Matri-
someDB has received nearly 123,000 visits (Figure 1) from
researchers based all over the world, and its online availabil-
ity averaged 97.02%.

The landscape of ECM proteomic research has devel-
oped considerably over the past three years, prompting us

to update MatrisomeDB. Here, we report on four major
advances: (i) the horizontal expansion of MatrisomeDB
2.0 which now includes compositional information on the
ECM of 24 new tissues and organs, two new cancer types,
and datasets reporting changes in the ECM during aging,
during different stages of disease progression, or during
chemotherapeutic treatment (Table 1); (ii) the addition of
modules to visualize peptide mapping on schematic repre-
sentation of the domain-based organization of ECM pro-
teins and on 3D-structures predicted by AlphaFold; (iii)
cross-referencing to external resources to advance the use of
targeted mass-spectrometry to study ECM proteins and (iv)
an abstract-mining tool to support the generation of novel
hypotheses to advance our understanding of the roles of the
ECM in health and disease.)

DATABASE INFRASTRUCTURE

Literature curation and criteria for dataset inclusion

ProteomeXchange (22), a database that consolidates pub-
licly available proteomic datasets from partner reposito-
ries such as PRIDE (23) and MassIVE (https://massive.
ucsd.edu), was primarily searched for the term ‘extracel-
lular matrix.’ We also searched the repository for related
terms (e.g. ‘matrisome’, ‘ECM’) to ensure we captured
all potentially relevant datasets. Data derived from hu-
man (Homo sapiens) and murine (Mus musculus) tissues or
cells were retained. Corresponding publications were then
subjected to a preliminary screen to determine their rel-
evance to MatrisomeDB. Additional papers compiled via
PubMed alerts including the keywords ‘extracellular ma-
trix’ and ‘proteomics’, or ‘ECM’ and ‘proteomics’, or ‘ma-

https://massive.ucsd.edu
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Table 1. List of studies included in MatrisomeDB 2.0

Physiological System Sample Description Sample Preparation Dataset identifier Reference

Human tissues
Cardiovascular System Decellularized human umbilical artery Sequential extraction with CHAPS and SDS;

Tryptic digestion
PXD020187 Mallis et al., 2020 (35)

Digestive System Human gastric antrum adenocarcinoma,
distant mucosa, and adjacent mucosa

Decellularization with SDS and DNase;
Deglycosylation (PNGaseF) followed by
digestion with Lys-C and trypsin

PXD029782 Moreira et al., 2022
(37)

Digestive System Human liver metastases from colorectal
tumors and adjacent normal liver

ECM enrichment using sequential
compartmental protein extraction; Protein
solubilization in urea; Deglycosylation
(PNGaseF) followed by tryptic digestion

PXD010252 Yuzhalin et al., 2018
(54)

Integumentary System Human dermis samples from normal skin,
scar tissue, and keloids

Extraction with NaCl (pre-decellularization) and
GuHCl, followed by deglycosylation and tryptic
digestion

PXD015057 Barallobre-Barreiro et
al., 2019 (38)

Integumentary System Human dermis samples from young and
elderly patients

Extraction with GuHCl; Chemical digestion with
cyanogen bromide (CNBr) followed by tryptic
digestion

PXD015982 McCabe et al., 2020
(39)

Musculoskeletal System Human nucleus pulposus and annulus
fibrosus from young and aged
intervertebral discs

Solubilization with GuHCl and urea; Digestion
with trypsin and Lys-C

PXD018193 Tam et al., 2020 (43)

Reproductive System Human Fallopian Tube ECM enrichment using sequential
compartmental protein extraction;
Deglycosylation (PNGaseF) followed by
digestion with Lys-C and trypsin

PXD023707 Renner et al., 2021 (41)

Reproductive System Normal human omentum and human
omental metastases of high-grade serous
ovarian cancer, before and after
chemotherapy

ECM enrichment using sequential
compartmental protein extraction; Urea
solubilization; Deglycosylation (PNGaseF)
followed by tryptic digestion

PXD004060 Pearce et al., 2018 (53)

Reproductive System Human ovarian tissue Extraction with either RapiGest (RP),
ProteaseMax (PM), and 3273 (also known as
MaSDeS or n-dodecyl �-D-maltoside);
Digestion with Lys-C and trypsin

PXD020823 Ouni et al., 2020 (42)

ECM of human tumor xenografts growing in mice
Digestive System Wild-type (BxPC3) and K-Ras-mutant

(AsPC1) human pancreatic
adenocarcinoma xenografts grown in mice

ECM enrichment using sequential
compartmental protein extraction;
Deglycosylation (PNGaseF) followed by
digestion with Lys-C and trypsin

MSV000082639 Tian et al., 2019 (51)

Reproductive System Human triple-negative breast cancer
xenograft (MDA-MB-231) metastases to
mouse brain, lung, liver, and bone and
matched normal tissues: murine lung, liver,
and bone

ECM enrichment using sequential
compartmental protein extraction;
Deglycosylation (PNGaseF) followed by
digestion with Lys-C and trypsin

MSV000084023 Hebert et al., 2020 (52)

ECM produced by human cells in vitro
Musculoskeletal System ECM produced by human dental pulp

stem cells
Decellularization with Triton-X100 and NH4OH
and sequential extraction protocol; Protein
solubilization in urea; Deglycosylation
(PNGaseF) followed by digestion in Lys-C and
trypsin

PXD018951 Nowwarote et al., 2022
(57)

Respiratory System Decellularized ECM produced by human
lung fibroblasts

Decellularization with Triton X-100 and
NH4OH; Protein solubilization in urea; Tryptic
digest; deglycosylated (TFMS or NEB
Deglycosylation Mix II) and non-deglycosylated
samples analyzed

PXD007700 Lansky et al., 2019 (58)

Urinary System ECM of human induced pluripotent stem
cell-derived kidney organoids

Decellularization with Triton-X100 and ECM
enrichment using sequential compartmental
protein extraction; Solubilization in SDS
followed by tryptic digestion

PXD025838 Morais et al., 2022 (59)

Mouse tissues
Cardiovascular System Murine aorta from wild-type and

Adamts5�cat KO mice treated with
angiotensin II

Protein extraction and solubilization with SDS
and GuHCl; Deglycosylation (PNGaseF)
followed by tryptic digestion

PXD009410 Fava et al., 2018 (36)

Digestive System Murine normal liver; xenografts: human
colorectal tumor (MC38) metastases to
mouse liver

Decellularization with NH4OH; Protein
solubilization in urea; Deglycosylation
(PNGaseF) followed by tryptic digestion

PXD013350 Yuzhalin et al., 2019
(55)

Integumentary System Murine back skin tissue Comparative analysis of different ECM protein
preparation methods: 1) ECM enrichment using
sequential compartmental protein extraction; 2)
Extraction using SDS, Triton-X-100 and GuHCl,
3) Enzymatic decellularization using
phospholiase A2 and DOC, 4) Quantitative
detergent solubility profiling (QDSP);
Deglycoslyation (PNGaseF) followed by
digestion with Lys-C and trypsin

PXD025842 Dussoyer et al., 2021
(40)

Musculoskeletal System Murine proximal femoral epiphysis
cartilage from control Col2a1-Cre mouse

Decellularization using DOC; Digestion with
Lys-C and trypsin

PXD027109 Bubb et al., 2021 (44)

Musculoskeletal System Murine adult (12mo) and elderly (24mo)
gastrocnemius muscle

Protein solubilization in urea-thiourea and
GuHCl; Tryptic digestion

PXD027895 Lofaro et al., 2021 (45)

Musculoskeletal System Murine soleus muscle, tendon, and
myotendinous junction

Comparative analysis of ECM extraction
methods: 1) GuHCl extraction followed by
tryptic digestion; 2) ECM enrichment using
sequential compartmental protein extraction
followed by deglycosylation (chondroitinase
ABC) and digestion with Lys-C and trypsin

MSV000085253 Jacobson et al., 2020
(46)
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Table 1. Continued

Organ System Sample Description Sample Preparation Dataset identifier Reference

Musculoskeletal System Murine femoral and tibia knee cartilage
from control mouse

Protein extraction with GuHCl and
solubilization in urea; Deglycosylation
(chondroitinase ABC), followed by digestion
with Lys-C and trypsin

PXD019374 Georgieva et al., 2020
(47)

Musculoskeletal System Murine lumbar and tail annulus fibrosus
and nucleus pulposus intervertebral disc

Soluble fraction from GuHCl extraction
resuspended in urea; Digestion with Lys-C and
trypsin

PXD006671 Kudelko et al., 2021
(48)

Nervous and Sensory
Systems

Murine brain lysate Samples lysed with SDS and Triton X-100
followed by acetone precipitation;
Deglycosylation (chondroitinase ABC or heparin
lyase I, II, and III) and digestion with Lys-C and
trypsin

PXD017513 Sethi et al., 2020 (50)

Nervous and Sensory
Systems

Murine cerebral cortex, lateral
sub-ependymal zone, olfactory bulb

Quantitative detergent solubility profiling
(QDSP); Digestion with Lys-C and trypsin

PXD016632 Kjell et al., 2020 (49)

Respiratory System Murine lung from young and elderly mice Quantitative detergent solubility profiling
(QDSP); Digestion with Lys-C and trypsin

PXD012307 Angelidis et al., 2019
(56)

trisome’ were also manually curated. Studies deemed rel-
evant were then screened for the availability of data in
.raw format in a public repository. Importantly, we also
screened for the availability of correspondence files allow-
ing the assignment of raw files to a detailed sample descrip-
tion. The methods and supplemental methods sections of
the papers that passed the preliminary screening steps were
manually curated for adherence to the following eligibility
criteria:

1) Methods were assessed to determine whether and how
samples were fractionated to enrich for ECM pro-
teins. Studies were included if they comprised an ECM-
enrichment (sequential compartmental extraction) or de-
cellularization step (e.g. deoxycholate, NH4OH, SDS). A
second stipulation imposed that ECM-enriched samples
be extracted in conditions allowing ECM protein solubi-
lization (e.g. guanidine hydrochloride, GuHCl or a high
concentration of urea). Samples generated with no ECM
enrichment steps were eliminated. Because of their large
size, ECM proteins are difficult to resolve by SDS-PAGE,
we thus also excluded studies using SDS-PAGE to frac-
tionate proteins. Note that studies reporting the profiling
of both soluble and insoluble protein fractions were kept
in their entirety and were labeled as such (Supplementary
Table S1).

2) Bottom-up mass spectrometry studies where peptides
were generated via enzymatic cleavage (Lys-C, trypsin;
Table 1).

3) Only raw data acquired via LC–MS/MS on an OrbiTrap-
type instrument were included. Furthermore, we only in-
cluded files generated using a data-dependent acquisition
(DDA) mode.

This extensive manual curation process ensures that
datasets included in MatrisomeDB were obtained using
overall similar experimental pipelines, allowing for inter-
study comparison.

Last, we resorted to personal communication to obtain
additional information regarding the sample preparation
method and file descriptions when these were not publicly
available, or to resolve any discrepancies. If we were unable
to obtain sufficient information on a given study, we did not
retain it.

Mass spectrometry database search and processing

All raw data files were converted and searched using
uniform parameters and against the same and most re-
cent reference proteome databases (UniProt 08/2022). The
reference databases used contain, in total, 101,761 hu-
man proteoforms and 63,668 mouse proteoforms. Com-
mon contaminating proteins were also appended to the
reference databases (24). The raw data were searched
by the MSFragger search engine (25) using a closed
search method with ±20 ppm as precursor mass tol-
erance. We allowed carbamido-methylation for all stud-
ies as fixed post-translational modification. We also al-
lowed for the following variable post-translational mod-
ifications: deamidation/citrullination R[0.9840], methion-
ine oxidation M[15.9949], serine, threonine, and tyrosine
phosphorylation S[79.9663], T[79.9663], Y[79.9663], acety-
lation n[42.0106], the ECM-specific proline and lysine hy-
droxylations P[15.9949], K[15.9949]. The enzyme used for
in-silico digestion is trypsin with two allowed miscleavages.
The search results were then filtered with 1% false discov-
ery rate (FDR) at the peptide-spectra-match (PSM), pep-
tide and protein levels. Importantly, through uniform search
parameters and FDR filters level, a unified search allows for
data harmonization and for inter-study comparison.

NEW DATABASE FUNCTIONALITIES

Peptide and post-translational modification (PTM) mapping
to domain-based representation of ECM proteins

The previous release of MatrisomeDB allowed the visual-
ization of sequence coverage on the primary amino-acid se-
quences of proteins. In this new release, we enhanced the
sequence coverage visualization and provided an overlay of
peptides detected on the schematic organization depicting
the domain-based organization of ECM proteins using the
Simple Modular Architecture Research Tool (SMART,26).
As a result, an interactive domain coverage and a PTMs
annotation plot are generated by a custom backend Python
script, for each protein query. At the top: a grey bar chart
represents the sequence coverage of the queried protein
binned by groups of 10 amino acids. In the center portion of
the page, users are provided with a schematic domain-based
organization of the queried protein. All PTMs detected are
mapped at the bottom of the domain-based representation.
For clarity, domains containing a large number of PTMs
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are merged but all identified PTMs including types and po-
sitions are made available in a separate downloadable table
available via the ‘Open PTM occurrence table’ link located
above the graph (Figure 4B inset and Supplementary Ta-
ble S2B). Users can also download data on domain cov-
erage and PTM positioning with regards to domains via
links provided above the coverage plots (Figure 4B, Sup-
plementary Table S2A and C, respectively). Tools located
in the upper right corner allow users to hover over the
domain representation to show the domains’ names, start
and end positions, and domains’ sequence coverage. The
interactive displays of both the domain coverage/PTMs
graph and PTM table on the web interface are enabled by
a custom Python script powered by Bokeh and available
at https://github.com/Matrisome/MatrisomeDB2. Data are
provided for the protein of interest both in a given sample
type and across the complete MatrisomeDB dataset.

Peptide and post-translational modification (PTM) mapping
to 3D structures or models of ECM proteins from the Al-
phaFold database

In addition to the 1D coverage maps overlaid to primary
amino-acid sequences (MatrisomeDB 1.0) and domain-
based depiction of matrisome proteins (see below), we
have leveraged AlphaFold’s validated or predicted struc-
tures of proteins (27,28) to provide interactive 3D cover-
age of matrisome proteins included in MatrisomeDB 2.0.
This new feature is available to users from the protein-
coverage map page, by clicking on ‘Open sample data (or
global data) in SCV’. User-customizable 3D interactive se-
quence coverage/PTMs visualization is enabled by con-
necting MatrisomeDB with Sequence Coverage Visualizer
(SCV; (29)), a web app we recently developed to visual-
ize 3D sequence coverage. For proteins with known struc-
tures, the AlphaFold versions were used. These structures
are essentially identical to the corresponding Protein Data
Bank (PDB) structures (30) as they were used for training
the AlphaFold model. For unknown structures, AlphaFold-
predicted models were used (27,28). All 3D sequence cover-
age HTML pages of queried proteins were pre-generated by
the static SCV scripts served on MatrisomeDB server.

Cross-referencing to external resources to facilitate the de-
sign of targeted MS experiments

Targeted mass spectrometry approaches such as selected
or multiple reaction monitoring (SRM/MRM) allow the
quantification of the abundance of a given protein, or sets
of proteins in complex samples, with high accuracy (31),
yet these methodologies have not yet been broadly applied
to ECM research. This is partly due to the fact that these
approaches rely on prior knowledge on proteins of inter-
est and the characterization of proteotypic peptides that al-
low the design and validation of SRM or MRM assays (31).
One of the goals of the National Cancer Institute’s Clinical
Proteomic Tumor Analysis Consortium (CPTAC) is to de-
vise and validate proteotypic peptides amenable to targeted
mass-spectrometry assays (31,32). Validated assays are then
made publicly available via the CPTAC assay portal (33).
We retrieved the CPTAC assay database (2022.04.17 ver-

sion) that included 3,006 peptides and identified 336 pep-
tides matching 192 matrisome proteins. If available, a link
pointing to the CPTAC page will be displayed at the top of
the page reached after clicking on the MatrisomeDB ‘De-
scription’ column of the main search output table. For ma-
trisome proteins for which no CPTAC-validated assays are
available, we are providing link to the Peptide Atlas (34) that
lists predicted highly observable peptides that can be lever-
aged by users for the design of targeted MS experiments.

Abstract-enrichment word cloud

In MatrisomeDB 1.0, we provided hyperlinks to the pri-
mary research publications reporting queried proteins. To
provide better reference visualization in MatrisomeDB 2.0,
we added an enrichment word cloud. Upon user’s query for
a protein, the top three projects for which the queried pro-
tein has the highest normalized spectral abundance factor
(NSAF) and confidence score are first selected. Then the en-
richment index of each word in the abstracts of these three
projects is computed by the following formula, after remov-
ing of a list of pre-defined common words:

Single word f requency in all = Fi
∑N

i=1 Fi

Single word f requency = fi, j
∑n

i=1 fi, j

Enrichment index =
Single word f requency − Single word f requency in all

Single word f requency in all

where Fi indicates the word frequency of the i th word from
the entire abstracts pool and fi, j indicates the frequency of
the same word in the abstracts pool of the selected projects,
in which the queried protein has the highest abundance and
confidence. The enrichment index of each word is then com-
puted as the relative difference of the normalized word fre-
quency between selected abstracts and all abstracts. Enrich-
ment is visualized by font size, so that larger words corre-
spond to more enriched terms representing a high correla-
tion with the queried protein. A Custom Python script was
used to generate the enrichment word cloud and is available
at https://github.com/Matrisome/MatrisomeDB2.

Dataset submission page

One of the bottlenecks to the horizontal expansion of Ma-
trisomeDB was the lack of information allowing us to
match raw files to the samples they relate to. To overcome
this, we have built a new submission interface, allowing re-
searchers to submit their datasets for consideration to Ma-
trisomeDB. This interface will require researchers to pro-
vide a link to raw mass spectrometry data, but also detailed
sample descriptions, including tissue of origin, information
on the ECM enrichment method employed, and protein
and/or peptide fractionation method, as well as a list link-
ing each raw file to the sample it corresponds to. Examples
of detailed sample descriptions are provided in Supplemen-
tary Table S1, column H. We are aiming to update Matri-

https://github.com/Matrisome/MatrisomeDB2
https://github.com/Matrisome/MatrisomeDB2
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someDB periodically, with datasets added in batches, with
formal documented new releases.

RESULTS AND DISCUSSION

Horizontal expansion

Upon completion of the curation process, we added 772 raw
files from the datasets of 25 studies (Table 1 and Supple-
mentary Table S1). This significantly expands the content
of the database which includes new healthy tissues, such as
the ECM of umbilical arteries (35) and the aorta (36), the
stomach (37), the skin, including healthy skin from differ-
ent anatomical regions and patients of different ages, but
also scars and keloids (38–40), the Fallopian tubes (41) and
ovaries (42), different musculoskeletal structures (43–48),
and different regions of the brain (49,50). It also includes
two cancer types not included before: pancreatic ductal ade-
nocarcinoma (51) and gastric antrum adenocarcinoma (37),
and data on the ECM of metastases arising from mam-
mary tumors growing in different distant organs (52) and
from metastases of ovarian tumors growing in the omen-
tum treated or not with chemotherapy (53). MatrisomeDB
2.0 also includes two new studies on the ECM of hepatic
metastasis from colorectal tumors (54,55) and an additional
dataset on the ECM of aging lung (56). Last, we included
three studies reporting the composition of the ECM pro-
duced in vitro by dental pulp stem cells (57), lung fibrob-
lasts (58) and kidney organoids (59). Importantly, this re-
lease includes, for the first time, data on the ECM of aging
tissues (skin, lung, intervertebral discs). MatrisomeDB 2.0
now includes 2,051 human and 949 mouse matrisome prote-
oforms, 6,891,623 human and 4,763,174 mouse matrisome-
protein-derived peptide-to-spectrum matches (PSMs).

The expansion of MatrisomeDB results in near complete cov-
erage of the matrisome and of matrisome protein sequences

Using de-novo sequence analysis, we predicted that there
are 1,027 genes in the human genome encoding ECM and
ECM-associated proteins (15,17). We further divided this
in-silico predicted matrisome into two main divisions: (i)
structural components of the ECM or the ‘core matri-
some’ including ECM glycoproteins, collagens, and pro-
teoglycans, which are highly insoluble in nature and (ii)
matrisome-associated proteins including ECM-affiliated
proteins, ECM regulators, and secreted factors known or
expected to bind to structural components of the ECM. The
aggregation of the datasets from MatrisomeDB 2.0 resulted
in the detection of almost all the proteins of the matrisome,
a significant improvement over the aggregated data from
MatrisomeDB 1.0 (Figure 2A). Namely, in MatrisomeDB
1.0, we had experimental of evidence for 89.4% of the core
matrisome and only 59.4% for matrisome-associated pro-
teins. These numbers are now 98.3% and 97.3%, respec-
tively. The experimental coverage of ECM-affiliated pro-
teins (+38.6%) and secreted factors (+51.2%) benefited the
most from the inclusion of additional datasets to Matri-
someDB (Figure 1B and 1C). This is likely explained by fact
that we not only included new tissues, but we also included
protein samples of different solubility in this new release of
the database.

The horizontal expansion of MatrisomeDB also resulted
in achieving near-complete protein sequence coverage for
proteins across all matrisome categories (93.2% on aver-
age). This represents a significant improvement over the
24.6% average sequence coverage reached upon aggrega-
tion of MatrisomeDB 1.0 datasets (Figure 2B). This signifi-
cant improvement has the potential to uncover novel facets
of ECM proteins (detection of isoforms arising from splice
variants, single amino-acid variants) and support novel hy-
potheses regarding the roles of these proteins in pathophys-
iological contexts (60,61).

Updated functionalities of the main search page

The search functionality of MatrisomeDB remains un-
changed and a search’s primary output will be a set of heat
maps depicting the confidence score and abundance with
which proteins are identified in studies, see MatrisomeDB
1.0 (21). We enhanced the primary output by providing
an enrichment word cloud generated upon query depicting
terms enriched in abstracts of studies in which the protein of
interest is detected with higher confidence and higher abun-
dance. In the example presented in Figure 3, we searched for
‘TGM2’, the gene symbol of the protein-glutamine gamma-
glutamyltransferase 2, across all datasets of MatrisomeDB
2.0. The resulting cloud points to an enrichment of a set of
terms including ‘PDAC’ (for pancreatic ductal adenocarci-
noma), ‘pancreatitis’, ‘MC38’ (a metastatic colorectal can-
cer cell line), ‘metastases’, and ‘airway’, that can point users
to possible roles for TGM2 in these processes. Note that the
content of the cloud will change if users further narrow the
analysis to a given species or set of samples.

Cross-referencing to external resources to design targeted
mass spectrometry assays for accurate ECM protein quan-
tification in complex samples

Upon selecting a protein of interest, users land on a page
providing a set of links pointing to external resources. These
include a link to the NCI CPTAC assay portal, for proteins
for which SRM/MRM assays have been validated, and a
link to the Peptide Atlas, which users can then query to de-
sign their own targeted MS assay (Figure 4A).

Peptide and PTM mapping on 2D domain-based representa-
tion of matrisome proteins

Using as an example the human form of protein-glutamine
gamma-glutamyltransferase 2 (TGM2, UniProt P21890)
detected in pancreatic ductal adenocarcinoma xenograft
(BxPC3) samples, we illustrate here additional functionali-
ties implemented in MatrisomeDB 2.0. Users can now visu-
alize the mapping of peptides and PTMs overlaid onto the
domain-based representation of TGM2 (Figure 4B). The
grey histogram located above the domain-based depiction
represents the percentage of sequence coverage. users can
retrieve information regarding the percentage of sequence
coverage for each domain by clicking on the ‘Download do-
main coverage csv’ link (Supplementary Table S2A). A set
of controls located in the upper right corner allows users to
zoom in or out, hover over the domains to get additional
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Figure 2. The horizontal expansion of MatrisomeDB results in near complete coverage of the matrisome and of matrisome protein sequences. (A) Bar graph
represents, for each matrisome category, the percentage of the in-silico-predicted human matrisome supported by experimental evidence in MatrisomeDB
2.0. Lower bars (lighter shades) indicate coverage in MatrisomeDB 1.0, upper bars (darker shades) indicate the coverage achieved in MatrisomeDB 2.0. (B)
Bar graph represents, for each matrisome category, the average protein sequence coverage (%) in MatrisomeDB 1.0 (lighter shades) and in MatrisomeDB
2.0 (darker shades). (C) Histograms represent, for each matrisome category, the frequency of average protein sequence coverage (%) between MatrisomeDB
1.0 (lighter shades) and MatrisomeDB 2.0 (darker shades).
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TGM2 Search
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Figure 3. Abstract-mining tool. Searching for ‘TGM2’, the protein-glutamine gamma-glutamyl transferase 2 across the entire MatrisomeDB 2.0 dataset
returns an enrichment word cloud generated from the abstracts of studies in which a queried protein is found with higher confidence and higher abundance
relative to other studies in MatrisomeDB. Enriched words across abstracts appear in larger font. Users can right-click (or Control-click on Mac devices)
on the word cloud to save the image.

information, and to save the image (Figure 4B, red arrow).
By selecting ‘Open sample PTM occurrence table’ users will
be taken to a page listing the types of PTMs detected and
their position (Figure 4B, inset) and will be given the option
to download the table in a .csv format (Supplementary Ta-
ble S2B). The ‘Download domain PTM coverage csv’ link
generates a table listing the position of PTMs detected with
respect to domain positioning (Supplementary Table S2C).
Note that not all PTMs are listed in this table since some
may fall outside defined protein domains.

Peptide and PTM mapping on Alpha-Fold predicted 3D
structures of matrisome proteins

In our example, users can now visualize the mapping of pep-
tides and PTMs overlaid onto the AlphaFold-predicted 3D
structure of TGM2 (Figure 4C). To do so, users can select
the option ‘Open sample data in SCV’ located at the top
of the domain-based representation of the protein queried
(Figure 4B). A set of controls located in the upper right
corner allow users to change the colors of the PTMs and
covered sequence (Figure 4C, red arrow), to rotate the 3D
structure, and to take a screenshot of the image (Figure 4C).

To allow users to evaluate the confidence of AlphaFold-
predicted structure, we are also including a link to the Al-
phaFold Protein Structure Database page of the queried
protein (Figure 4C, blue arrow; in the present example, the
link will point to https://alphafold.ebi.ac.uk/entry/P21980).
In a future release of MatrisomeDB, we will enhance this
feature by providing, when available, 3D peptide and PTM
mapping overlaid onto experimentally validated structures
of matrisome proteins retrieved from the Protein Data Bank
(30).

Of note, users can visualize peptide and PTM mapping
on 2D and 3D representations of matrisome proteins for a
given sample type (as shown in Figure 4 for TGM2 in pan-
creatic ductal adenocarcinoma xenograft samples) or for all
datasets across MatrisomeDB (‘global’ view).

FUTURE DEVELOPMENTS

With this new deployment, we more than doubled the size
of MatrisomeDB, expanding its content to nearly 40 dif-
ferent broad tissue types and including new types of sam-
ples such as aging tissues and organoids. Anticipating that
mass-spectrometry-based proteomics will remain the state-

https://alphafold.ebi.ac.uk/entry/P21980
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Figure 4. New functionalities implemented to enhance data visualization and generate new hypotheses. Using as an example protein–glutamine gamma-
glutamyltransferase 2 (TGM2, UniProt P21980) in pancreatic ductal adenocarcinoma xenograft (BxPC3) samples, we illustrate the novel functionalities
of the database. (A) External references: MatrisomeDB 2.0 provide links to (i) the Simple Modular Architecture Research Tool (SMART) providing users
with a graphic representation of the domain-based organization of the queried protein, (ii) if available, to the validated CPTAC assay(s) for targeted mass
spectrometry experiments and (iii) to the Peptide Atlas page of the queried protein. (B) Sequence coverage and PTM mapping onto the domain-based
representation of TGM2 retrieved from SMART. The control panel in the upper right corner allows for an interactive experience (red arrow). Black
arrows point to links that will generate tables including domain-level percentage of sequence coverage (Supplementary Table S2A), list of PTMs (inset and
Supplementary Table S2B) and, list of PTMs with respect to domain positioning (Supplementary Table S2C). (C) Peptide and PTM mapping onto 3D-
predicted model of TGM2 by AlphaFold using SCV. Sequence coverage is depicted in red. Regions of TGM2 not covered by any peptide in the pancreatic
ductal adenocarcinoma xenograft (BxPC3) samples are depicted in gray. In this example, we selected to display methionine, proline, and lysine oxidations
in light blue, acetylations in pink, deamidations in orange, and serine, threonine and tyrosine phosphorylations in dark blue. These colors are customizable
using the right-hand panel (red arrow). Blue arrow points to the AlphaFold Protein Structure Database page of the queried protein.
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of-the-art approach to profile, in an unbiased manner, the
composition of tissues, we will plan a future release to fur-
ther expand the content of the database to tissues or diseases
not represented yet.

In addition, beyond the standard approach of using label-
free samples and a data-dependent acquisition mode, pro-
teomics can be conducted using labeled samples, for exam-
ple to more accurately evaluate protein abundance or mul-
tiplex the analysis (62), or using data-independent acquisi-
tion (63–65). These alternate modalities are not yet broadly
applied to study the ECM, but if they became more broadly
adopted, we would envision devising a pipeline to include
such studies to MatrisomeDB.

In order to further facilitate the mining of MatrisomeDB
data, we will work towards building connections with
other ECM-related databases including MatrixDB which
reports ECM protein–protein and ECM protein–glycan
interactions (66), MatriNet which reports gene interac-
tion networks within the ECM (67), and basement mem-
braneBASE which focuses on a subset of matrisome pro-
teins forming the specialized ECM basement membrane
and provides an atlas of basement membrane components
across tissues and pathophysiological processes (68).

Over the past decade, ECM-focused proteomics has be-
come a powerful tool that allows unbiased characterization
of the ECM protein signature of healthy or diseased tissues,
making the discovery of potential prognostic biomarkers
and treatment targets attainable. It is our hope to contribute
to this effort by facilitating the re-use of existing proteomic
datasets and demonstrating how data obtained by query-
ing MatrisomeDB can be a powerful hypothesis-generating
tool.

CITING MATRISOME DB

For a general citation of MatrisomeDB, researchers should
cite this publication. In addition, the following citation for-
mat is suggested when referring to specific data obtained
from MatrisomeDB: https://matrisomedb.org.
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