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Inflammation-related
citrullination of matrisome
proteins in human cancer

Pekka Rappu*†, Ujjwal Suwal †, Elina Siljamäki and Jyrki Heino

Department of Life Technologies and InFLAMES Research Flagship Center, University of Turku,
Turku, Finland
Introduction: Protein arginine deiminases (PADs) are intracellular enzymes that

may, especially in pathological conditions, also citrullinate extracellular

substrates, including matrisome proteins such as structural proteins in

extracellular matrix (ECM). PADs are abundantly expressed in human cancer

cells. Citrullination of matrisome proteins has been reported in colon cancer

but the phenomenon has never been systematically studied.

Methods: To gain a broader view of citrullination of matrisome proteins in

cancer, we analyzed cancer proteomics data sets in 3 public databases for

citrullinated matrisome proteins. In addition, we used three-dimensional cell

cocultures of fibroblasts and cancer cells and analyzed citrullination of ECM.

Results and discussion: Our new analysis indicate that citrullination of ECM

occurs in human cancer, and there is a significant variation between tumors.

Most frequently citrullinated proteins included fibrinogen and fibronectin,

which are typically citrullinated in rheumatoid inflammation. We also

detected correlation between immune cell marker proteins, matrix

metalloproteinases and ECM citrullination, which suggests that in cancer,

citrullination of matrisome proteins is predominantly an inflammation-related

phenomenon. This was further supported by our analysis of three-dimensional

spheroid co-cultures of nine human cancer cell lines and fibroblasts by mass

spectrometry, which gave no evidence that cancer cells or fibroblasts could

citrullinate matrisome proteins in tumor stroma. It also appears that in the

spheroid cultures, matrisome proteins are protected from citrullination.

KEYWORDS

citrullination, inflammation, extracellular matrix, cancer, proteomics
Abbreviations: CAF, cancer-associated fibroblast; DMEM, Dulbecco’s modified Eagle’s medium; ECM,

extracellular matrix; GFB, gingival fibroblast; MMP, matrix metalloproteinase; PAD, protein arginine

deiminase; PSM, peptide-spectrum match; SCC, squamous cell carcinoma; SFB, skin fibroblast; TEAB,

triethylammonium bicarbonate.
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Introduction

Protein arginine deiminases 2 and 4 (PAD2 and PAD4) are

abundant calcium-dependent enzymes in cancer cells and tissues

(1, 2). In addition, PAD1 has been shown to be overexpressed in

triple-negative breast cancer (3). In murine model the inhibition

of PADs reduced liver metastasis formation by colon cancer cells

(4). However, in human colorectal carcinoma high expression

levels of nuclear PAD4 and cytoplasmic PAD2 and PAD4 have

been associated with an increase in overall survival (5). PAD2

and PAD4 both catalyze the deimination of protein associated

arginine residues, i.e., they citrullinate proteins (6). PADs are

typically intracellular enzymes that regulate the function of

proteins such as chromatin forming histones in the nucleus

and modify cellular signaling in the cytosol (1, 2).

Protein citrullination has been intensively studied in chronic

inflammation, especially in rheumatoid arthritis (7–9). Many

inflammatory cells, including neutrophils, monocytes and

macrophages, express PADs and the enzymes are released into

extracellular space with an incompletely known mechanism.

Citrullination of extracellular matrix (ECM) molecules,

especially collagens, creates new antigenic epitopes and

promotes autoimmunological responses that may play a

critical role in the pathogenesis of rheumatoid disease (7–9).

Furthermore, the deimination of arginine residues in ECM

proteins, such as collagens, fibronectin and matrix

metalloproteinases, may also affect their function as mediators

of cell adhesion and matrix remodeling (10–12). The latent

preform of transforming growth factor b (TGF-b) is bound to

ECM and is activated by an arginine-glycine-aspartic acid motif

(RGD motif) and in an integrin adhesion receptor-dependent

manner. Citrullination of the arginine residue in the RGD motif

can also prevent TGF-b activation (13). Citrullination of yet

another ECM protein, namely fibulin-5 (FBLN5), by PAD2 has

been detected in lungs of young mice where the process

promotes elastogenesis (14). Genetic ablation of PAD2 results

in attenuated elastogenesis in vitro and age-dependent

emphysema in vivo (14).

Whereas citrullination has been studied extensively in

rheumatoid arthritis (15), citrullination of matrisome proteins

in cancer has not been systematically analyzed. Matrisome

contains both ECM and ECM-associated proteins (16). One

previous report indicates that citrullination of matrisome may

have important role during the growth of liver metastasis in

colorectal cancer (4). Furthermore, protein citrullination may

also be an important source of neoantigens in cancer (17).

We have analyzed cancer proteomics data sets in public

proteomics databases PRIDE, MassIVE and CPTAC for

citrullinated ECM proteins. We show that citrullination of ECM

occurs in human cancer with a significant variation between

tumors. We also report a correlation between immune cell

marker proteins and matrisome citrullination in human tumors,
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suggesting that ECM citrullination is predominantly an

inflammation-related phenomenon in cancer. This is further

supported by our experiments utilizing spheroid cell cultures of

cancer cell lines and fibroblasts, which gave no evidence that cancer

cells or fibroblasts could citrullinate ECM proteins.
Materials and methods

Cell lines and cell culture

UT-SCC-7 (RRID : CVCL_7868) cell line was established

from surgically removed metastatic cutaneous squamous cell

carcinoma (cSCC) of the skin in Turku University Hospital, and

human head and neck SCC cell line UT-SCC-2 (RRID :

CVCL_7820) was established from primary SCC of the oral

cavity in Turku University Hospital (18, 19). UT-SCC-7, UT-

SCC-2 and HepG2 (RRID : CVCL_0027, hepatocellular

carcinoma) cells were a kind gift from Professor Veli-Matti

Kähäri (Department of Dermatology, University of Turku and

Turku University Hospital, Turku, Finland). A549 (RRID:

CVCL_0023, lung carcinoma), MDA-MB-231 (RRID :

CVCL_0062) and MCF7 (RRID : CVCL_0031) (breast

adenocarcinomas) cells were purchased from ATCC. SKOV3

(RRID : CVCL_0532) and Caov-3 (RRID : CVCL_0201)

(ovarian adenocarcinomas) cell lines were a kind gift from

Professor Klaus Elenius (Institute of Biomedicine, University

of Turku, Finland). Caco-2 (RRID : CVCL_0025, colorectal

adenocarcinoma) cells were kindly provided by Professor

Diana Toivola (Faculty of Science and Engineering, Åbo

Akademi University, Turku, Finland). Human primary

prostate cancer fibroblasts (CAF) were established as

previously described (20), and used up to passage 10. Human

primary gingival fibroblasts (GFB) were purchased from ATCC

and used up to passage 10. Primary human adult skin fibroblasts

(SFB) were from the cell line collection of the Medical

Biochemistry/the University of Turku and a kind gift from

Professor Risto Penttinen. The fibroblasts were from male

donor aged 24 years and they were used up to passage 12.

A549, SKOV3, Caov-3, MDA-MB-231, MCF7, Caco-2 and

HepG2 cell lines were authenticated by short tandem repeat

DNA profiling. Genotyping was performed by the Institute for

Molecular Medicine Finland FIMM Technology Centre,

University of Helsinki.

All cell lines were grown in Dulbecco’s modified Eagle’s

medium (DMEM with 4.5 g/L glucose; 12-614F, Lonza)

supplemented with 10% fetal calf serum (FCS), L-glutamine (6

nmol/L), penicillin (100 U/ml) and streptomycin (100 mg/ml). 1 x

MEM non-essential amino acids (11140-035, Gibco) were added to

UT-SCC-7 and UT-SCC-2 medium. All cell lines were routinely

tested to be negative for mycoplasma contamination using

MycoAlert PLUS Mycoplasma Detection Kit (LT07-710, Lonza).
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3D spheroid cultures and hypotonic lysis
for mass spectrometric analyses

The information below on spheroid preparation and growth

conditions is based on MISpheroID recommendations (21). 3D

spheroids were made in micro-molds according to the

manufacturer’s instructions (MicroTissues 3D Petri Dish micro-

mold spheroids, Sigma-Aldrich) with 2.5 × 105 cells in one mold

(monocultures; 7000 cells/spheroid) or 5.0 × 105 cells in one mold

(cocultures; 14 000 cells/spheroid). In cocultures the cell ratio was

1:1 (cancer cells and fibroblasts, respectively). The spheroids were

grown in serum-free DMEM medium for 5 days at 37°C in an

incubator environment of 20% O2 and 5% CO2. Ascorbic acid (50

µg/ml) was added daily. The spheroids were washed out from the

molds with hypotonic lysis buffer (10 mM Tris-HCl pH 7.4, 1 mM

EDTA pH 8.0, 10 µg/ml DNase I (DN25, Sigma-Aldrich)) and

collected into Eppendorf tubes. The spheroids were then washed

twice with hypotonic lysis buffer and centrifuged between washes 2

min/1000 x g. After that, the spheroids were incubated with

hypotonic lysis buffer o/n in +4 °C in a rotator. The next day,

spheroids were washed twice with hypotonic lysis buffer as

described above. The pellets were frozen in -20 °C for further

mass spectrometric analysis.
PAD4 treatment for 3D spheroids

The spheroids were grown in micro-molds for 6 days as

described above. Ascorbic acid (50 µg/ml) was added daily. The

spheroids were washed out from themolds with citrullination buffer

(40 mM Tris-HCl pH 7.4, 5 mM CaCl2, 150 mM NaCl) and

collected into Eppendorf tubes. The spheroids were washed twice

with citrullination buffer and centrifuged between washes 2 min/

1000 x g. Next, PAD4 (SAE0086, Sigma-Aldrich; 2 units/sample in

citrullination buffer) was added to the spheroids and incubated 2h/

+37 °C. Control samples were treated with citrullination buffer only.

The spheroids were then washed twice with hypotonic lysis buffer

and centrifuged between washes 2 min/1000 x g. After that, the

spheroids were incubated with hypotonic lysis buffer o/n in +4 °C in

a rotator. The next day, spheroids were washed twice with

hypotonic lysis buffer and centrifuged between washes 2 min/

1000 x g. The pellets were frozen in -20°C for further mass

spectrometric analysis.
Sample preparation for mass spectrometry

The hypotonically lysed pellets were resuspended in 50

mM triethylammonium bicarbonate (TEAB), 5% SDS, pH

7.5. The dissolved samples were then clarified at 13,000g for 8
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minutes. Each sample was digested in an S-Trap micro

column (ProtiFi, USA) according to the standard protocol

provided by the manufacturer. Briefly, the proteomic mixture

in the supernatant was reduced with 20 mM dithiothreitol at

95°C for 20 minutes and then at 60°C for 2 hours. The

reduced proteins were alkylated with 40 mM iodoacetamide

in dark for 30 minutes. The samples were then treated with 50

mM TEAB, 5% SDS, 7.5 M urea, pH 7.5 to solubilize the

matrisome proteins. These ECM solubilized samples were

acidified with 1.2% aqueous phosphoric acid and mixed with

6× volumes of 90% methanol, 100 mM TEAB, pH 7.1 (S-Trap

binding buffer). A protein solution of 200 µl at a time was

loaded onto the filter of the S-Trap micro column and

centrifuged at 4000×g for 30 seconds. The flow-through was

discarded each time and the samples were washed 9 times

with the S-Trap binding buffer. Proteins trapped in the S-

Trap column were digested with Trypsin/Lys-C Mix

(Promega, USA) at 47°C for 1 hour at a protein-to-enzyme

ratio of 1:25 (w/w). The digested peptides were eluted with

buffers in order: 50 mM TEAB pH 8.0, 0.2% aqueous formic

acid, and 50% acetonitrile/0.2% aqueous formic acid. The

eluted fractions were pooled, SpeedVac (Thermo Fisher

Scientific, USA) dried, and desalted with C18 tips (Empore,

USA). Finally, the desalted peptides were again SpeedVac

dried and dissolved in 0.1% formic acid for liquid

chromatography-mass spectrometry analysis.
Liquid chromatography-tandem
mass spectrometry

The peptide analysis was performed using a nanoflow HPLC

system (Easy-nLC1000, Thermo Fisher Scientific) coupled with a Q

Exactive HF mass spectrometer (Thermo Fisher Scientific). The

peptide mixture was separated using a 15cm C18 column (75 µm ×

15 cm, ReproSil-Pur 3 µm 200 Å C18-AQ, Dr. Maisch HPLC

GmbH, Ammerbuch-Entringen, Germany) with a gradient

consisting of solvents A (0.1% formic acid) and solvent B

(acetonitrile/water (95:5(v/v)) with 0.1% formic acid) from 8–35%

B in 50 minutes, 35-100% B in 2 minutes and held at 100% B for 8

minutes. A full mass scan was acquired over the m/z range of 300-

1750 at a resolution of 120,000 with a maximum allowed injection

time of 50 milliseconds followed by data dependent acquisition of

isolation window of 2.0 m/z and dynamic exclusion time of 20

seconds. The top 12 intense peaks from full scan were fragmented

with higher-energy collisional induced dissociation and scanned

over the m/z range of 200-2000m/z at a resolution of 15,000. A new

survey scan of the full mass spectrum was initiated after the

completion of the fragmentation scan, and the process was

repeated until the end of the gradient run.
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Data analysis

Raw mass spectrometry data of different cancers and normal

tissues were collected from PRIDE (https://www.ebi.ac.uk/pride/),

MassIVE (https://massive.ucsd.edu/ProteoSAFe/static/massive.

jsp) and CPTAC (https://cptac-data-portal.georgetown.edu/)

databases (Table 1). All data had been acquired using liquid

chromatography-coupled tandem mass spectrometry with data

dependent acquisition and QExactive, Orbitrap Lumos or LTQ

Orbitrap mass spectrometers.

Proteome Discoverer 2.4 (Thermo Scientific) with MS

Amanda 2.0 search engine (39) was used to analyze all raw

data, including in-house generated, against Human reviewed

Uniprot sequences including isoforms (release 2020_02).

Trypsin-digested peptides with a maximum of 3 missed

cleavages were allowed. Parent ion tolerance of 5 ppm and

product ion tolerance of 0.02 Da (for data from QExactive or

Orbitrap Lumos) or 0.2 Da (for data from LTQ Orbitrap) were
Frontiers in Oncology 04
allowed. Oxidation (K, M, P) and deamidation (N, Q, R) were set

as dynamic modifications. With raw data from TMT or iTRAQ

labeled samples, dynamic modification with TMT or iTRAQ

label (N-terminus, K) was added. Carbamidomethylation (C)

was set as a static modification. Only the peptide spectrum

matches (PSMs) with concatenated target-decoy database

search-derived false discovery rate below 0.05 were included.

From the potentially citrullinated PSMs, those with C-

terminal citrulline were removed, and the spectra matching to

matrisome protein-derived peptides according to the human

matrisome protein list at http://matrisomeproject.mit.edu (40)

were manually inspected and validated. Only the spectra with at

least one b or y ion (from collision-induced dissociation) or c or

z ion (from electron-transfer dissociation) peak matching to

citrullinated peptide fragment with or without neutral loss of

isocyanic acid from citrulline residue (-43 Da) were included.

Citrullination was determined invalid if (i) citrullination could

not be distinguished from N or Q deamidation or (ii) peptide
TABLE 1 Publicly available datasets analyzed in this study.

Sample sourcea Number of patientsb Database Study ID

Colorectal cancer, patient A ECM 1 MassIVE MSV0000785555 (22)

Colorectal cancer, patient B ECM 1 MassIVE MSV0000785555 (22)

Colorectal cancer, patient C ECM 1 MassIVE MSV0000785555 (22)

Normal colon #1 ECM 1 MassIVE MSV0000785555 (22)

Normal colon #2 ECM 1 MassIVE MSV0000785555 (22)

Normal colon #3 ECM 1 MassIVE MSV0000785555 (22)

Breast cancer ECM 1 PRIDE PXD005554 (23)

Breast cancer 3 CPTAC PDC000174 (24)

Colorectal cancer 1 CPTAC PDC000111 (25, 26)

Hepatocellular carcinoma 5 CPTAC PDC000198 (27)

Clear cell renal cell carcinoma 5 CPTAC PDC000127 (28)

Lung adenocarcinoma 4 CPTAC PDC000153 (29)

Ovarian serous cystadenocarcinoma 3 CPTAC PDC000113 (30)

Uterine corpus endometrial carcinoma 6 CPTAC PDC000125 (31)

Liver metastasis of colorectal cancer, patient #1 1 PRIDE PXD005709 (32)

Liver metastasis of colorectal cancer, patient #2 1 PRIDE PXD005709 (32)

Liver metastasis of colorectal cancer, patient #3 1 PRIDE PXD005709 (32)

Liver metastasis of colorectal cancer, patient #4 1 PRIDE PXD005709 (32)

Liver metastasis of colorectal cancer, patient #5 1 PRIDE PXD005709 (32)

Liver metastasis of colorectal cancer, patient #6 1 PRIDE PXD005709 (32)

Liver metastasis of colorectal cancer, patient A ECM 1 MassIVE MSV0000785555 (22)

Liver metastasis of colorectal cancer, patient B ECM 1 MassIVE MSV0000785555 (22)

Liver metastasis of colorectal cancer, patient C ECM 1 MassIVE MSV0000785555 (22)

Lymph node metastasis of melanoma 1 PRIDE PXD001724 (33)

Plasma (healthy female) 1 PRIDE PXD007884 (34)

Glioblastoma 10 CPTAC PDC000204 (35)

Normal brain 1 PRIDE PXD010154 (36)

Head and neck squamous cell carcinoma 10 CPTAC PDC000221 (37)

Lung squamous cell carcinoma 5 CPTAC PDC000234 (38)
aIf indicated, the sample has been specifically enriched for ECM proteins.
bTMT or iTRAQ labelled and pooled, if more than one patient. In the case of CPTAC studies, a subset of patient samples was analysed.
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mass had been erroneously calculated from second isotopic peak

instead of monoisotopic peak of precursor ion or (iii) all

citrullinated peptide fragments could be matched to a second

isotopic peak of the same but unmodified fragments or (iv) the

retention time was similar or shorter than that of identical

unmodified peptide or (v) the citrullinated peptide was the

only peptide matching to the corresponding protein or (vi) the

peptide contained also unlikely modifications (such as

hydroxylation of K or P in non-collagenous proteins).

Quantitation of TMT-labeled subset of CPTAC colon

adenocarcinoma dataset PDC000116 was done by using

MaxQuant, version 1.6.10.43 (41).
Statistical analysis

Correlation analysis was performed using SPSS Statistics

(version 26, IBM). GOnet tool at https://tools.dice-database.org/

GOnet/ (42) was used for gene ontology classification.
Data availability

The mass spectrometry proteomics data generated in this

study have been deposited to the ProteomeXchange Consortium

via the PRIDE (43) partner repository with the dataset identifier

PXD033555 and 10.6019/PXD033555. Accession information of

publicly available data analyzed in this study can be found in

Table 1. All other data in this article are available by contacting the

corresponding author on reasonable request.
Results

Setting the criteria for the detection of
citrullinated matrisome proteins by
mass spectrometry

Citrullination of an arginine residue causes 0.98 Da mass

increase, which can be detected by mass spectrometry. However,

the risk to falsely interpret a peptide as citrullinated is high. The

mass shift caused by citrullination is identical to that of

spontaneous deamidation of asparagine or glutamine. Thus, it

is crucial to include deamidation of asparagine and glutamine

along with citrullination as variable modifications in the

database search. We also included oxidation of proline and

lysine as variable modifications, since we were specifically

interested in matrisome proteins, including collagens. We used

several criteria for rejecting the spectra matching to citrullinated

peptides (Figure 1).
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After initial database search and selection of peptide-

spectrum matches (PSMs) with false discovery rate less than

0.01, we categorically rejected the PSMs with C-terminal

citrullination. It has been shown that trypsin is about 105

times slower in hydrolyzing benzoyl-L-citrulline-methyl ester

than benzoyl-L-arginine methyl ester (44). Therefore, it is

reasonable to assume that citrullination leads to missed

cleavage, and thus the presence of citrulline residue in the

peptide C- terminus would be possible only in C-terminal

peptides derived from proteins with C-terminal arginine.

Since our focus was in matrisome proteins, we included only

the spectra matching to proteins listed in the matrisome database

(http://matrisomeproject.mit.edu). The relatively low number of the

remaining spectra allowed us to carefully examine them manually.

Citrullination was determined invalid if it could be confused with

deamidation of asparagine or glutamine. Moreover, since the mass

shift of one citrullination (0.98 Da) is close to mass of neutron (1.01

Da), the search program occasionally determined the second

isotopic peak as monoisotopic peak, leading to false identification

of citrullinated peptide. We also noticed that the fragmentation

spectra contained second (and third) isotopic peaks of the b and y

ions, and occasionally the search program interpreted the second

isotopic peak as a monoisotopic peak, leading to falsely detected

citrullination. This together with erroneous determination of

monoisotopic precursor peak or confusing with deamidation

could result in false identification of citrullinated peptide by the

database search.

Citrullination increases hydrophobicity of the peptide

leading to longer retention time compared to the identical

unmodified peptide. Moreover, deamidation of asparagine or

glutamine causes smaller shift of retention time compared to

that of citrullination (45). Thus, we determined citrullination

invalid if the retention time of the identical unmodified peptide

was similar or shorter.

It is a common practice and recommended by e.g., in the

guidelines of Molecular and Cellular Proteomics journal (https://

www.mcponline.org/mass-spec-guidelines) in mass spectrometry-

based proteomics that a protein is determined as identified only if it

has at least two peptide identifications. Therefore, we did not accept

spectra that matched to a protein with no other peptide

identifications. In addition, we rejected the spectra that matched

to a peptide containing unlikely modifications such as proline

hydroxylation in a non-collagenous protein.

Fragmentation by collision-induced dissociation causes

neutral loss of isocyanic acid (43 Da) from citrullinated

peptide. Although peaks representing y and b ions with 43 Da

loss can be frequently seen in the fragmentation spectra of

citrullinated peptides, this is not always the case (45).

Therefore, we decided not to include the absence of neutral

loss of 43 Da as a criterion of falsely determined citrullination.
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Citrullination of matrisome proteins
can occasionally be detected in
human tumors

To study the abundance of ECM citrullination in human

tumors, we analyzed cancer proteomics data sets in PRIDE,

MassIVE and CPTAC (Supplementary Tables 1, 2) for

citrullination of matrisome proteins. The data sets contained

both pooled cancer samples and samples derived from

individual patients (Table 1). Citrullinated matrisome proteins

were detected in 16 out of 24 cancer related data sets and in 3 out

of 5 data sets of normal tissue samples. However, only in three

data sets the relative citrullination of matrisome proteins was

higher than 4%. These data sets represented a liver metastasis

from one patient with a colorectal cancer, CPTAC glioblastoma

and CPTAC head and neck squamous cell carcinoma samples

(Figure 2). Thus, the conclusion was that although small

numbers of citrullinated matrisome proteins can be detected

in many tumors, it is a relative rare phenomenon. Still some

tumors may contain higher numbers of citrullinated matrisome

proteins, and in these cases, it is also possible to speculate that

citrullination contributes to pathogenic mechanisms. The most
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often citrullinated matrisome protein was fibrinogen alpha chain

(FGA; Table 2). Citrullinated peptides derived from FGA were

found in 14 out of 29 data sets (Table 2). Previously,

c i trul l ination of fibrinogen has been connected to

inflammatory diseases, such as rheumatoid arthritis (11, 46).

Other most frequently citrullinated matrisome proteins included

coagulation factor II (F2, thrombin; 9/29 data sets), cathepsin G

(CTSG), fibronectin 1 (FN1), and periostin (POSTN, osteoblast

specific factor) (7/29 data sets; Table 2). Citrullination of

fibronectin is also an abundant phenomenon in inflammation

(11, 46–48).
Cancer cells do not promote
citrullination of matrisome proteins in
spheroid cell cultures

Our analysis of cancer proteomics data sets revealed that

some malignant tumors seem to contain significant numbers of

citrullinated matrisome proteins. However, it is unclear which

cells in the tumor are required for citrullination. To investigate

this, we used three-dimensional spheroid-type cell cultures that
A B

FIGURE 1

Selection of citrullinated matrisome PSMs. (A) A decision tree to accept citrullinated PSMs. (B) Example of MS/MS spectra matching to
unmodified (top), N-deamidated (middle) and citrullinated (bottom) peptide GDFSSANNRDNTYR of fibrinogen alpha chain from CPTAC lung
adenocarcinoma dataset. Although the m/z values of the citrullinated and deamidated precursors are nearly identical, citrullination (r) can be
distinguished from deamidation (n). In the bottom spectrum, the existence of y ions 2 to 6 along with b ions 7 and 8 leads to a conclusion that
the m/z value of the y7 ion can only be due to citrullination. Retention time (RT) differences with unmodified and deamidated forms give even
further evidence for citrullination.
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are widely used in in vitro studies focused on stromal

interactions in cancer (49). When cancer cells are cocultured

with fibroblasts the basic composition of ECM is quite similar as

in the corresponding tumors (20). In a spheroid most of the
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ECM proteins are produced by fibroblasts, whereas cancer cells

have usually a minor contribution only (20). Here we used eight

different human cancer cell lines, namely SKOV3 and Caov3

(ovarian adenocarcinoma), A549 (lung carcinoma), MDA-MB-
TABLE 2 Most frequently citrullinated matrisome proteins.

Gene Symbol Protein name Uniprot ID Divisiona Categorya Citrullination frequencyb

FGA fibrinogen alpha chain P02671 Core matrisome ECM Glycoproteins 14

F2 coagulation factor II (thrombin) P00734 Matrisome-associated ECM Regulators 9

CTSG cathepsin G P08311 Matrisome-associated ECM Regulators 7

FN1 fibronectin 1 P02751 Core matrisome ECM Glycoproteins 7

POSTN periostin, osteoblast specific factor Q15063 Core matrisome ECM Glycoproteins 7

KNG1 kininogen 1 P01042 Matrisome-associated ECM Regulators 6

FGB fibrinogen beta chain P02675 Core matrisome ECM Glycoproteins 5

ITIH4 inter-alpha (globulin) inhibitor H4 Q14624 Matrisome-associated ECM Regulators 5

VTN vitronectin P04004 Core matrisome ECM Glycoproteins 5

HSPG2 heparan sulfate proteoglycan 2 P98160 Core matrisome Proteoglycans 4

PLG plasminogen P00747 Matrisome-associated ECM Regulators 4

A2M alpha-2-macroglobulin P01023 Matrisome-associated ECM Regulators 3

AMBP alpha-1-microglobulin/bikunin precursor P02760 Matrisome-associated ECM Regulators 3

ANXA6 annexin A6 P08133 Matrisome-associated ECM-affiliated Proteins 3

COL6A3 collagen, type VI, alpha 3 P12111 Core matrisome Collagens 3

ELANE elastase, neutrophil expressed P08246 Matrisome-associated ECM Regulators 3

ITIH2 inter-alpha (globulin) inhibitor H2 P19823 Matrisome-associated ECM Regulators 3

VWA3B von Willebrand factor A domain containing 3B Q502W6 Core matrisome ECM Glycoproteins 3
aClassification according to the Matrisome Project (http://matrisomeproject.mit.edu).
bNumber of datasets (total of 29) containing spectra matching to citrullinated peptide(s).
FIGURE 2

Citrullination of matrisome in various cancer and normal tissue samples. Raw data was obtained from public repositories (Table 1) and searched
against Human Uniprot sequences including isoforms. The results were filtered to include only the citrullinated spectra matching to matrisome
proteins. Only those citrullinated matrisome PSMs were accepted that passed the criteria presented in Figure 1. Relative citrullination was
calculated by dividing the number of citrullinated matrisome PSMs/proteins with all detected matrisome PSMs/proteins in the sample.
Matrisome protein was defined as citrullinated if it had at least one citrullinated PSM. As indicated, some datasets are from samples specifically
enriched for ECM proteins.
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231 and MCF7 (breast adenocarcinoma), UT-SCC2 (head and

neck squamous cell carcinoma), Caco2 (colon adenocarcinoma),

and HepG2 (hepatocellular carcinoma), which were cocultured

(1:1) with human cancer associated fibroblasts (CAF). Spheroids

were grown for 5 days in serum-free medium. Ascorbic acid (50

µg/ml) was added daily to allow the synthesis of proper,

hydroxyproline and hydroxylysine containing collagen. After

lysis of the spheroids, the proteins in the insoluble fraction were

isolated and digested, and the resulting peptides were analyzed

by mass spectrometry. We could not recognize any citrullinated

peptides derived from ECM proteins (Table 3). Thus, we

concluded that factors derived from cancer cells or fibroblasts

may not be responsible for extracellular citrullination in tumors.

In another set of experiments, we used a ninth cancer cell

line, UT-SCC-7 cutaneous squamous cell carcinoma cells,

together with human skin fibroblasts (SFB) and UT-SCC-2

cells together with gingival fibroblasts (GFB) in spheroid

cocultures. Spheroids were grown for 6 days in serum-free

medium. Ascorbic acid was added daily. When ECM protein

related peptides were analyzed by mass spectrometry, we did not

identify any citrullinated peptide derived from matrisome

proteins (Table 4).

We also treated the spheroids with PAD4 to enzymatically

citrullinate ECM proteins in vitro. We could not detect any

citrullinated matrisome-derived peptides after PAD4 treatment,

except for one peptide derived from fibroblast growth factor

binding protein 1 (FGFBP1), which is not an integral part of

ECM (Table 4). We could detect from two- to seven-fold

increase in the number of spectra matching to citrullinated

non-matrisome-derived peptides after enzymatic citrullination

(Table 4), which indicates that PAD4 had functioned as

expected. Classification of the citrullinated proteins in PAD4-

treated spheroids by selected cellular compartment (CC) gene

ontology terms using GOnet Tool (https://tools.dice-database.

org/GOnet/) revealed that most of the citrullinated non-

matrisome derived peptides in PAD4-treated spheroids were

intracellular (Supplementary Figure S1), which suggests that

externally added PAD4 had citrullinated proteins derived from
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degraded or necrotic cells, which are common in spheroid

cultures. The fact that externally added PAD4 could not

citrullinate matrisome proteins in spheroids is in disagreement

with the fact that PADs can citrullinate e.g., structural ECM

proteins in chronic inflammation. However, at the site of

inflammation ECM is often intensively degraded by proteolytic

enzymes, such as matrix metalloproteinases (MMPs), and the

intact matrix in spheroids may protect matrisome proteins

against PAD4.
Citrullination of matrisome proteins in
tumors correlates with the presence of
inflammatory cells

Our observations based on spheroid cell cultures failed to

find any evidence that cancer cells or stromal fibroblasts could

actively citrullinate matrisome proteins. Previously,

citrullination of extracellular proteins has been well described

during chronic inflammation (9). Inflammatory cells are also

frequently found in malignant tumors. Furthermore, some of the

proteins that we found to be most frequently citrullinated in

cancer data sets, e.g., fibrinogen and fibronectin, are often

citrullinated in inflammation (11, 46). Thus, it is reasonable to

speculate that the citrullination of matrisome proteins in cancer

may also be due to PADs released by inflammatory cells. To test

this hypothesis in the case of colorectal cancer that has been

suggested to be dependent on citrullination for metastatic

growth (4), we selected only the experiments where several

primary or metastatic colorectal cancer samples had been

analyzed individually (22). The data from these samples

contained spectra matching to inflammation-related proteins,

such as PAD enzymes, MMPs (MMP1, MMP2, MMP7, MMP8,

MMP9, MMP11, MMP12, MMP14, MMP19 and MMP23) and

also inflammatory cell-specific receptors, namely leukocyte

integrins. We found a statistically significant correlation

between citrullinated matrisome PSMs and PAD2 + PAD4

PSMs (p=0.03), between citrullinated matrisome PSMs and
TABLE 3 Number of spectra matching to citrullinated or to all peptides obtained from the mass spectrometric analysis of spheroid cocultures of
cancer cell lines and CAFs.

Spheroid culture All PSMs Citrullinated PSMs Matrisome PSMs Citrullinated matrisome PSMs

SKOV3 + CAF 23766 71 1808 0

A549 + CAF 23324 41 775 0

MDA-MB-231 + CAF 22668 35 1874 0

Caov3 + CAF 20869 43 849 0

UT-SCC-2 + CAF 19742 28 1231 0

CaCo2 + CAF 24531 35 898 0

MCF7 + CAF 23963 66 1714 0

HepG2 + CAF 23596 47 2276 0

CAF 21913 31 1978 0
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MMP PSMs (p=0.004) and between citrullinated matrisome

PSMs and leukocyte integrin PSMs (p=0.03) (Figure 3A).

Specifically, it appears that an exceptionally high citrullination

level is connected to high level of inflammation markers.
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To confirm that the relation between citrullination and

inflammation markers is not restricted to only one dataset, we

analyzed a subset of tumor tissue samples (n = 22) of CPTAC

colon adenocarcinoma dataset PDC000116 (50) for
A

B

FIGURE 3

Relation between citrullination of matrisome and selected inflammation markers. (A) Metastatic and tumor samples of colorectal cancer patients
(20). Relative citrullination was calculated by dividing the number of citrullinated matrisome PSMs with all detected matrisome PSMs in the
sample (n = 12). Sum of PSMs of PAD2 and PAD4, all detected matrix metalloproteins (MMPs) or all detected leukocyte integrins (ITGAM, ITGAX,
ITGB2) was divided by the number of all matrisome PSMs in the sample. (B) Subset of CPTAC colon adenocarcinoma dataset containing only
tumor tissue samples (n = 22). Relative citrullination intensity was calculated by dividing median intensity of citrullinated PSMs with median
intensity of matrisome PSMs in the sample. Median intensity of PSMs of PAD2 and PAD4, all detected matrix metalloproteins (MMPs) or all
detected leukocyte integrins (ITGAM, ITGAX, ITGB2) was divided by the median intensity of all matrisome PSMs in the sample. r, Pearson
correlation coefficient; rs, Spearman correlation coefficient; P, two-tailed P-value.
TABLE 4 Number of spectra matching to citrullinated or to all peptides obtained from the mass spectrometric analysis of spheroid co-cultures of
cutaneous squamous cancer cell lines and human fibroblasts with or without PAD4 treatment before lysis.

Spheroid culture Treatment All PSMs Citrullinated PSMs Matrisome PSMs Citrullinated matrisome PSMs

GFB Control 11025 14 1119 0

GFB PAD4 17144 88 1382 0

GFB + UT-SCC-2 Control 25374 15 1217 0

GFB + UT-SCC-2 PAD4 23394 110 1155 0

SFB Control 14429 11 1903 0

SFB PAD4 16220 20 1902 0

SFB + UT-SCC-7 Control 23553 18 1681 0

SFB + UT-SCC-7 PAD4 24726 87 2009 1
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citrullination and used MaxQuant software (41) to quantitate

the TMT labelled samples. In this subset, the samples with high

citrullination level had also high level of leukocyte integrins and

MMPs (Figure 3B). There seemed to be no clear relation between

citrullination and PADs, which may be explained by the fact

that, unlike the samples in Figure 3A, CPTAC samples have not

been enriched for ECM and thus contain also intracellular

PADs. Nevertheless, these results suggest that in malignant

tumors citrullination of matrisome proteins is associated to

inflammation-related release of PADs and matrix degradation

rather than direct action of cancer cells or stromal fibroblasts.

Furthermore, the level of citrullination varies substantially

between metastasis samples of colorectal cancer (Figure 2),

which further support the idea that citrullination is a side

effect of inflammation rather than a prerequisite for

metastatic growth.
Discussion

Post-translational modifications (PTMs), such as

citrullination, have the potency to increase the structural and

functional diversity of ECM proteins and fibrils (51).

Furthermore, autoantibodies against citrullinated epitopes in

proteins, including matrisome proteins, are a hallmark of

rheumatoid disease (52). These antibodies may sustain

inflammation and target it to ECM-rich tissues, e.g., cartilage

(52). In tumors, transformed cancer cells actively interact with

many other cell types and ECM, but the putative citrullination of

matrisome proteins in human cancer has generated much less

interest than in inflammation. The new analysis of cancer

proteomics data sets in PRIDE, MassIVE and CPTAC

indicates that large-scale citrullination of matrisome proteins

in tumors is not a common phenomenon. Still, in some data sets

it is possible to find citrullinated matrisome PSMs suggesting

that in these cases protein citrullination may be a source of

neoantigens (17).

Previously, citrullination of matrisome proteins has been

reported in metastatic colon cancer (4). Detection of

citrullinated PSMs by mass spectrometry has several pitfalls

and it is critical to check what criteria have been used when

citrullination has been analyzed. The most obvious criteria are

the spectrum quality, correct monoisotopic ion determination

and distinction from deamidation of N or Q, and we have

included these to our criteria, too. Yuzhalin et al. (4) used an

unrestricted modification search strategy where all theoretical

modifications are searched simultaneously (53). However, since

the frequency of false positives increases with the number of

modifications searched (54), using this strategy can potentially

increase the probability of false identification of citrullinated

peptide and result in erroneous detection of citrullinated

peptides with unlikely additional modifications. Therefore,

here we have used only oxidation of M (common spontaneous
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modification), deamidation of N and Q (common spontaneous

modification with the same mass shift as that of citrullination)

and hydroxylation of P, and K (common modifications in

collagenous proteins) along with citrullination as variable

modifications in the database search. In addition, given that

the number of spectra matching to a citrullinated peptide is

considerably lower than the number of spectra matching to an

unmodified peptide of the same protein, we have rejected all

spectra matching to a citrullinated peptide with unlikely

additional modifications or to a protein having no other

evidence of identification. We have also exploited the fact that

citrullination increases hydrophobicity leading to a longer

retention time (4245) and rejected the citrullinated PSMs that

have similar or shorter retention time as their non-citrullinated

counterparts. Lee et al. (55), who conducted a large-scale mining

of deep proteomic data of 30 human tissues, used also the

neutral loss of isocyanic acid as a criterion of citrullination.

However, we decided not to include it to our criteria, since the

peak of this ion is not always visible in tandem mass spectra of

citrullinated peptides (45).

PAD enzymes are expressed in cancer cells, and their main

substrates are intracellular proteins. The mechanism of

citrullination of extracellular proteins by PADs is not known

very well. It is possible that cells have some mechanism to release

PADs to interstitial space, either directly or in exosomes or

extracellular vesicles (56, 57). In cancer, cell death and

degradation are also quite common mechanisms that may

explain the interaction of extracellular proteins with

intracellular enzymes. Inflammatory cells are also known to

release PADs. One possible mechanism is related to neutrophil

extracellular traps (NETs). NETs are web-like structures of

chromatin decorated with a variety of other proteins. PADs

have been connected to the formation of NETs that are released

by neutrophils in a process called NETosis (58). Interestingly,

NETs have been detected in e.g., colon cancer and they may

participate in processes such as mesenchymal-epithelial

transition (59). Our conclusion that the citrullination of

matrisome proteins in cancer is mainly related to

inflammation is based on the following facts: Firstly, analysis

of cancer proteomics data sets revealed that many of the most

frequently citrullinated matrisome proteins, such as fibrinogen

and fibronectin, are also abundantly citrullinated in e.g., synovial

fluid in rheumatoid disease (11). Secondly, we could not detect

cancer cell or fibroblast associated citrullination in a three-

dimensional spheroid cell culture system that in many ways

mimics tumor microenvironment (60). Finally, citrullination of

matrisome proteins in tumors significantly correlated with the

presence of leukocyte specific receptors.

In our cell culture experiments the treatment of spheroids

with PAD4 led to the increased citrullination of intracellular

proteins. The fact that spheroids also contain dead and dying

cells may explain this phenomenon, since the intracellular

proteins released after cell death are susceptible for
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citrullination by externally added PAD4. Furthermore, the result

suggests that PADs released by inflammatory cells may also

citrullinate proteins of intracellular origin. Importantly, the

citrullinated forms of intracellular proteins, such as a-enolase
(61) and nucleophosmin (62) are potential targets in

cancer immunotherapy.

Citrullination of matrisome proteins may also affect their

function. Arginine residues are often located at the critical

protein–protein interaction sites (11). A good example is that

integrin family cell adhesion receptors can recognize motifs such

as RGD in fibronectin and fibrinogen and triple helical GFOGER

(O=hydroxyproline) in collagens. Integrins mediate the

anchorage of cells to ECM and orchestrate chemical and

mechanical signal transduction that may play critical role in

the regulation of cancer cell behavior. Interestingly, we could

detect citrullination of an additional integrin ligand, periostin. In

cancer periostin has been associated with the regulation of cell

survival, invasion, angiogenesis, metastasis, and the epithelial-

mesenchymal transition (63, 64). We also identified citrullinated

peptides of basement membrane-specific heparan sulfate

proteoglycan core protein (HSPG2). Angiostatic activity of

endorepellin, which is a C-terminal module of HSPG2, has

been shown to be mediated by integrin interaction (65).

To conclude, our results indicate that in human cancer,

inflammation promotes citrullination of matrisome proteins.

Citrullination has the potency to affect protein function and

create neoantigens, and consequently modify the cancer-related

cellular processes.
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Citrullination in the pathology of inflammatory and autoimmune disorders: recent
advances and future perspectives. Cell Mol Life Sci 2022 792 (2022) 79(2):1–20.
doi: 10.1007/S00018-022-04126-3

10. Boon L, Ugarte-Berzal E, Martens E, Fiten P, Vandooren J, Janssens R, et al.
Citrullination as a novel posttranslational modification of matrix
metalloproteinases.Matrix Biol (2021) 95:68–83. doi: 10.1016/j.matbio.2020.10.005

11. Sipilä KH, Ranga V, Rappu P, Mali M, Pirilä L, Heino I, et al. Joint
inflammation related citrullination of functional arginines in extracellular
proteins. Sci Rep (2017) 7(1):8246. doi: 10.1038/s41598-017-08597-4

12. Sipilä K, Haag S, Denessiouk K, Käpylä J, Peters EC, Denesyuk A, et al.
Citrullination of collagen II affects integrin-mediated cell adhesion in a receptor-
specific manner. FASEB J (2014) 28(8):3758–68. doi: 10.1096/fj.13-247767

13. Sipilä KH, Ranga V, Rappu P, Torittu A, Pirilä L, Käpylä J, et al.
Extracellular citrullination inhibits the function of matrix associated TGF-b.
Matrix Biol (2016) 55:77–89. doi: 10.1016/j.matbio.2016.02.008

14. Sun B, Tomita B, Salinger A, Tilvawala RR, Li L, Hakami H, et al. PAD2-
mediated citrullination of fibulin-5 promotes elastogenesis. Matrix Biol (2021)
102:70–84. doi: 10.1016/j.matbio.2021.07.001

15. Fert-Bober J, Darrah E, Andrade F. Insights into the study and origin of the
citrullinome in rheumatoid arthritis. Immunol Rev (2020) 294(1):133–47.
doi: 10.1111/IMR.12834

16. Hynes RO, Naba A. Overview of the matrisome–an inventory of
extracellular matrix constituents and functions. Cold Spring Harb Perspect Biol
(2012) 4(1):a004903. doi: 10.1101/CSHPERSPECT.A004903

17. Katayama H, Kobayashi M, Irajizad E, Sevillarno A, Patel N, Mao X, et al.
Protein citrullination as a source of cancer neoantigens. J Immunother Cancer
(2021) 9(6):e002549. doi: 10.1136/JITC-2021-002549

18. Junttila MR, Ala-Aho R, Jokilehto T, Peltonen J, Kallajoki M, Grenman R,
et al. p38a and p38d mitogen-activated protein kinase isoforms regulate invasion
and growth of head and neck squamous carcinoma cells. Oncogene 2007 2636
(2007) 26(36):5267–79. doi: 10.1038/sj.onc.1210332

19. Stokes A, Joutsa J, Ala-aho R, Pitchers M, Pennington CJ, Martin C, et al.
Expression profiles and clinical correlations of degradome components in the
tumor microenvironment of head and neck squamous cell carcinoma. Clin Cancer
Res (2010) 16(7):2022–35. doi: 10.1158/1078-0432.CCR-09-2525

20. Ojalill M, Rappu P, Siljamäki E, Taimen P, Boström P, Heino J. The
composition of prostate core matrisome in vivo and in vitro unveiled by mass
spectrometric analysis. Prostate (2018) 78(8):583–94. doi: 10.1002/pros.23503

21. Peirsman A, Blondeel E, Ahmed T, Anckaert J, Audenaert D, Boterberg T,
et al. MISpheroID: a knowledgebase and transparency tool for minimum
information in spheroid identity. Nat Methods (2021) 18(11):1294–303.
doi: 10.1038/S41592-021-01291-4
Frontiers in Oncology 12
22. Naba A, Clauser KR, Whittaker CA, Carr SA, Tanabe KK, Hynes RO, et al.
Extracellular matrix signatures of human primary metastatic colon cancers and
their metastases to liver. BMC Cancer (2014) 14(1):518. doi: 10.1186/1471-2407-
14-518

23. Naba A, Pearce OMT, Del Rosario A, Ma D, Ding H, Rajeeve V, et al.
Characterization of the extracellular matrix of normal and diseased tissues using
proteomics. J Proteome Res (2017) 16(8) :3083–91. doi : 10.1021/
ACS.JPROTEOME.7B00191

24. Mertins P, Mani DR, Ruggles KV, Gillette MA, Clauser KR, Wang P, et al.
Proteogenomics connects somatic mutations to signalling in breast cancer. Nature
(2016) 534(7605):55–62. doi: 10.1038/NATURE18003

25. Slebos RJC, Wang X, Wang X, Zhang B, Tabb DL, Liebler DC. Proteomic
analysis of colon and rectal carcinoma using standard and customized databases.
Sci Data (2015) 2:150022. doi: 10.1038/SDATA.2015.22

26. Zhang B, Wang J, Wang X, Zhu J, Liu Q, Shi Z, et al. Proteogenomic
characterization of human colon and rectal cancer. Nature (2014) 513(7518):382–
7. doi: 10.1038/NATURE13438

27. Gao Q, Zhu H, Dong L, Shi W, Chen R, Song Z, et al. Integrated
proteogenomic characterization of HBV-related hepatocellular carcinoma. Cell
(2019) 179(2):561–77.e22. doi: 10.1016/J.CELL.2019.08.052

28. Clark DJ, Dhanasekaran SM, Petralia F, Pan J, Song X, Hu Y, et al.
Integrated proteogenomic characterization of clear cell renal cell carcinoma. Cell
(2019) 179(4):964–83.e31. doi: 10.1016/J.CELL.2019.10.007

29. Gillette MA, Satpathy S, Cao S, Dhanasekaran SM, Vasaikar SV, Krug K,
et al. Proteogenomic characterization reveals therapeutic vulnerabilities in lung
adenocarcinoma. Cell (2020) 182(1):200–225.e35. doi: 10.1016/J.CELL.2020.06.013

30. Zhang H, Liu T, Zhang Z, Payne SH, Zhang B, McDermott JE, et al.
Integrated proteogenomic characterization of human high-grade serous ovarian
cancer. Cell (2016) 166(3):755–65. doi: 10.1016/J.CELL.2016.05.069

31. Dou Y, Kawaler EA, Cui Zhou D, Gritsenko MA, Huang C, Blumenberg L,
et al. Proteogenomic characterization of endometrial carcinoma. Cell (2020) 180
(4):729–748.e26. doi: 10.1016/J.CELL.2020.01.026

32. Costanza B, Turtoi A, Bellahcène A, Hirano T, Peulen O, Blomme A, et al.
Innovative methodology for the identification of soluble biomarkers in fresh
tissues. Oncotarget (2018) 9(12):10665–80. doi: 10.18632/ONCOTARGET.24366

33. Welinder C, Pawłowski K, Sugihara Y, Yakovleva M, Jönsson G, Ingvar C,
et al. A protein deep sequencing evaluation of metastatic melanoma tissues. PloS
One (2015) 10(4):e0123661. doi: 10.1371/JOURNAL.PONE.0123661

34. Liu CW, Bramer L, Webb-Robertson BJ, Waugh K, Rewers MJ, Zhang Q.
Temporal expression profiling of plasma proteins reveals oxidative stress in early
stages of type 1 diabetes progression. J Proteomics (2018) 172:100–10. doi: 10.1016/
j.jprot.2017.10.004

35. Wang LB, Karpova A, Gritsenko MA, Kyle JE, Cao S, Li Y, et al.
Proteogenomic and metabolomic characterization of human glioblastoma.
Cancer Cell (2021) 39(4):509–28.e20. doi: 10.1016/J.CCELL.2021.01.006

36. Wang D, Eraslan B, Wieland T, Hallström B, Hopf T, Zolg DP, et al. A deep
proteome and transcriptome abundance atlas of 29 healthy human tissues.Mol Syst
Biol (2019) 15(2):e8503. doi: 10.15252/MSB.20188503

37. Huang C, Chen L, Savage SR, Eguez RV, Dou Y, Li Y, et al. Proteogenomic
insights into the biology and treatment of HPV-negative head and neck squamous
cell carcinoma. Cancer Cell (2021) 39(3):361–79.e16. doi: 10.1016/
J.CCELL.2020.12.007

38. Satpathy S, Krug K, Jean Beltran PM, Savage SR, Petralia F, Kumar-Sinha C,
et al. A proteogenomic portrait of lung squamous cell carcinoma. Cell (2021) 184
(16):4348–71.e40. doi: 10.1016/J.CELL.2021.07.016

39. Dorfer V, Pichler P, Stranzl T, Stadlmann J, Taus T, Winkler S, et al. MS
Amanda, a universal identification algorithm optimized for high accuracy tandem
mass spectra. J Proteome Res (2014) 13(8):3679–84. doi: 10.1021/PR500202E

40. Naba A, Clauser KR, Hoersch S, Liu H, Carr SA, Hynes RO. The matrisome:
in silico definition and in vivo characterization by proteomics of normal and tumor
extracellular matrices. Mol Cell Proteomics (2012) 11(4):M111.014647.
doi: 10.1074/MCP.M111.014647

41. Cox J, Mann M. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat Biotechnol (2008) 26(12):1367–72. doi: 10.1038/nbt.1511

42. Pomaznoy M, Ha B, Peters B. GOnet: A tool for interactive gene ontology
analysis. BMC Bioinf (2018) 19(1):1–8. doi: 10.1186/S12859-018-2533-3/
FIGURES/2

43. Perez-Riverol Y, Bai J, Bandla C, Garcıá-Seisdedos D, Hewapathirana S,
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