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Simple Summary: The members of the lysyl oxidase (LOX) family initiate covalent cross-linking of
the extracellular matrix and contribute to cancer progression. The aim of this study was to build
and analyze the first draft of the interaction network of the five members of the LOX family and
to determine if it was rewired in cancer. We identified 14 new partners of LOXL2, including «5031
integrin, and built an interactome of the LOX family comprising 320 proteins, 5 glycosaminoglycans,
and 399 interactions. Computational analyses showed that this network participates in extracellular
matrix organization and degradation, in cell-matrix interactions, in protein folding and in chaperone
activity, and that it is rewired in colorectal carcinoma, with a switch from extracellular matrix
organization to protein folding and chaperone activity. This study provides new insights into the
molecular mechanisms underlying LOX family involvement in cancer.

Abstract: The members of the lysyl oxidase (LOX) family are amine oxidases, which initiate the
covalent cross-linking of the extracellular matrix (ECM), regulate ECM stiffness, and contribute
to cancer progression. The aim of this study was to build the first draft of the interactome of the
five members of the LOX family in order to determine its molecular functions, the biological and
signaling pathways mediating these functions, the biological processes it is involved in, and if
and how it is rewired in cancer. In vitro binding assays, based on surface plasmon resonance and
bio-layer interferometry, combined with queries of interaction databases and interaction datasets,
were used to retrieve interaction data. The interactome was then analyzed using computational
tools. We identified 31 new interactions and 14 new partners of LOXL2, including the «531 integrin,
and built an interactome comprising 320 proteins, 5 glycosaminoglycans, and 399 interactions.
This network participates in ECM organization, degradation and cross-linking, cell.-ECM interactions
mediated by non-integrin and integrin receptors, protein folding and chaperone activity, organ and
blood vessel development, cellular response to stress, and signal transduction. We showed that this
network is rewired in colorectal carcinoma, leading to a switch from ECM organization to protein
folding and chaperone activity.

Keywords: extracellular matrix; interaction networks; lysyl oxidase; lysyl oxidase-like; LOXL2;
integrin; Bio-Layer Interferometry; surface plasmon resonance imaging

1. Introduction

Lysyl oxidase (LOX) was discovered in 1968 by Pinnell and Martin [1], and its canonical
role is to catalyze the first step of the covalent cross-linking of two major extracellular matrix
(ECM) proteins, collagens and elastin [2]. Four related-proteins, sharing LOX catalytic
domain but diverging at their N-terminus, have been identified in mammals and termed
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lysyl oxidase-like 1, 2, 3, and 4 (LOXL1, LOXL2, LOXL3, and LOXL4) [3-7]. An N-terminal
propeptide exists in LOX and LOXL1, whereas LOXL2-4 have four Scavenger Receptor
Cysteine Rich domains (SRCR 1-4) at their N-terminus [2].

All the members of the LOX family have an amine oxidase activity, but they also
fulfill biological roles independently of their catalytic activity [8], as shown for example for
LOXL2, which is required for initial vessel formation [9] and promotes rhabdomyosarcoma
progression [10]. The LOX family plays additional, non-canonical, roles in organ develop-
ment [11] and cancer [12,13], as shown for LOX [14], LOXL1 [3], LOXL2 [4], LOXL3 [5],
and LOXL4 [15,16], and reviewed in [17-25]. Beside their activity as amine oxidases,
LOXL2 regulates extracellular and intracellular cell signaling pathways [4], LOXL3 is able
to deacetylate and deacetyliminate STAT3 to control inflammatory response [26], and LOX
and LOXL2 regulate transcription [27]. The enzymes of the LOX family thus exert their
biological functions both in the extracellular matrix and within the cells.

As stated by Tenti and Vanucci [28], “a better understanding of LOXs and their interactions
with the different elements of the tumor immune microenvironment will prove invaluable
in the design of novel anti-tumor strategies”. It is thus of major importance to identify
the partners of the LOX family in order to selectively block interactions for therapeutic
purpose, not only for cancers [29] but also for fibrosis. The members of LOX family are
therapeutic targets for liver fibrosis indeed [30], mostly LOX, LOXL1, and LOXL2 [31,32].
We have built the interaction network of the N-terminal propeptide of LOX [33] and the
protein-protein interaction network of LOXL4 is the only interactome of the LOX family
available so far [34].

The aim of this study was to build the first draft of the interactome of the five members
of the LOX family in order to determine the biological processes it is involved in, identify
the major biological-signaling pathways mediating its functions, and if and how it is
rewired in cancer. In vitro binding assays, combined to queries of interaction databases
and large interaction datasets, were used to retrieve interaction data. We identified 31 new
interactions and 14 new partners of LOXL2 and its N-terminal domains, including the 531
integrin, involved in both angiogenesis and cancer. This is, to the best of our knowledge,
the first report of a direct interaction between a member of the LOX family and an integrin.
We built the first draft of the interactome of the LOX family, which comprises 320 proteins,
5 glycosaminoglycans, and 399 interactions. Computational analyses showed that the
global LOX family interactome contributes to ECM organization, cell-matrix interactions,
protein folding and chaperone activity (with a focus on cytoskeleton proteins), blood vessel
development, cellular response to stress, and signal transduction. The partners of LOX,
LOXL2, and LOXL3 are enriched in extracellular proteins, whereas LOXL4 partners are
enriched in cytosol proteins. The molecular function significantly enriched in the partners
of the LOX family members is “Extracellular matrix structural constituent” in contrast to
those of LOXL4, which are involved in “Chaperone activity”. We also report that the LOX
family has twice more partners identified in tumor cells than in normal cells as shown in the
BioPlex 3.0 study [35]. This induces a pathway switch of the LOX family interactome from
ECM organization to chaperone activity, a decrease in extracellular or secreted proteins,
and in the transcriptional repressor CTCF a zinc finger protein which organizes chromatin,
and acts as a transcription factor and a tumor suppressor [36]. The LOX family interactome
is thus significantly rewired in cancer cells. The terms “Epithelial-mesenchymal transition”
and “Integrin cell surface interactions” are significantly enriched in mesothelioma but not
in ovarian cancer, suggesting that the changes in LOX and LOXL interactome associated
with cancer might depend on the cancer type. The major goal of our study, which combines
both in vitro and in silico computational approaches, was thus to build and analyze the
interaction network of LOX and LOXLs to generate new insights and hypothesis on the
LOX family functions, and its role in cancer.
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2. Results
2.1. The Interaction Dataset of the Lysyl Oxidase Family

Several sources of interaction data were combined to build a comprehensive interac-
tome of the lysyl oxidase family. Experimental data were collected by querying manually
curated databases MatrixDB [37-40] and IMEx databases, including IntAct [41-43], manu-
ally curating additional interactions, querying the large BioPlex 2.0 [44] and 3.0 [35] datasets
generated by large-scale affinity purification-mass spectrometry, and performing in vitro
binding assays. Surface plasmon resonance imaging (SPRi) binding assays were first per-
formed using the protein and glycosaminoglycan (GAG) arrays we developed [33,45,46]
comprised of 44 different biomolecules to identify new extracellular and membrane part-
ners of LOXL2, which plays a prominent role in cancer, and of its N-terminal scavenger
receptor cysteine-rich domains (SRCR). LOXL2 was the only member of the LOX family
expressed by us and available to us in a sufficient amount to perform in vitro binding as-
says. Additional, classical, SPR assays were performed to investigate the possible binding
of LOXL2 to the ectodomain of collagen XIII, laminin-111, perlecan, and 581 integrin.
Furthermore, Bio-Layer Interferometry assays were performed to characterize LOXL2-a5451
integrin interaction. Kinetics and affinity parameters were calculated using SPR binding
assays performed on dextran-coated sensor chips because the dextran flexibility favors
the accessibility of ligand binding sites compared to the bare gold arrays used in SPRi.
Furthermore, bare gold arrays usually stabilize the interactions, which might affect the
dissociation rate.

2.1.1. Identification of New Partners of LOXL2 by In Vitro Binding Assays

We identified, by SPR imaging and SPR, 14 new partners and 31 new interactions
mediated by LOXL2 or its N-terminal domains, SRCR 1-2 and SRCR 1-4. These new, unique
partners include five ECM or secreted proteins (angiopoietin-like protein 4, collagen XVIII,
fibroblast growth factor-2, laminin-111, and SPARC), three membrane proteins (¢581 in-
tegrin and the ectodomains of collagens XIII and XVII), one proteoglycan (perlecan) and
five GAGs (Figure 1, Supplementary Table S1). LOXL2 bound to sulfated GAGs (chon-
droitin sulfate, dermatan sulfate, heparan sulfate and heparin) and to hyaluronan, which is
not sulfated. LOXL2 interacted with several basement membrane components including
perlecan, collagen XVIII via its C-terminal NC1 domain, laminin-111, and SPARC. LOXL2
also bound to ECM and secreted proteins regulating angiogenesis, namely angiopoietin-
related protein 4 (ANGPTL4), fibroblast growth factor-2 (FGF2), and two ECM bioactive
fragments inhibiting angiogenesis, anastellin and endostatin, cleaved from fibronectin
and collagen XVIII, respectively. Last, we showed that LOXL2 interacted with full-length
«5p1 integrin (Figure 1, Supplementary Figure S1, Supplementary Table S1), which also
regulates angiogenesis, and with the ectodomain of the transmembrane collagens XIII and
XVII (Supplementary Figure S2, Supplementary Table S1), which are located at the surface
of keratinocytes [47] and at the neuromuscular junction in the synaptic basement mem-
brane for collagen XIII [48], and at the surface of keratinocytes and in the skin basement
membrane zone for collagen XVII [49].

Several LOXL2 partners did not bind to the full-length protein in SPRi assays but only
to its SRCR domains as shown for four GAGs, angiopoietin-related protein 4, the NC1
domain of collagen XVIII, and SPARC (Supplementary Table S2, Supplementary Figure S3).
The glycosaminoglycans bound to the N-terminus of LOX (the propeptide), and of LOXL2
(the SRCR domains), except for heparan sulfate, which interacted with both the N-terminal
SRCR 1-2 and 1-4 domains and full-length LOXL2 (Supplementary Table S2, Supplemen-
tary Figure S3). In SPR assays, immobilized SPARC interacted with full-length, soluble,
LOXL2, which bound to two non-competitive sites on SPARC, as shown by the fitting
of SPR experimental data to an heterogeneous ligand model (Supplementary Figure S2).
Both sites on SPARC had similar affinity for full-length LOXL2 (Kp; = 7.8 £ 6.7 nM
and Kpy = 41.5 £ 6.9 nM, n = 2, xZ = 0.535 and 0.644). Both complexes had a similar
dissociation rate (kq; = 6.22 x 1073 and kg, = 7.69 x 1073 s~ 1), and thus a similar sta-
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bility and half-life. Their association rates were also similar (k,; = 1.86 X 10° M~ 1s—1
and ky = 1.67 x 10° M~ 1s71). The SRCR 1-2 domain bound to SPARC according to a
two-state model with a higher affinity than full-length LOXL2 (Kp =21.4 +£2.5nM,n=2,
x? = 1.33 and 2.87). This might be due to the fact that there is a single binding site in the
SRCR 1-2. Furthermore, we showed by Bio-Layer Interferometry (BLI) that 581 integrin
bound to two sites on immobilized LOXL2 (heterogeneous ligand model, Kpy = 53.8 nM,
Kpz = 1.75 uM, ka1 =5.97 x 103 M~ 1s71, kg1 =321 x 1074571, kyp =6.31 x 103 M~ 1571,
kqp = 1.1 x 1072 571, % = 0.0095). The preincubation of a5p81 integrin with the RGD
peptide before dipping the LOXL2-coated sensor in the integrin solution decreased the
binding by 24.9%, suggesting that LOXL2 could bind to #5B1 integrin close to the site
recognized by a RGD-containing ligand (Supplementary Figure S1).
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Figure 1. Partners of LOXL2 identified by surface plasmon resonance imaging binding assays. LOXL2 and its N-terminal
SRCR domain SRCR 1-2 were injected and recirculated over ECM protein and GAG arrays probed by SPR imaging. Non-
specific binding to the array surface was subtracted from the raw signals obtained on protein and GAG spots to get specific
binding. The resulting sensorgrams were smoothed. The analytes were color-coded (LOXL2: deep blue, SRCR 1-2: light blue,
«5B1 integrin: orange). Tropoelastin, previously identified by surface plasmon resonance as a binding partner of LOXL2 [50],
was used as a positive control. HMW: high molecular weight, dotted lines: start and end of the recirculation phase).
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2.1.2. The Interactome of the Lysyl Oxidase Family

The complete list of all the interactions retrieved from each source is reported in Supple-
mentary Table S1. The global interactome of the LOX family comprised 320 proteins (including
LOX and LOXL 1-4), five glycosaminoglycans and 399 unique interactions (Figure 2).

HIKBPY | 5002 _eacs

cHo3 | | sTks BNt A - —
@ N @ ~\NCL A4 9=
~N\//_- N wore) 1\ nwoe)
OX (PP)cHSPAIA N\ HELZ
.»JKIFZA,/LOXL"\ — /‘\ =oum RN sTL / b
Z> N~ S Lo
‘”\‘/ weney) | | ouxe /e \\““" wnuu \ O e WP avrem)_Tccrs
y 7 § / N ~Qroses) Scar\ N[ ///5 // >
, \ o N ANt e S
s gty

Yy =

\

e AD)
TRIMGS
TuBs

ARHOAP Tz UBATE

cottsarfnci),
COLABA1 (NC1),

utP1
COL1BA1 (N
(ePx)

\ LTep1 TuBAIA— PRMTS %;* LOXLA_—TUBATC— LONP1 —§UV3SHI—RICTOR—pOM121C
K - = %
aw Fuop \ se10 = cer2 wasri'Z \\\\
P NN
1 ° N N 2 . - /uuss A\ \\\\
- < -
LOXL2 (SRCR 1-2) ~ / < P 27/ er122) [ s ST N Hspaz)  RF219 Tuseas
/ X \ @ s/ { Y <
o /1 iy - X/ \, < SAvi / / cAD [ ane YAFIL\ AM1758
’ N\ TCcP1
/ \ ey 1] e >
5> ) bearn
& /ANKHD1 FAM83H
~ < #P1R) | ReAPY
. COL1A1,COLIAT,
corgairn N\ DCAF6 PRAME
’ \

COLZA1,COL2A1,
COL2AT (CPX)

COLIAY,COL4A1,

4 . - c v - N
W N e N
\ \\ h / o — \ ~ . —
KK MARCKS1) \ y N g N
Wi e e S e —

@ APAKIS \|'/7 = —;syw:: LOX (mgwm_ N
&= o i ﬂ\.m—w/ AT ,
oEFA1 Pazs ‘.

N\

. |7\ e
—cousa / |
) \ |
iz “Z51AKS e ) ! -~
IGFL3

RBM14.

N\ TRMT2A
AN RPL23

NUMA1

MFAPS

16LLs
COL13AL,COL13A1,
COL13AT (GPX)

Figure 2. Interactome of the LOX family including the location of their protein binding partners. Proteins represented by
nodes were color-coded according to their cellular location(s) determined by the Gene Ontology term “Cellular Component”
(Supplementary Table S3): cyan: core-matrisome proteins, orange: matrisome-associated proteins, purple: extracellular pro-
teins not included in the matrisome, white: intracellular proteins, pink: membrane proteins (* glycosyl-phosphatidylinositol-
anchored proteins) and black: undetermined location. Yellow hexagons: glycosaminoglycans. Interactions, represented by
edges, were color-coded according to the LOX family member they were connected to (blue edges: LOX interactions, green
edges: LOXL1 interactions, black edges: LOXL2 interactions, grey edges: LOXL3 interactions, red edges: LOXL4 interactions,
dotted blue edges: interactions between two members of the LOX family). The domains containing the binding sites are
indicated when known (LOX (PP): lysyl oxidase propeptide, SRCR: Scavenger Receptor Cysteine-Rich).

LOX and LOXL2 had the highest number of interactions, 107 interactions for LOX,
including 36 mediated by its propeptide, which corresponds to 101 unique interactions,
and 120 for LOXL2, including 23 mediated by its N-terminal SRCR domains for LOXL2,
which corresponds to 103 unique interactions, but they are the most extensively studied
members of the family. LOXL1, LOXL3, and LOXL4 established 32, 50, and 91 interactions,
respectively (Supplementary Table S1). The high-throughput affinity purification-mass
spectrometry (AP-MS) technique used to generate the BioPlex datasets from normal HEK
293 cells and from the tumor cell line HCT 116 allowed the identification of additional
interactions of the LOX family. They represented 9.3% of LOX interactions, 25% of LOXL1
interactions, 53.3% of LOXL2 interactions, 36% of LOXL3 interactions, and 82.4% of LOXL4
interactions. However, it should be noted that this approach is based on the purification
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of protein complexes, which means that the partners of the LOX family identified by this
approach did not necessarily bind directly to the LOX family members. These interactions
might not be direct, but might represent indirect interactions reflecting proteins identified
within a complex containing at least one member of the LOX family.

LOX, its propeptide, and LOXL2 had a high number of partners belonging to the
matrisome, whereas the partners of LOXL1, LOXL3, and LOXL4 were mostly intracellular
(Figure 2). In addition, membrane proteins, and secreted proteins categorized as extra-
cellular were over-represented in LOXL2 partners compared to the other members of the
LOX family. Only one membrane partner was identified for LOXL3 and LOXL4 (adipocyte
plasma membrane-associated protein (APMAP), and polymeric immunoglobulin receptor
(PIGR), respectively) (Figure 2).

The members of the LOX family shared a limited number of partners by pairs, and four
members of the LOX family bound to collagen I. Only one protein, the epidermal growth factor-
like protein 7 (EGFL7), bound to the five enzymes (Figure 3). Interestingly, we have shown that
the propeptide of LOX, which has anti-angiogenic and anti-tumoral activity [51,52], bound
to LOXL2 [33], which promotes tumor invasion and metastasis, raising the question of the
regulation of angiogenesis and tumorigenesis at the level of the LOX family interactome.

¢1X01

34

\9"“'3

*COL1A1,COL1A1,COL1A2 (CPX)

Figure 3. Partners shared by the members of the LOX family. EGFL7: epidermal growth factor-like
protein 7, ELN: elastin, FBLNG: fibulin-5, SNAI1: zinc finger protein SNAI1 (Protein snail homolog
1), CPX: complex (e.g., collagen I comprised of two a1(I) and one a2(I) chains).

The LOX and LOXL interaction dataset will be freely available via MatrixDB web site
(http:/ /matrixdb.univ-lyon1.fr/), the ECM interaction database we have created and we
maintain [37-40], and via the dataset of the International Molecular Exchange consortium
(https:/ /www.imexconsortium.org/) to which MatrixDB belongs [41,43].
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2.2. Analyses of the Interactome of the LOX Family
2.2.1. Enrichment Analysis of the Interactome of LOX Family Using BINGO

The complete analysis is available in Supplementary Table S4. The most significantly
over-represented annotations for the Gene Ontology (GO) term “Cellular Component”
were related to the extracellular matrix and basement membranes, “chaperonin-containing
T complex”, “anchored to membrane”, “microtubule cytoskeleton”, and “membrane-
enclosed lumen” (Figure 4). Binding, including “Receptor binding” and “Unfolded protein
binding”, “Structural molecule activity” (“Extracellular matrix structural constituent”),
and “Endopeptidase activity” (“Metalloendopeptidase activity”) were the most over-
represented molecular functions in the interaction network of the LOX family (Figure 5).
The most significantly over-represented biological processes were “extracellular matrix
organization” including “collagen fibril organization”, “response to stress”, “organ devel-
opment”, including “blood vessel development”, and “macromolecule metabolic process”,
including “protein folding” (Supplementary Figure 54).
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2.2.2. Enrichment Analysis of the Interactome of LOX Family Using FunRich

The complete analysis is available in Supplementary Table S5. About 41% of the
proteins belonging to the LOX family interactome were found in the nucleus, 22.3% in
the plasma membrane, 28.7% in exosomes with a significant 2-fold enrichment over the
reference proteome, and 38.3% were annotated as extracellular with a 3-fold enrichment
compared to the human proteome. The GO term “Extracellular matrix” annotated a limited
number of proteins (11%) but it was significantly over-represented in the interactome of
the LOX family (13-fold enrichment) compared to the reference proteome (Supplementary
Table S5). 50.4% of the network proteins contained a signal peptide, which is consistent
with their location in the extracellular space.

The molecular functions enriched in the interactome of the LOX family were “Extra-
cellular matrix structural constituent”, “Chaperone activity”, “Metallopeptidase activity”,
and “Heat shock protein activity”, but these terms annotated a limited number of proteins
(£12%). The over-represented biological processes were “Cell growth and maintenance” (2.7-
fold enrichment) and “Protein metabolism” (2.5-fold enrichment) (Supplementary Table S5).
The biological pathways over-represented were related to “Integrin cell surface interactions”
(7.4-fold enrichment) and chaperonin activity or protein folding, but, although there was a 35-
fold enrichment in the pathway, “Formation of tubulin folding intermediates by CCT /TriC”,
only 4.5% of the dataset were associated with this pathway (Supplementary Table S5). Last,
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the zinc finger transcription factor SP1 was over-represented among those regulating the
expression of the network proteins.

Enrichment analyses were also performed on the partners of each member of the
LOX family (Supplementary Table S6A-E). The extracellular location was enriched in the
partners of LOX, LOXL2, and LOXL3 containing 59.1, 58.8, and 37% of extracellular proteins,
respectively. Forty percent of LOXL1 partners were extracellular but without a significant
enrichment. In contrast, LOXL4 partners were significantly enriched in proteins located in
the cytosol (24.7%), the centrosome (18.5%), and the microtubules (11%). The presence of a
signal peptide, reflecting secretion outside the cell, was found in ~70% of LOX (71.1%) and
LOXL2 (73.4%) partners, and was significantly enriched in both datasets whereas it was
present in 40% of LOXL1 and LOXL3 partners without significant enrichment. The major
enriched molecular function associated with LOX (25.8%), LOXL1, LOXL2 (14.4%), and
LOX3 was “Extracellular matrix structural constituent”, whereas it was associated with
only 4.6% of LOXL4 partners. The major molecular function over-represented in LOXL4
partners was “Chaperone activity”. The major enriched biological process was “Cell
growth and maintenance” for LOX and LOXL3 (30.1 and 25% of their partners, respectively,
corresponding to a 4.9-fold and a 4-fold enrichment), and “Protein metabolism” for LOXL2
(18.6%) and LOXL4 (19.5%). The major biological pathway enriched in LOX (57.9%, 2.6-fold
enrichment), LOXL2 (34.1%, 1.6-fold enrichment), and LOXL3 (46.2%, 2.1-fold enrichment)
was “Integrin family cell surface interactions” mediated by 31 or 3 integrin subunits,
whereas the major pathways enriched in LOXL4 partners were “Chaperonin-mediated
folding”, and those involved in tubulin and actin folding mediated by the molecular
chaperone CCT/TriC. It should be noted that most LOXL4 partners were identified by AP-
MS performed on cell lysates, which might not be the most appropriate method to identify
extracellular protein partners forming insoluble supramolecular assemblies, and might thus
favor the identification of intracellular protein partners. The transcription factor CCCTC-
binding factor (CTCF), a zinc finger protein was over-represented in LOX partners (36.8%),
whereas ZNF513 and ZNF238 were enriched for both LOX and LOXL3 partners (~20 and
25%, respectively). Last, brain tumor medulloblastoma (23.5%, 39-fold enrichment) was
significantly enriched in LOXL3 partners. Furthermore, 21.6% of them were found on
the Cancer Gene Census Gene list corresponding to a 8-fold enrichment compared to the
human proteome.

2.2.3. Pathway Analysis of the Interactome of LOX Family Using Reactome

Reactome is a curated database of pathways and reactions in human biology. Of all the
pathways, 973 were hit by a least one protein belonging to the interactome of the LOX family.
A genome-wide overview of the pathway analysis of LOX family interactome is displayed
in Figure 6. The top-level pathways over-represented in the LOX family interactome
compared to the human proteome are “Extracellular matrix organization”, “Metabolism of
proteins”, “Cellular Response to external stimuli”, and “Signal transduction”.

The 100 most relevant pathways identified by Reactome and sorted by p-value are
listed in Supplementary Table S7. The over-represented sub-pathways in the most over-
represented pathway “Extracellular matrix organization” are collagen and elastic fiber for-
mations, assemblies of collagen fibrils and other multimeric structures, and cross-linking of
collagen fibrils, as expected, but also extracellular matrix and collagen degradation, “Non-
integrin membrane-ECM interactions”, and “Integrin cell surface interactions”. The major
sub-pathways over-represented in the “Metabolism of proteins” pathway were “Protein
folding”, “Chaperonin-mediated protein folding”, and “Cooperation of Prefoldin and
TriC/CCT in actin and tubulin folding”, which reflects the important role played by the
network in cytoskeleton organization. Within the “Cellular response to external stimuli”
pathway, the most significantly-enriched sub-pathways were “Cellular response to heat
stress” and “Regulation of HSF1-mediated heat shock response”. Heat shock factor protein
1 (HSF1) is a stress-inducible and DNA-binding transcription factor, and these pathways
highlight the role(s) played by the LOX family within the cell, in addition to their canonical



Cancers 2021, 13,71

10 of 22

..........

............

.............

cccccccccccccc

functions in the ECM. The last over-represented pathway among the top 25 pathways is
“Signal transduction”, specifically the sub-pathway “MET activates the PTK2 receptor”,
which belongs to the sub-pathway “Signaling by receptors tyrosine kinases”. PTK2 is the
serine/threonine-protein kinase PTK2/STK2 indeed, and the Met receptor is the hepatocyte
growth factor receptor.
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Figure 6. Enrichment analyses of the interactome of the lysyl oxidase family using Reactome. The center of each of the
circular “bursts” is the root of one top-level pathway (e.g., “Extracellular matrix organization”, “Metabolism of proteins”,
“Cellular Response to external stimuli”, and “Signal transduction”). Over-representation of pathways are color-coded.
Pathways which are not significantly over-represented are in light grey. The node size is related to the number of entities

inside a pathway.

At the level of each LOX family member, “Extracellular matrix organization”, “Degra-
dation of the extracellular matrix”, “ECM proteoglycans”, “Non-integrin membrane-ECM
interactions”, and “Integrin cell surface interactions” (Supplementary Table S7) annota-
tions were over-represented, indicating that they are involved in ECM assembly, and in
cell-matrix interactions. The common pathways associated with LOX and LOXL3 partners
were associated with “Collagen trimerization” and “Assembly of collagen fibrils and other
multimeric structures”, whereas the “Elastic fiber formation” pathway was found to be
enriched in LOX, LOXL1, and LOXL2 partners. Although its partners were associated with
“Extracellular organization” and “Elastin fiber formation” pathways, LOXL1 differed from
LOX, LOXL2, and LOXL3 because the most enriched pathways associated with LOXL1
partners are involved in “Cellular response to stress”, and more specifically in “Regulation
of HSF-1-mediated heat shock response” (Supplementary Table S7). These pathways were
also enriched in LOXL4 partners, but LOXL4 is markedly differed from the other members
of the LOX family because the pathways mediating ECM organization, or associated with
ECM proteins or proteoglycans, were not enriched in its partners. In contrast, LOXL4
partners were significantly enriched in the protein folding pathway, and specifically in
tubulin and actin folding mediated by the molecular chaperone CCT/TriC (Chaperonin
containing tailless complex polypeptide 1—CCT—or tailless complex polypeptide 1 ring
complex—TriC) (Supplementary Table S7). As noted above, this might be due in part to
the fact that numerous partners of LOXL4 were identified by AP-MS.

2.3. The Interactome of the LOX Family in Cancer
2.3.1. Comparison of the LOX Family Interactome in HEK 293 and HCT 116 Cells

We used the interaction data collected by affinity chromatography-mass spectrometry in
normal HEK 293 cells and in the human colorectal carcinoma cell line HCT 116 (BioPlex 3.0
dataset) to compare the interactome of the LOX family in normal and tumor cells. The interac-
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tion repertoire of the LOX family differed between these two cell types (Figure 7). The LOX
family had twice as many interactions in tumor cells than in normal cells. 63 interactions
were established by the LOX family in HEK 293 cells, and 124 in HCT 116 cells. It should
be noted that no interaction involving LOX was identified in the tumor cell line HCT 116
in the experimental conditions used (Figure 7). 12 interactions were found in both cell
types, LOXL2 being involved in 9 of them, LOXL3 in 2, and LOXL4 in 1. These interactions
involved 6 secreted proteins, 4 intracellular proteins, and 2 membrane proteins (Figure 7,
Supplementary Table S1). It should be noted that one interaction involved two different
isoforms of the platelet-derived growth factor receptor alpha (PDGFRA) in the normal
and tumor cells, a membrane form in HEK 293 cells and a secreted form in HCT 116 cells.
51 interactions, and 112 interactions were specific to HEK 293 cells and to the tumor cell
line HCT 116, respectively (Supplementary Table S1).
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Figure 7. Interactions identified by AP-MS in HEK 293T cells and HCT 116 cells. Green lines: interactions specific to HEK
293 cells, red lines: interactions specific to HCT 116 cells, black lines: interactions found in both cell types. Proteins were

color-coded as follows: cyan: core-matrisome proteins, orange: matrisome-associated proteins, purple: extracellular proteins

not included in the matrisome, white with grey border: intracellular proteins, pink: membrane proteins, black: undetermined

location. 1: two different isoforms in normal and tumor cells. *: glycosyl-phosphatidylinositol-anchored proteins.

Enriched annotations generated by the FunRich tool for the LOX family partners
specific to HEK 293 and those specific to HCT 116 cells were compared. A marked decrease
in “Extracellular” location (36.8% in HEK cells versus 21.3% in HCT 116 cells), and a
moderate increase in “Cytoplasm” and “Nucleus” were observed for Cellular Component
in partners specific to tumor cells, associated with a 2-fold decrease in “signal peptide”
(62.5% in HEK293 cells versus 31.5% in HCT 116 cells) (Supplementary Table S8A,B)
meaning that the secreted LOX and LOXL protein partners were less abundant in HCT
116 cells. Additional changes in the tumor cell line were a 4-fold increase in “Chaperone
activity” (2.1% in HEK cells versus 8.9% in HCT 116 cells), a slight decrease in “Cell
communication”, “Signal transduction”, and “Glypican pathway”, and a 3-fold decrease
in the transcriptional repressor CTCF (33.3% in HEK cells versus 11.62% in HCT cells)
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(Supplementary Table S8A,B), a zinc finger protein which organizes chromatin, and acts as
a transcription factor and a tumor suppressor [36].

The most over-represented biological pathways identified by Reactome in HEK 293
cells were “Molecules associated with elastic fibers”, “Aryl hydrocarbon receptor sig-
naling” and “Elastic fiber formation”, and “Alpha-defensins” (Supplementary Table S9),
whereas “Formation of tubulin folding intermediates by CCT/TriC”, “Cooperation of
Prefoldin and TriC/CCT in actin and tubulin folding”, “Prefoldin mediated transfer of
substrate to CCT/TriC”, “Folding of actin by CCT/TriC”, and “Chaperonin-mediated
protein folding” were the most over-represented in tumor cells (Supplementary Table S9),
reflecting the role of the LOX and LOXL partners of LOX in chaperonin activities and
cytoskeleton formation into tumor cells.

Reactome FIViz was used to identify proteins involved in cancer within the complete
network. Of the LOX family interactome, 17.5%, corresponding to 56 genes, including
the LOX gene, belong to the “Cancer-related condition” class defined in Reactome FIViz
(Figure 8). Here, the interactions mediated by the propeptide of LOX and by the SRCR
1-2 and 1-4 domains of LOXL2 were not distinguished from those of LOX and LOXL2,
respectively. Moreover, using the functional enrichment tool FunRich and the Catalogue Of
Somatic Mutations In Cancer (COSMIC) data, the network of the LOX family was shown
to be associated with endometrium (78.9% of the network proteins), prostate (62.3%),
ovary (74.7%), and skin (71.1%) cancers (Supplementary Table S5).

Figure 8. Interactome of the five members of the LOX family. Black: protein partners of LOX and LOXLs, Red: protein
partners of LOX and LOXLs (including LOX) annotated as “Cancer-related condition” in Reactome FIViz as described in the
material and methods section. Hexagons: glycosaminoglycans, *: glycosyl-phosphatidylinositol-anchored proteins.

FDA-approved cancer drugs were visualized in the context of the functional inter-
action network of the LOX family built by Reactome FIViz, to investigate the potential
functional impacts of displayed cancer drugs. However, 128 protein partners of LOX and
LOXLs were not functionally linked to any member of the network or any drug, and were
not displayed, although 11 of them were associated with cancer. This is due to the lack in
Reactome FIViz of functional links for these proteins. EGFL7, for instance, is connected
to a single member of the LOX family, although we report here that this protein binds
to the five members of the family. The interactome generated in this study will thus be
useful to update applications using interaction datasets. Neither LOX, nor LOXLs, were di-
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rectly associated with an anti-cancer drug. Only eight members of the functional network
were connected to anti-cancer drugs, including five tyrosine kinase receptors (MAST1 or
Microtubule-associated serine/threonine-protein kinase 1, PDGFRA or Platelet-derived
growth factor receptor alpha, BTK or Tyrosine-protein kinase, RAF1 or RAF proto-oncogene
serine/threonine-protein kinase, and MAP4K3 or Mitogen-activated protein kinase kinase
kinase kinase 3), the tubulin beta chain (TUBB), the histone deacetylase 3 (HDAC3), and car-
bonic anhydrase 6 (CA6) (Figure 9).
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Figure 9. Drug—target interactions identified in the functional interaction network generated using Reactome FIViz. Green:
proteins, Red: proteins annotated with cancer-related condition, Diamonds: drugs. Blue edges: interactions between drugs
and targets, arrowheads: activating and catalyzing or expression regulation, dotted lines: predicted functional interactions,

L for inhibition, solid line for complexes or reactions.

2.3.2. The Matrisome Part of LOX Family Interactome in Cancer

We investigated the expression data of matrisome proteins collected by Izzi et al.
in 32 tumor types [53] (Supplementary Table S10), to identify those where the members of
the LOX family were present. No dataset contained the five members of the LOX family.
However, four (LOX, LOXL1, LOXL2, LOXL4) and three (LOX, LOXL1, LOXL4) members
were present in the mesothelioma (MESQO; 87 patients, 239 genes) and ovarian serous cys-
tadenocarcinoma (OV; 427 patients, 209 genes) datasets. Moreover, the highest fold change
in the expression of LOX family members compared to normal tissues were found in MESO
and OV patients for LOX (MESO: 7.32, OV: 5.89), LOXL2 (MESO: 7 .41), and LOXL4 (MESO:
4.17, OV: 4.17). We, thus, focused on mesothelioma and ovarian datasets to investigate the
possible role of the LOX family in cancer. We first built the matrisome-specific interactome
of the LOX family, based on the annotations of Supplementary Table S3, and comprised
of 86 proteins and 113 interactions (Figure 10A). The matrisome interactome of the LOX
family specific to mesothelioma and ovarian cancer was then built by selecting the partners
expressed in mesothelioma and in ovarian cancer, and ranking them according to their
fold-change in cancer relative to normal tissue (Figure 10B). Of the global LOX network,
42 and 27 proteins were found in the MESO and OV datasets, respectively, with 24 proteins
found in both cancer datasets (Supplementary Table S10). Among the common part-
ners, bone marrow proteoglycan or proteoglycan 2 (PRG2) and the matricellular protein
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connective tissue growth factor (CTGF) exhibited the highest fold changes in the MESO
dataset (102.42 and 90.35, respectively), whereas CTGF was also highly overexpressed
in the OV dataset (fold change: 87.46). CTGE, a transcriptional target of TGF-f3 signal-
ing, is a therapeutic target in high grade serous ovarian cancer [54]. All the proteins of
the matrisome-specific interactome of the LOX family expressed in ovarian cancer were
also expressed in mesothelioma, except cystatin-like 1 (CSTL1), THSD4 (ADAMTSL-6),
and chorionic somatomammotropin hormone 1 (CSH1), which were expressed only in
ovarian cancer (Figure 10B).

Figure 10. Matrisome-specific interactome of the LOX family. (A) Global matrisome-specific interactome of the LOX family.
Proteins represented by nodes were color-coded according to their cellular location(s) determined by the Gene Ontology
term “Cellular Component” (Supplementary Table S3): cyan: core-matrisome proteins, orange: matrisome-associated
proteins, pink: membrane proteins. (B) Matrisome-specific interactome of the LOX family in mesothelioma (MESO) and
ovarian serous cystadenocarcinoma (OV). Nodes were color-coded using the fold change values calculated in cancer (MESO
and OV) versus normal patients in Izzi et al. [53]. Interactions, represented by edges, were color-coded according to the LOX
family member they were connected to (blue edges: LOX interactions, green edges: LOXL1 interactions, black edges: LOXL2
interactions, grey edges: LOXL3 interactions, red edges: LOXL4 interactions, dotted blue edges: interactions between two
members of the LOX family). Not detected: the expression level of ADAMTS4 was 0 in normal tissue, the fold-change was
thus not calculated. No data: the gene is absent from Izzi et al. dataset [53].

Differences were observed in the matrisome subnetwork of the LOX family be-
tween mesothelioma and ovarian cancer. “Epithelial-mesenchymal transition” (37% of
proteins annotated, 12.6-fold-enrichment) and “Integrin cell surface interactions” (22%,
19.4-fold-enrichment) were the most significantly enriched pathways in the mesothe-
lioma subnetwork (Supplementary Table S11A) but not in the ovarian cancer subnetwork
(Supplementary Table S11B), which suggests that the changes in LOX and LOXL interac-
tome associated with cancer might depend on the cancer type.
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3. Discussion

The interactome of the LOX family contains a significant amount of intracellular and
membrane proteins in addition to secreted and ECM proteins. Given that some activi-
ties of LOX and LOXLs are independent of their enzymatic activities, LOX and LOXLs
might qualify as moonlighting proteins. The interactome reported here is enriched in
LOXL4 partners (91) compared to the previously reported LOXL4 interactome, which
contained 15 partners [34]. To further increase the coverage of the LOX family interactome,
ECM calcium-binding proteins could be assayed for their binding to LOX and LOXLs
because a calcium-binding site has been found in the 3D structure of a precursor of human
LOXL2 [55], and we have shown that this site is conserved in the 3D model of human
LOX [56]. The 2-fold enrichment in exosomes in the LOX family interactome suggests that
ECM cross-linking by hypoxic endothelial cell-derived exosomes mediated by LOXL2 [57],
and exosome-mediated secretion of LOXL4 promoting hepatocellular carcinoma cell in-
vasion and metastasis [15] might involve other members of the family and their partners.
The three-dimensional model of LOX we have recently built [56], and the crystal struc-
ture of a precursor state of LOXL2 [55], could be used for docking experiments to map
the binding sites of their partners, and predict those which could be either substrates or
modulators of LOX and LOXL enzyme activity by binding to their catalytic sites. These
potential substrates will then be tested in vitro to determine if they are modified by LOX
and LOXL2, or if they regulate their enzymatic activity.

The major processes associated with the LOX family interactome are ECM orga-
nization, degradation and cross-linking, protein folding and chaperone activity, organ
development, and, in particular, blood vessel development. The over-representation of
the “Non-integrin membrane-ECM interactions” and “Integrin cell surface interactions”
sub-pathways in the current version of the interactome will prompt us to perform binding
assays of LOX and LOXLs with various integrins (we show here that LOXL2 binds to o5(31
integrin), and with other ECM receptors such as discoidin-domain receptors 1 and 2, mem-
brane collagens XXIII and XXV—we report here that LOXL2 interacts with the ectodomain
of two other membranes collagens XIII and XVII—and with cell surface proteoglycans
such as syndecans and glypicans, inasmuch as the extracellular domain of syndecan-
4 is able to promote LOX-dependent cross-linking in a pressure-overloaded heart [58].
Another interesting feature of the LOX family interactome is the over-representation in the
network of the transcription factor SP1, which is over-expressed in many cancers [59] in
keeping with the role played by LOX and LOXLs in these diseases. The number of partners
of LOX family members is doubled in the tumor cell line HCT 116 compared to normal
cells, which is consistent with a previous report showing that cancer-associated proteins
have on average twice more partners than non-cancer proteins [60]. The rewiring of the
interactome in cancer cells is associated with an increase in chaperone activity, a decrease
in extracellular and secreted proteins, and in the transcriptional repressor CTCF a zinc
finger protein which organizes chromatin, and acts as a transcription factor and a tumor
suppressor [36]. The LOX family interactome is thus significantly rewired in colorectal
cancer cells, which induces a switch of its major pathway from ECM organization and
assembly to chaperone activity and protein folding. The two most relevant pathways
sorted by p-value found in tumor cells are “Formation of tubulin folding intermediates by
CCT/TriC”, and “Cooperation of Prefoldin and TriC/CCT in actin and tubulin folding”.
This is consistent with the higher expression of CCT/TRiC in cancer cells than that in
normal cells, and with the role of CCT/TRiC-mediated protein folding in maintaining
cellular proteostasis and in cancer cell development [61].

LOXL2 binds to basement membrane proteins, one proteoglycan, and to several regu-
lators of angiogenesis, which is consistent with previous findings reporting that LOXL2
interacts with collagen IV, a major component of the basement membrane [62]. We pro-
posed that the SRCR domains of LOXL2 orchestrate scaffolding of the vascular basement
membrane and angiogenesis through interactions with collagen IV and fibronectin [62].
The interaction of the SRCR domains of LOXL2 with SPARC and the C-terminus of collagen
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XVIIL, both located in basement membranes, could also contribute to the scaffolding of
the vascular basement membrane and angiogenesis. Several proteins and GAGs bind to
the N-terminal domain of LOX [33] and LOXL2 [62], supporting the fact that LOX family
members could exert biological functions independently of their catalytic domain. This has
been shown for the propeptide of LOX and LOXL1, which play a role in the formation of
elastic fibers via their binding to tropoelastin [63] and for the propeptide of LOX, which
has anti-tumoral and anti-angiogenic properties [51,52].

Collagens XIII and XVII, identified in this study as new partners of LOXL2, contribute
to anchor keratinocytes to the skin basement membrane [64] in agreement with the role sug-
gested for LOXL2 in the epidermis rather than in dermis [65]. Furthermore, collagens XIII
and XVII are both associated with cancer [66,67], and their interactions with LOXL2 could
also occur in this context. The binding of LOXL2 to glycosaminoglycans could contribute to
ECM assembly, and to its binding to the cell surface. Although there is an interplay between
LOX and cell-surface integrin receptors in the tumor microenvironment [68], and between
LOX and integrin-mediated mechano-transduction [69], no direct interaction of a member
of the LOX family with an integrin has been described so far. This study is the first report of
a direct binding of a member of the LOX family to an integrin. The sequence of LOXL2 does
not contain the canonical RGD sequence recognized by RGD-dependent integrins such
as «5f31 integrin, but it contains a NGR sequence located in the C-terminal part (residues
615-617). It has been shown that the isoDGR motif, generated by asparagine deamidation
of a NGR sequence in fibronectin, is an av33 integrin-binding motif, which regulates
endothelial cell adhesion and proliferation [70]. The NGR sequence found in LOXL2 could
thus participate in integrin recognition. In addition, a conformational RGD motif could be
formed in folded LOXL2, but other binding sites are likely present on the integrin because
the RGD peptide inhibits only partially the LOXL2-«5(31 interaction. The interaction of
LOXL2 with «5f31 integrin warrants further investigation in the context of angiogenesis
and cancer because «5f31 integrin is expressed by neovessels and tumor cells [71]. Some
effects of LOXL2 on tumor cells might thus be mediated by this integrin.

4. Materials and Methods
4.1. Surface Plasmon Resonance (SPR) Binding Assays

SPR imaging experiments were carried out in a BIAcore Flexchip system (GE Health-
care, Vélizy-Villacoublay, France) using the protein and glycosaminoglycan arrays we have
previously developed [33,45,46]. The BlAcore Flexchip is able to monitor simultaneously
up to 400 interactions between biomolecules spotted on gold arrays (physically adsorbed
on the gold surface) and a protein (the analyte) injected in buffer flow and recirculated
over the array. We used this system to identify new partners of LOXL2 and its SRCR
domains 1-2 (residues 58-302) and 1-4 (residues 58-544), expressed as recombinant proteins
as previously described [62], using 44 unique proteins, five protein fragments, and five
glycosaminoglycans from commercial sources or expressed under a recombinant form in
the laboratory (Supplementary Table S12). These biomolecules were spotted onto the gold
surface of a Gold Affinity chip (GE Healthcare) in triplicate using a non-contact PiezoArray
spotter as previously described [33,46]. The regions of interest had four associated reference
spots to evaluate non-specific binding of the analyte to the chips. The chips were blocked
with a buffer containing mammalian proteins (BR-1007-08, GE-Healthcare) for 5 x 5 min.
LOXL2, SRCR 1-2 and SRCR 1-4 domains (500 nM) were recirculated over the arrays for
20 min, and the complexes were dissociated in buffer flow. Only interactions identified in
two separate experiments were included in the interactome. 531 integrin (29.3 ug/mlL)
was used as analyte, and recirculated over ECM arrays including spotted LOXL2 in 10 mM
Hepes pH 7.4 containing 150 mM NaCl, 50 mM (3-octyl-D-glucopyranoside, 2 mM MgCl,,
and 2 mM MnCl,.

The binding of soluble LOXL2 to the ectodomain of human collagen XVII (Supple-
mentary Table S1, Supplementary Figure S2) was characterized by SPR binding assays
performed in a BIAcore T100 system (GE Healthcare, Facility of UMS 3444 Gerland, Lyon,
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France) as previously described for the characterization of LOXL2-collagen IV interac-
tion [62]. The ectodomain of collagen XVII, fibronectin, laminin-111, and perlecan (HSPG2)
were covalently immobilized on a CM5 or a CM3 (collagen XVII) sensor chip using the
amine coupling kit (GE Healthcare) according to the manufacturer’s instructions. A control
flow cell was prepared by omitting ligands to evaluate the non-specific binding of full-
length LOXL2 and its scavenger receptor-cysteine-rich domains (SRCR 1-2 and SRCR 1-4)
to the sensor chip surface. LOXL2, SRCR 1-2, and SRCR 1-4 domains diluted in 10 mM
Hepes pH 7.4 containing 150 mM NaCl and 0.05% P20 as running buffer were injected over
immobilized ligands. LOXL2 was covalently immobilized on a CM5 sensor chip via its
primary amino groups, and the ectodomain of human collagen XIII was injected at different
concentrations at 30 uL./min for 180 s over immobilized LOXL2 and the control flow cell.
The association (ka) and dissociation rate (kd) constants and the equilibrium dissociation
constant (Kp) were calculated using the BlAevaluation software (version 2.0.3).

4.2. Bio-Layer Interferometry (BLI) Binding Assays

The binding of LOXL2 to 5031 integrin was identified by Bio-Layer Interferometry,
a label-free technique monitoring biomolecular interactions in real time, using an Octet
RED96 system (FortéBio, Sartorius, Dourdan, France), as previously described [33,72].
Recombinant human LOXL2 (R&D Systems, BioTechne, Noyal Chatillon sur Seiche, France,
2639-A0) was covalently immobilized via its primary amine groups on AR2G biosensors
(FortéBio, Sartorius) at 25 ug/mL in sodium acetate buffer 10 mM pH 4. The sensors
coated with LOXL2 and control sensors were dipped in human «531 integrin (Millipore,
Merck, Molsheim, France, CC1027) diluted in 10 mM Hepes pH 7.4 containing 150 mM
NaCl, 50 mM -octyl-D-glucopyranoside, 1 mM MgCl,, and 1 mM MnCl,. Inhibition
experiments were performed by preincubating the «531 integrin at 35.5 ug/mL for one
hour at room temperature with or without the RGD peptide diluted at 50 pg/mL in the
above buffer (Sigma—Aldrich, Saint-Quentin-Fallavier, France, A8052). Kinetics and affinity
parameters were calculated using the evaluation software (version 9.0).

4.3. Querying Interaction Databases and Large-Scale Datasets

Interactions of LOX and LOXLs were retrieved by manual curation of the literature
and by querying manually curated interaction databases including the database we created,
MatrixDB (http://matrixdb.univ-lyonl.fr/, [37-40]), and IntAct [42]. Both databases
belong to the International Molecular Exchange (IMEx) consortium and follow its curation
rules to capture interaction data [41,43]. Interaction partners of LOX and LOXLs were also
identified in BioPlex 2.0 and 3.0 datasets [35,44] generated by affinity chromatography-
mass spectrometry (AP-MS) profiling the entire human ORFeome collection in human
embryonic kidney cells (HEK 293) and in a human colon cancer cell line (HCT 116).
C-terminally FLAG-hemagglutinin-tagged baits from the human ORFeome v8.1 were
expressed in HEK 293T or HCT 116 cells, the multi-protein complexes containing the
baits and their prey were immunopurified and analyzed by liquid chromatography-mass
spectrometry. AP-MS identifies interactions within multi-protein complexes and not binary
interactions. Further details are available in [44], and on the BioPlex web site (https:
/ /bioplex.hms.harvard.edu/).

4.4. Analyses of the Interaction Network of the LOX Family

Analyses were performed with several bioinformatic tools on proteins from the net-
work identified by their gene names listed in Supplementary Table S1. Non-human part-
ners of the LOX family were inferred to human orthologs. Only the canonical protein
isoforms were considered for analyses, bioactive fragments were annotated using the
terms associated with the gene encoding their parent proteins (e.g., COL18A1 for endo-
statin, the C-terminus part of collagen XVIII), and multimeric proteins (e.g., collagens,
integrins, laminins and thrombospondins) were annotated with the terms annotating the
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genes encoding their constitutive polypeptides (e.g., LAMA1, LAMB1, and LAMC1 for
laminin-111).

The Functional Enrichment Analysis tool FunRich version 3.1.3 (http:/ /www.funrich.
org/, [73]) was used for functional enrichment and analysis of the LOX family interactome.
The Biological Networks Gene Ontology (BiNGO) tool, which can be used directly on molec-
ular interaction graphs [74], was used to determine which GO categories are statistically
over-represented in the list of the LOX family partners. The human proteome was used
as a reference, and the p-value was <0.01. Pathway over-representation was studied using
Reactome knowledgebase version 74 (https:/ /reactome.org, [75]). Pathways and network
patterns related to cancer were determined using Reactome FIViz app available through
Cytoscape. The class “Cancer-Related-Condition” (C8278) is defined as “A disorder either
associated with an increased risk for malignant transformation (e.g., intraepithelial neopla-
sia, leukoplakia, dysplastic nevus, myelodysplastic syndrome) or that develops as a result
of the presence of an existing malignant neoplasm (e.g., paraneoplastic syndrome)”.

4.5. Data Visualization

The networks were visualized using Cytotoscape 3.8.0 [76], and the Venn diagram was
drawn with a freely available tool (http://bioinformatics.psb.ugent.be/webtools/Venn/).
In order to color-code protein cellular location, their annotations from Gene Ontology (GO
term “Cellular Component” [77,78]), manually checked with UniProtKB keywords, were
retrieved from UniProtKB [79]. Matrisome and matrisome-associated annotations were
retrieved from the Matrisome project (http://matrisome.org/) [80].

5. Conclusions

The five members of the LOX family form a network comprised of 320 proteins, 5 GAGs,
and 399 interactions, and share a single partner, the epidermal growth factor-like protein
7. LOX and LOXL2 have a high number of partners belonging to the matrisome, whereas
LOXL1, LOXL3, and LOXL4 partners are mostly intracellular. The LOX family interactome is
enriched in extracellular proteins, and participates in ECM organization (e.g., the formation
of collagen fibrils and elastic fiber) and collagen degradation, “Chaperonin-mediated
protein folding”, “Cellular response to external stimuli” pathway, “Cellular response to
heat stress”, “Signal transduction” and “Organ development” including “blood vessel
development”. The LOX family has twice more partners in tumor cells than in normal cells,
which induces a pathway switch from ECM organization to chaperone activity, a decrease
in extracellular and secreted proteins and in the transcriptional repressor CTCF. The LOX
family interactome is thus significantly rewired in cancer cells.

Further binding assays will be performed to increase the coverage of the LOX in-
teractome with proteins containing domains found in the known partners of LOX and
LOXLs (e.g., the triple helix), and to determine the influence of mutations reported in
cancer patients on the interaction network, and on the functional network in order to refine
our understanding of the role of LOX and LOXLs in cancer.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/1/71/s1, Figure S1: LOXL2 binds to full-length a531 integrin in vitro. Figure S2: Proteins
binding to LOXL2 and its N-terminal domains SRCR 1-2 and 1-4 by SPR binding assays. Figure S3:
Partners of the SRCR 1-4 domain of LOXL2 identified by SPRi binding assays. Figure S4: Enrichment
analysis of the GO term Biological Process for the LOX family interactome using BiNGO. Table S1:
List of the interactions of the LOX family members. Table S2: Binding sites of LOXL2 partners
identified by SPR imaging binding assays. Table S3: Cellular localization of the partners of the LOX
family. Table S4: Enrichment analysis of the interactome of LOX family using BiNGO. Table S5:
Enrichment analysis of the interactome of LOX family using FunRich. Table S6A-E: Enrichment
analysis of the interactome of each member of the LOX family using FunRich. A: LOX, B: LOXL1, C:
LOXL2, D: LOXL3, E: LOXL4. Table S7: The 100 most relevant Reactome pathways over-represented
in the LOX family interactome, and in the partners of each member of the LOX family. Table S8A,B:
Enrichment analysis of LOX family partners specific to HEK 293 cells (A) and HCT 116 cells (B)
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using FunRich. Table S9: The 20 most relevant Reactome pathways over-represented in the LOX
family interactome of HEK and HCT 116 cells. Table S10: Matrisome proteins expressed in cancer
from reference [53], list of the LOX family partners in mesothelioma (MESO) and ovarian serous
cystadenocarcinoma (OV). Table S11A,B: Enrichment analysis of the subnetworks of the LOX family
in mesothelioma (A) and ovarian serous cystadenocarcinoma (B) using FunRich. Table S12: Proteins
used for in vitro binding assays with LOXL2 and its N-terminal domains.

Author Contributions: Conceptualization, S.R.-B.; resource, L.M. provided recombinant LOXL2 and
its SRCR domains for SPRi and SPR assays; binding assays, S.D.V., R.S.; data curation, S.D.V., C.B.
and S.R.-B.; writing, data interpretation, S.D.V., C.B. and S.R.-B.; original draft preparation, S.R.-B.;
writing the manuscript, review and editing, S.D.V., C.B., L. M. and S.R.-B.; visualization, S.D.V., C.B,;
supervision, S.R.-B.; funding acquisition, S.R.-B. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Fondation pour la Recherche Médicale, grant number
DBI20141231336 to SRB, and by La Ligue Nationale contre le Cancer, grant number 2017-010-UCBL
to SRB.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The publicly available BioPlex datasets (https:/ /bioplex.hms.harvard.
edu/) were used in this study. The systematic atlas of matrisome data from the TGCA Pan-Cancer
cohort used in this study was compiled by Izzi et al. (https://doi.org/10.1016/j.mbplus.2019.04.001).

Acknowledgments: We thank Alain Barret (Center for Interdisciplinary Research in Biology, CNRS,
INSERM, PSL Research University, Paris, France) for purifying human LOXL2 and its SRCR 1-2 and
SRCR 1-4 domains used in SPR imaging and SPR binding assays.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Pinnell, S.R.; Martin, G.R. The cross-linking of collagen and elastin: Enzymatic conversion of lysine in peptide linkage to
alpha-aminoadipic-delta-semialdehyde (allysine) by an extract from bone. Proc. Natl. Acad. Sci. USA 1968, 61, 708-716. [CrossRef]
[PubMed]

Vallet, S.D.; Ricard-Blum, S. Lysyl oxidases: From enzyme activity to extracellular matrix cross-links. Essays Biochem. 2019, 63, 349-364.
[CrossRef] [PubMed]

Greene, A.G.; Eivers, S.B.; Dervan, EW.J.; O’'Brien, C.J.; Wallace, D.M. Lysyl Oxidase Like 1: Biological roles and regulation.
Exp. Eye Res. 2020, 193, 107975. [CrossRef] [PubMed]

Moon, H.-J.; Finney, J.; Ronnebaum, T.; Mure, M. Human lysyl oxidase-like 2. Bioorg. Chem. 2014, 57, 231-241. [CrossRef]
[PubMed]

Laurentino, T.D.; Soares, R.D.; Marie, S.K.; Oba-Shinjo, S.M. LOXL3 Function beyond Amino Oxidase and Role in Pathologies,
Including Cancer. Int. . Mol. Sci. 2019, 20, 3587. [CrossRef] [PubMed]

Maiki, J.M.; Tikkanen, H.; Kivirikko, K.I. Cloning and characterization of a fifth human lysyl oxidase isoenzyme: The third
member of the lysyl oxidase-related subfamily with four scavenger receptor cysteine-rich domains. Matrix Biol. 2001, 20, 493-496.
[CrossRef]

Grau-Bové, X.; Ruiz-Trillo, I.; Rodriguez-Pascual, F. Origin and evolution of lysyl oxidases. Sci. Rep. 2015, 5, 10568. [CrossRef]
Trackman, P.C. Enzymatic and non-enzymatic functions of the lysyl oxidase family in bone. Matrix Biol. 2016, 52-54, 7-18.
[CrossRef]

Bignon, M.; Pichol-Thievend, C.; Hardouin, J.; Malbouyres, M.; Bréchot, N.; Nasciutti, L.; Barret, A.; Teillon, J.; Guillon, E.;
Etienne, E.; et al. Lysyl oxidase-like protein-2 regulates sprouting angiogenesis and type IV collagen assembly in the endothelial
basement membrane. Blood 2011, 118, 3979-3989. [CrossRef]

Almacellas-Rabaiget, O.; Monaco, P; Huertas-Martinez, J.; Garcia-Monclas, S.; Chicon-Bosch, M.; Maqueda-Marcos, S.;
Fabra-Heredia, I.; Herrero-Martin, D.; Rello-Varona, S.; de Alava, E.; et al. LOXL2 promotes oncogenic progression in alveolar
rhabdomyosarcoma independently of its catalytic activity. Cancer Lett. 2020, 474, 1-14. [CrossRef]

Wei, S.; Gao, L.; Wu, C.; Qin, E.; Yuan, J. Role of the lysyl oxidase family in organ development (Review). Exp. Ther. Med.
2020, 20, 163-172. [CrossRef] [PubMed]

Ye, M,; Song, Y.; Pan, S.; Chu, M.; Wang, Z.-W.; Zhu, X. Evolving roles of lysyl oxidase family in tumorigenesis and cancer therapy.
Pharmacol. Ther. 2020, 107633. [CrossRef] [PubMed]

Li, T, Wu, C.; Gao, L.; Qin, F; Wei, Q.; Yuan, J. Lysyl oxidase family members in urological tumorigenesis and fibrosis. Oncotarget
2018, 9, 20156-20164. [CrossRef] [PubMed]

Johnston, K.A.; Lopez, K.M. Lysyl oxidase in cancer inhibition and metastasis. Cancer Lett. 2018, 417, 174-181. [CrossRef]


https://bioplex.hms.harvard.edu/
https://bioplex.hms.harvard.edu/
https://doi.org/10.1016/j.mbplus.2019.04.001
http://dx.doi.org/10.1073/pnas.61.2.708
http://www.ncbi.nlm.nih.gov/pubmed/5246001
http://dx.doi.org/10.1042/EBC20180050
http://www.ncbi.nlm.nih.gov/pubmed/31488698
http://dx.doi.org/10.1016/j.exer.2020.107975
http://www.ncbi.nlm.nih.gov/pubmed/32070696
http://dx.doi.org/10.1016/j.bioorg.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25146937
http://dx.doi.org/10.3390/ijms20143587
http://www.ncbi.nlm.nih.gov/pubmed/31340433
http://dx.doi.org/10.1016/S0945-053X(01)00157-3
http://dx.doi.org/10.1038/srep10568
http://dx.doi.org/10.1016/j.matbio.2016.01.001
http://dx.doi.org/10.1182/blood-2010-10-313296
http://dx.doi.org/10.1016/j.canlet.2019.12.040
http://dx.doi.org/10.3892/etm.2020.8731
http://www.ncbi.nlm.nih.gov/pubmed/32536990
http://dx.doi.org/10.1016/j.pharmthera.2020.107633
http://www.ncbi.nlm.nih.gov/pubmed/32693113
http://dx.doi.org/10.18632/oncotarget.24948
http://www.ncbi.nlm.nih.gov/pubmed/29732010
http://dx.doi.org/10.1016/j.canlet.2018.01.006

Cancers 2021, 13,71 20 of 22

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

Li, R; Wang, Y.; Zhang, X.; Feng, M.; Ma, J.; Li, ].; Yang, X,; Fang, F,; Xia, Q.; Zhang, Z.; et al. Exosome-mediated secretion of
LOXL4 promotes hepatocellular carcinoma cell invasion and metastasis. Mol. Cancer 2019, 18, 18. [CrossRef]

Palmieri, V.; Lazaris, A.; Mayer, T.Z.; Petrillo, S.K.; Alamri, H.; Rada, M.; Jarrouj, G.; Park, W.-Y.; Gao, Z.-H.; McDonald, PP; et al.
Neutrophils expressing lysyl oxidase-like 4 protein are present in colorectal cancer liver metastases resistant to anti-angiogenic
therapy. J. Pathol. 2020, 251, 213-223. [CrossRef]

Xiao, Q.; Ge, G. Lysyl oxidase, extracellular matrix remodeling and cancer metastasis. Cancer Microenviron. 2012, 5, 261-273.
[CrossRef]

Nishioka, T.; Eustace, A.; West, C. Lysyl oxidase: From basic science to future cancer treatment. Cell Struct. Funct. 2012, 37, 75-80.
[CrossRef]

Cox, T.R,; Erler, ].T. Lysyl oxidase in colorectal cancer. Am ]. Physiol. Gastrointest Liver Physiol. 2013, 305, G659-G666. [CrossRef]
Perryman, L.; Erler, ].T. Lysyl oxidase in cancer research. Future Oncol. 2014, 10, 1709-1717. [CrossRef]

Wu, L.; Zhu, Y. The function and mechanisms of action of LOXL2 in cancer (Review). Int. J. Mol. Med. 2015, 36, 1200-1204.
[CrossRef] [PubMed]

Afazco, C.; Delgado-Lopez, F.; Araya, P.; Gonzélez, I.; Morales, E.; Pérez-Castro, R.; Romero, ].; Rojas, A. Lysyl oxidase isoforms
in gastric cancer. Biomark Med. 2016, 10, 987-998. [CrossRef] [PubMed]

Trackman, P.C. Lysyl Oxidase Isoforms and Potential Therapeutic Opportunities for Fibrosis and Cancer. Expert Opin. Ther.
Targets 2016, 20, 935-945. [CrossRef]

Cox, T.R.; Gartland, A.; Erler, ].T. Lysyl Oxidase, a Targetable Secreted Molecule Involved in Cancer Metastasis. Cancer Res.
2016, 76, 188-192. [CrossRef] [PubMed]

Chopra, V.; Sangarappillai, R.M.; Romero-Caneldn, L; Jones, A.M. Lysyl Oxidase Like-2 (LOXL2): An Emerging Oncology Target.
Adv. Ther. 2020, 3, 1900119. [CrossRef]

Ma, L.; Huang, C.; Wang, X.-J.; Xin, D.E,; Wang, L.-S.; Zou, Q.C.; Zhang, Y.-N.S.; Tan, M.-D.; Wang, Y.-M.; Zhao, T.C.; et al. Lysyl
Oxidase 3 Is a Dual-Specificity Enzyme Involved in STAT3 Deacetylation and Deacetylimination Modulation. Mol. Cell 2017, 65, 296-309.
[CrossRef] [PubMed]

Iturbide, A.; Garcia de Herreros, A.; Peir6, S. A new role for LOX and LOXL2 proteins in transcription regulation. FEBS ].
2015, 282, 1768-1773. [CrossRef]

Tenti, P.; Vannucci, L. Lysyl oxidases: Linking structures and immunity in the tumor microenvironment. Cancer Immunol.
Immunother. 2020, 69, 223-235. [CrossRef]

Chitty, J.L.; Setargew, Y.EI.; Cox, T.R. Targeting the lysyl oxidases in tumour desmoplasia. Biochem. Soc. Trans. 2019, 47, 1661-1678.
[CrossRef]

Chen, W.,; Yang, A ; Jia, J.; Popov, Y.V.; Schuppan, D.; You, H. Lysyl oxidase (LOX) family members: Rationale and their potential
as therapeutic targets for liver fibrosis. Hepatology 2020. [CrossRef]

Puente, A.; Fortea, ].I.; Cabezas, |.; Arias Loste, M.T.; Iruzubieta, P; Llerena, S.; Huelin, P.; Fabrega, E.; Crespo, ]. LOXL2-A New
Target in Antifibrogenic Therapy? Int. J. Mol. Sci. 2019, 20, 1634. [CrossRef] [PubMed]

Klepfish, M.; Gross, T.; Vugman, M.; Afratis, N.A.; Havusha-Laufer, S.; Brazowski, E.; Solomonov, L.; Varol, C.; Sagi, I. LOXL2
Inhibition Paves the Way for Macrophage-Mediated Collagen Degradation in Liver Fibrosis. Front. Immunol. 2020, 11, 480.
[CrossRef] [PubMed]

Vallet, S.D.; Miele, A.E.; Uciechowska-Kaczmarzyk, U.; Liwo, A.; Duclos, B.; Samsonov, S.A.; Ricard-Blum, S. Insights into the
structure and dynamics of lysyl oxidase propeptide, a flexible protein with numerous partners. Sci. Rep. 2018, 8, 11768. [CrossRef]
[PubMed]

Xie, W.; Huang, P.; Wu, B.; Chen, S.; Huang, Z.; Wang, J.; Sun, H.; Wu, J.; Xie, L.; Cheng, Y.; et al. Clinical significance of LOXL4
expression and features of LOXL4-associated protein-protein interaction network in esophageal squamous cell carcinoma. Amino
Acids 2019, 51, 813-828. [CrossRef] [PubMed]

Huttlin, E.L.; Bruckner, R.J.; Navarrete-Perea, J.; Cannon, J.R.; Baltier, K.; Gebreab, E; Gygi, M.P,; Thornock, A.; Zarraga, G.;
Tam, S.; et al. Dual Proteome-scale Networks Reveal Cell-specific Remodeling of the Human Interactome. bioRxiv 2020. [CrossRef]
Debaugny, R.E.; Skok, J.A. CTCF and CTCFL in cancer. Curr. Opin. Genet. Dev. 2020, 61, 44-52. [CrossRef]

Chautard, E.; Ballut, L.; Thierry-Mieg, N.; Ricard-Blum, S. MatrixDB, a database focused on extracellular protein-protein and
protein-carbohydrate interactions. Bioinformatics 2009, 25, 690-691. [CrossRef]

Chautard, E.; Fatoux-Ardore, M.; Ballut, L.; Thierry-Mieg, N.; Ricard-Blum, S. MatrixDB, the extracellular matrix interaction
database. Nucleic Acids Res. 2011, 39, D235-D240. [CrossRef]

Launay, G.; Salza, R.; Multedo, D.; Thierry-Mieg, N.; Ricard-Blum, S. MatrixDB, the extracellular matrix interaction database:
Updated content, a new navigator and expanded functionalities. Nucleic Acids Res. 2015, 43, D321-D327. [CrossRef]

Clerc, O.; Deniaud, M.; Vallet, S.D.; Naba, A.; Rivet, A.; Perez, S.; Thierry-Mieg, N.; Ricard-Blum, S. MatrixDB: Integration of new
data with a focus on glycosaminoglycan interactions. Nucleic Acids Res. 2019, 47, D376-D381. [CrossRef]

Orchard, S.; Kerrien, S.; Abbani, S.; Aranda, B.; Bhate, J.; Bidwell, S.; Bridge, A.; Briganti, L.; Brinkman, ES.L.; Brinkman, E;
et al. Protein interaction data curation: The International Molecular Exchange (IMEx) consortium. Nat. Methods 2012, 9, 345-350.
[CrossRef] [PubMed]


http://dx.doi.org/10.1186/s12943-019-0948-8
http://dx.doi.org/10.1002/path.5449
http://dx.doi.org/10.1007/s12307-012-0105-z
http://dx.doi.org/10.1247/csf.11015
http://dx.doi.org/10.1152/ajpgi.00425.2012
http://dx.doi.org/10.2217/fon.14.39
http://dx.doi.org/10.3892/ijmm.2015.2337
http://www.ncbi.nlm.nih.gov/pubmed/26329904
http://dx.doi.org/10.2217/bmm-2016-0075
http://www.ncbi.nlm.nih.gov/pubmed/27564724
http://dx.doi.org/10.1517/14728222.2016.1151003
http://dx.doi.org/10.1158/0008-5472.CAN-15-2306
http://www.ncbi.nlm.nih.gov/pubmed/26732355
http://dx.doi.org/10.1002/adtp.201900119
http://dx.doi.org/10.1016/j.molcel.2016.12.002
http://www.ncbi.nlm.nih.gov/pubmed/28065600
http://dx.doi.org/10.1111/febs.12961
http://dx.doi.org/10.1007/s00262-019-02404-x
http://dx.doi.org/10.1042/BST20190098
http://dx.doi.org/10.1002/hep.31236
http://dx.doi.org/10.3390/ijms20071634
http://www.ncbi.nlm.nih.gov/pubmed/30986934
http://dx.doi.org/10.3389/fimmu.2020.00480
http://www.ncbi.nlm.nih.gov/pubmed/32296422
http://dx.doi.org/10.1038/s41598-018-30190-6
http://www.ncbi.nlm.nih.gov/pubmed/30082873
http://dx.doi.org/10.1007/s00726-019-02723-4
http://www.ncbi.nlm.nih.gov/pubmed/30900087
http://dx.doi.org/10.1101/2020.01.19.905109
http://dx.doi.org/10.1016/j.gde.2020.02.021
http://dx.doi.org/10.1093/bioinformatics/btp025
http://dx.doi.org/10.1093/nar/gkq830
http://dx.doi.org/10.1093/nar/gku1091
http://dx.doi.org/10.1093/nar/gky1035
http://dx.doi.org/10.1038/nmeth.1931
http://www.ncbi.nlm.nih.gov/pubmed/22453911

Cancers 2021, 13,71 21 of 22

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Orchard, S.,; Ammari, M.; Aranda, B.; Breuza, L.; Briganti, L.; Broackes-Carter, E; Campbell, N.H.; Chavali, G.; Chen, C,;
del-Toro, N.; et al. The MIntAct project-IntAct as a common curation platform for 11 molecular interaction databases. Nucleic
Acids Res. 2014, 42, D358-D363. [CrossRef] [PubMed]

Porras, P; Barrera, E.; Bridge, A.; del-Toro, N.; Cesareni, G.; Duesbury, M.; Hermjakob, H.; lannuccelli, M.; Jurisica, L; Kotlyar, M.; et al.
Towards a unified open access dataset of molecular interactions. Nat. Commun. 2020, 11, 6144. [CrossRef]

Huttlin, E.L.; Bruckner, R.J.; Paulo, J.A.; Cannon, J.R.; Ting, L.; Baltier, K.; Colby, G.; Gebreab, F.; Gygi, M.P.; Parzen, H.; et al.
Architecture of the human interactome defines protein communities and disease networks. Nature 2017, 545, 505-509. [CrossRef]
Faye, C.; Chautard, E.; Olsen, B.R; Ricard-Blum, S. The first draft of the endostatin interaction network. J. Biol. Cherm. 2009, 284, 22041-22047.
[CrossRef] [PubMed]

Salza, R.; Peysselon, F.; Chautard, E.; Faye, C.; Moschcovich, L.; Weiss, T.; Perrin-Cocon, L.; Lotteau, V.; Kessler, E.; Ricard-Blum, S.
Extended interaction network of procollagen C-proteinase enhancer-1 in the extracellular matrix. Biochem. ]. 2014, 457, 137-149.
[CrossRef] [PubMed]

Nystrom, A.; Bruckner-Tuderman, L. Matrix molecules and skin biology. Semin. Cell Dev. Biol. 2019, 89, 136-146. [CrossRef]
Latvanlehto, A.; Fox, M.A.; Sormunen, R.; Tu, H.; Oikarainen, T.; Koski, A.; Naumenko, N.; Shakirzyanova, A.; Kallio, M.; Ilves, M.; et al.
Muscle-derived collagen XIII regulates maturation of the skeletal neuromuscular junction. J. Neurosci. 2010, 30, 12230-12241. [CrossRef]
Powell, A.M.; Sakuma-Oyama, Y.; Oyama, N.; Black, M.M. Collagen XVII/BP180: A collagenous transmembrane protein and
component of the dermoepidermal anchoring complex. Clin. Exp. Dermatol. 2005, 30, 682—687. [CrossRef]

Schmelzer, C.E.H.; Heinz, A.; Troilo, H.; Lockhart-Cairns, M.P; Jowitt, T.A.; Marchand, M.E; Bidault, L.; Bignon, M.; Hedtke, T.;
Barret, A.; et al. Lysyl oxidase-like 2 (LOXL2)-mediated cross-linking of tropoelastin. FASEB ]. 2019, 33, 5468-5481. [CrossRef]
Trackman, P.C. Functional importance of lysyl oxidase family propeptide regions. ]. Cell Commun. Signal 2018, 12, 45-53.
[CrossRef] [PubMed]

Nareshkumar, R.N.; Sulochana, K.N.; Coral, K. Inhibition of angiogenesis in endothelial cells by Human Lysyl oxidase propeptide.
Sci. Rep. 2018, 8, 10426. [CrossRef] [PubMed]

Izzi, V.; Lakkala, J.; Devarajan, R.; Kddridinen, A.; Koivunen, J.; Heljasvaara, R.; Pihlajaniemi, T. Pan-Cancer analysis of the
expression and regulation of matrisome genes across 32 tumor types. Matrix Biol. Plus 2019, 1, 100004. [CrossRef]

Moran-Jones, K.; Gloss, B.S.; Murali, R.; Chang, D.K.; Colvin, EK; Jones, M.D.; Yuen, S.; Howell, VM.; Brown, L.M.; Wong, C.W.,; et al.
Connective tissue growth factor as a novel therapeutic target in high grade serous ovarian cancer. Oncotarget 2015, 6, 44551-44562.
[CrossRef] [PubMed]

Zhang, X.; Wang, Q.; Wu, J.; Wang, J.; Shi, Y.; Liu, M. Crystal structure of human lysyl oxidase-like 2 (hLOXL2) in a precursor
state. Proc. Natl. Acad. Sci. USA 2018, 115, 3828-3833. [CrossRef]

Vallet, S.D.; Guéroult, M.; Belloy, N.; Dauchez, M.; Ricard-Blum, S. A Three-Dimensional Model of Human Lysyl Oxidase,
a Cross-Linking Enzyme. ACS Omega 2019, 4, 8495-8505. [CrossRef]

de Jong, O.G.; van Balkom, B.W.M.; Gremmels, H.; Verhaar, M.C. Exosomes from hypoxic endothelial cells have increased
collagen crosslinking activity through up-regulation of lysyl oxidase-like 2. J. Cell Mol. Med. 2016, 20, 342-350. [CrossRef]
Herum, K.M,; Lunde, 1.G,; Skrbic, B.; Louch, W.E.; Hasic, A.; Boye, S.; Unger, A.; Brorson, S.-H.; Sjaastad, I.; Tennessen, T.; et al.
Syndecan-4 is a key determinant of collagen cross-linking and passive myocardial stiffness in the pressure-overloaded heart.
Cardiovasc. Res. 2015, 106, 217-226. [CrossRef]

Beishline, K.; Azizkhan-Clifford, J. Spl and the “hallmarks of cancer.”. FEBS J. 2015, 282, 224-258. [CrossRef]

Jonsson, PE; Bates, P.A. Global topological features of cancer proteins in the human interactome. Bioinformatics 2006, 22, 2291-2297.
[CrossRef]

Boudiaf-Benmammar, C.; Cresteil, T.; Melki, R. The cytosolic chaperonin CCT/TRiC and cancer cell proliferation. PLoS ONE
2013, 8, €60895. [CrossRef] [PubMed]

Umana-Diaz, C.; Pichol-Thievend, C.; Marchand, M.E; Atlas, Y,; Salza, R.; Malbouyres, M.; Barret, A.; Teillon, J.; Ardidie-Robouant, C.;
Ruggiero, F; et al. Scavenger Receptor Cysteine-Rich domains of Lysyl Oxidase-Like2 regulate endothelial ECM and angiogenesis
through non-catalytic scaffolding mechanisms. Matrix Biol. 2020, 88, 33-52. [CrossRef] [PubMed]

Thomassin, L.; Werneck, C.C.; Broekelmann, T.J.; Gleyzal, C.; Hornstra, LK.; Mecham, R.P.; Sommer, P. The Pro-regions of lysyl
oxidase and lysyl oxidase-like 1 are required for deposition onto elastic fibers. J. Biol. Chem. 2005, 280, 42848—-42855. [CrossRef]
[PubMed]

Bruckner-Tuderman, L.; Has, C. Disorders of the cutaneous basement membrane zone-the paradigm of epidermolysis bullosa.
Matrix Biol. 2014, 33, 29-34. [CrossRef]

Kober, K.I; Cano, A.; Géraud, C,; Sipild, K.; Mobasseri, S.A.; Philippeos, C.; Pisco, A.O.; Stannard, A.; Martin, A.; Salvador, F; et al.
LoxI2 is dispensable for dermal development, homeostasis and tumour stroma formation. PLoS ONE 2018, 13. [CrossRef]
Zhang, H.; Fredericks, T.; Xiong, G.; Qi, Y.; Rychahou, P.G.; Li, J.-D.; Pihlajaniemi, T.; Xu, W.; Xu, R. Membrane associated collagen
XIII promotes cancer metastasis and enhances anoikis resistance. Breast Cancer Res. 2018, 20. [CrossRef]

Jones, V.A ; Patel, PM.; Gibson, ET.; Cordova, A.; Amber, K.T. The Role of Collagen XVII in Cancer: Squamous Cell Carcinoma
and Beyond. Front. Oncol. 2020, 10, 352. [CrossRef]

Amendola, P.G.; Reuten, R ; Erler, ].T. Interplay between LOX Enzymes and Integrins in the Tumor Microenvironment. Cancers
2019, 11, 729. [CrossRef]

Laczko, R.; Csiszar, K. Lysyl Oxidase (LOX): Functional Contributions to Signaling Pathways. Biomolecules 2020, 10, 1093. [CrossRef]


http://dx.doi.org/10.1093/nar/gkt1115
http://www.ncbi.nlm.nih.gov/pubmed/24234451
http://dx.doi.org/10.1038/s41467-020-19942-z
http://dx.doi.org/10.1038/nature22366
http://dx.doi.org/10.1074/jbc.M109.002964
http://www.ncbi.nlm.nih.gov/pubmed/19542224
http://dx.doi.org/10.1042/BJ20130295
http://www.ncbi.nlm.nih.gov/pubmed/24117177
http://dx.doi.org/10.1016/j.semcdb.2018.07.025
http://dx.doi.org/10.1523/JNEUROSCI.5518-09.2010
http://dx.doi.org/10.1111/j.1365-2230.2005.01937.x
http://dx.doi.org/10.1096/fj.201801860RR
http://dx.doi.org/10.1007/s12079-017-0424-4
http://www.ncbi.nlm.nih.gov/pubmed/29086201
http://dx.doi.org/10.1038/s41598-018-28745-8
http://www.ncbi.nlm.nih.gov/pubmed/29993014
http://dx.doi.org/10.1016/j.mbplus.2019.04.001
http://dx.doi.org/10.18632/oncotarget.6082
http://www.ncbi.nlm.nih.gov/pubmed/26575166
http://dx.doi.org/10.1073/pnas.1720859115
http://dx.doi.org/10.1021/acsomega.9b00317
http://dx.doi.org/10.1111/jcmm.12730
http://dx.doi.org/10.1093/cvr/cvv002
http://dx.doi.org/10.1111/febs.13148
http://dx.doi.org/10.1093/bioinformatics/btl390
http://dx.doi.org/10.1371/journal.pone.0060895
http://www.ncbi.nlm.nih.gov/pubmed/23613750
http://dx.doi.org/10.1016/j.matbio.2019.11.003
http://www.ncbi.nlm.nih.gov/pubmed/31759052
http://dx.doi.org/10.1074/jbc.M506832200
http://www.ncbi.nlm.nih.gov/pubmed/16251195
http://dx.doi.org/10.1016/j.matbio.2013.07.007
http://dx.doi.org/10.1371/journal.pone.0199679
http://dx.doi.org/10.1186/s13058-018-1030-y
http://dx.doi.org/10.3389/fonc.2020.00352
http://dx.doi.org/10.3390/cancers11050729
http://dx.doi.org/10.3390/biom10081093

Cancers 2021, 13,71 22 of 22

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

Spitaleri, A.; Mari, S.; Curnis, F; Traversari, C.; Longhi, R.; Bordignon, C.; Corti, A.; Rizzardi, G.-P.; Musco, G. Structural basis for
the interaction of isoDGR with the RGD-binding site of alphavbeta3 integrin. J. Biol. Chem. 2008, 283, 19757-19768. [CrossRef]
Schaffner, E; Ray, A.M.; Dontenwill, M. Integrin 531, the Fibronectin Receptor, as a Pertinent Therapeutic Target in Solid Tumors.
Cancers 2013, 5, 27-47. [CrossRef] [PubMed]

Vallet, S.D.; Deddens, L.; Vonarburg, A.; Salza, R.; Faye, C.; Aranyos, A.; Thierry-Mieg, N.; Ricard-Blum, S. Strategies for
Building Protein-Glycosaminoglycan Interaction Networks Combining SPRi, SPR, and BLI. In Handbook of Surface Plasmon
Resonance, 2nd ed.; The Royal Society of Chemistry: London, UK, 2017; pp. 398-414. ISBN 978-1-78262-730-2.

Pathan, M.; Keerthikumar, S.; Ang, C.-S.; Gangoda, L.; Quek, C.Y.]J.; Williamson, N.A.; Mouradov, D.; Sieber, O.M.; Simpson, R.J.;
Salim, A.; et al. FunRich: An open access standalone functional enrichment and interaction network analysis tool. Proteomics
2015, 15, 2597-2601. [CrossRef] [PubMed]

Maere, S.; Heymans, K.; Kuiper, M. BINGO: A Cytoscape plugin to assess overrepresentation of gene ontology categories in
biological networks. Bioinformatics 2005, 21, 3448-3449. [CrossRef] [PubMed]

Fabregat, A.; Jupe, S.; Matthews, L.; Sidiropoulos, K.; Gillespie, M.; Garapati, P.; Haw, R.; Jassal, B.; Korninger, F.; May, B.; et al.
The Reactome Pathway Knowledgebase. Nucleic Acids Res. 2018, 46, D649-D655. [CrossRef]

Shannon, P; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape:
A software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498-2504. [CrossRef]
Ashburner, M.; Ball, C.A.; Blake, ].A.; Botstein, D.; Butler, H.; Cherry, ].M.; Davis, A.P,; Dolinski, K.; Dwight, S.S.; Eppig, ].T.; et al.
Gene ontology: Tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet. 2000, 25, 25-29. [CrossRef]

The Gene Ontology Consortium the Gene Ontology Resource: 20 years and still GOing strong. Nucleic Acids Res. 2019, 47, D330-D338.
[CrossRef]

UniProt Consortium UniProt: A worldwide hub of protein knowledge. Nucleic Acids Res. 2019, 47, D506-D515. [CrossRef]
Naba, A.; Clauser, K.R; Ding, H.; Whittaker, C.A.; Carr, S.A.; Hynes, R.O. The extracellular matrix: Tools and insights for the
“omics” era. Matrix Biol. 2016, 49, 10-24. [CrossRef]


http://dx.doi.org/10.1074/jbc.M710273200
http://dx.doi.org/10.3390/cancers5010027
http://www.ncbi.nlm.nih.gov/pubmed/24216697
http://dx.doi.org/10.1002/pmic.201400515
http://www.ncbi.nlm.nih.gov/pubmed/25921073
http://dx.doi.org/10.1093/bioinformatics/bti551
http://www.ncbi.nlm.nih.gov/pubmed/15972284
http://dx.doi.org/10.1093/nar/gkx1132
http://dx.doi.org/10.1101/gr.1239303
http://dx.doi.org/10.1038/75556
http://dx.doi.org/10.1093/nar/gky1055
http://dx.doi.org/10.1093/nar/gky1049
http://dx.doi.org/10.1016/j.matbio.2015.06.003

	Introduction 
	Results 
	The Interaction Dataset of the Lysyl Oxidase Family 
	Identification of New Partners of LOXL2 by In Vitro Binding Assays 
	The Interactome of the Lysyl Oxidase Family 

	Analyses of the Interactome of the LOX Family 
	Enrichment Analysis of the Interactome of LOX Family Using BiNGO 
	Enrichment Analysis of the Interactome of LOX Family Using FunRich 
	Pathway Analysis of the Interactome of LOX Family Using Reactome 

	The Interactome of the LOX Family in Cancer 
	Comparison of the LOX Family Interactome in HEK 293 and HCT 116 Cells 
	The Matrisome Part of LOX Family Interactome in Cancer 


	Discussion 
	Materials and Methods 
	Surface Plasmon Resonance (SPR) Binding Assays 
	Bio-Layer Interferometry (BLI) Binding Assays 
	Querying Interaction Databases and Large-Scale Datasets 
	Analyses of the Interaction Network of the LOX Family 
	Data Visualization 

	Conclusions 
	References

