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Abstract

Lysyl oxidases are major actors of microenvironment and extracellular matrix (ECM) remodeling. These
cross-linking enzymes are thus involved in many aspects of physiopathology, including tumor progression,
fibrosis and cardiovascular diseases. We have already shown that Lysyl Oxidase-Like 2 (LOXL2) regulates
collagen IV deposition by endothelial cells and angiogenesis. We here provide evidence that LOXL2 also
affects deposition of other ECM components, including fibronectin, thus altering structural and mechanical
properties of the matrix generated by endothelial cells. LOXL2 interacts intracellularly and directly with
collagen IV and fibronectin before incorporation into ECM fibrillar structures upon exocytosis, as
demonstrated by TIRF time-lapse microscopy. Furthermore, surface plasmon resonance experiments
using recombinant scavenger receptor cysteine-rich (SRCR) domains truncated for the catalytic domain
demonstrated their direct binding to collagen IV. We thus used directed mutagenesis to investigate the role of
LOXL2 catalytic domain. Neither enzyme activity nor catalytic domain were necessary for collagen IV
deposition and angiogenesis, whereas the SRCR domains were effective for these processes. Finally, surface
coating with recombinant SRCR domains restored deposition of collagen IV by LOXL2-depleted cells. We
thus propose that LOXL2 SRCR domains orchestrate scaffolding of the vascular basement membrane and
angiogenesis through interactions with collagen IV and fibronectin, independently of the enzymatic cross-
linking activity.

© 2019 Elsevier B.V. All rights reserved.

Introduction microenvironment associated with tissue develop-
ment and pathologies including cardiovascular dis-

Lysyl oxidases (LOX and LOX-Like 1 to 4) are  eases, fibrosis and cancer [1,2]. These copper-
responsible for the covalent cross-linking of ECM dependent enzymes catalyze the deamination of
proteins and participate to the remodeling of the  hydroxylysines and lysines in collagens and elastin.

0022-2836/© 2019 Elsevier B.V. All rights reserved. Matrix Biology. (2020) 88, 33—52


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matbio.2019.11.003&domain=pdf

34 Non-catalytic regulation of ECM and angiogenesis by LOXL2 SRCR domains

They all share the copper-binding residues and the
catalytic tyrosine and lysine that form the lysyl
tyrosylquinone cofactor (LTQ) (Fig. S4A). This family
of enzymes is subdivided in two groups that differ in
the degree of conservation of both the catalytic and
the N-terminal domains [3]. LOX and LOXL1 share
88% similarity in the catalytic domain. They have
unique N-terminal domains that act as propeptides
whose cleavage is required for activation of the amine
oxidase activity. Whereas the catalytic domains of
LOXL2-4 also share 86—88% similarity, they only
have 64—68% similarity with the catalytic domains of
LOX and LOXL1. In addition, LOXL2-4 share a
common specific structure of their N-terminus con-
sisting in 4 repeats of scavenger receptor cysteine rich
(SRCR) domains whose function remains quite
elusive. SRCR domains are ancient and highly
conserved domains of 100—115 residues character-
ized by 3 or 4 intradomain disulfide bonds that are
present in secreted and cell surface proteins asso-
ciated with pattern recognition of extracellular proteins
[4]. LOXL2 has mainly been associated with patholo-
gical microenvironments in fibrosis and cancer
because of its increased expression and of the impact
of its inhibition on disease progression in animal
models [5—7]. Whereas oxidation of collagen | and
tropoelastin by LOXL2 had been described for long, it
is only recently that their LOXL2-mediated cross-
linking has been demonstrated [8,9]. Similarly,
LOXL2-mediated cross-linking of collagen IV, which
had already been proposed [10,11], was only recently
demonstrated [12]. Interactions of LOXL2 that do not
involve catalytic activity have also been recently
identified, including with other ECM components like
ADAMTS10 and ADAMTSL2, and fibulins [13,14],
further suggesting that LOXL2 could be involved in
elastogenesis [15]. In addition to ECM remodeling, a
non-collagenous substrate of LOXL2 has been
proposed to affect tumor progression through the
regulation of the paracrine PDGF-AB signaling path-
way [16]. Finally, intracellular functions of LOXL2 have
also been proposed, mainly in the context of tumor
progression and epithelial-mesenchymal transition
through the regulation of Snail [17,18]. Even though
LOXL2 was a promising therapeutic target in fibrosis
and cancer, recent clinical trials using a LOXL2
specific antibody inhibiting enzyme activity did not
prove up to the expectations [2,19,20].

LOXL2 was also described as a regulator of the
cardiovascular system both during development and
in extracellular matrix cardiovascular disease like
aneurysm [21—23]. Gene deletion of LOXL2 in mouse
results either in defects in the development of the
cardiovascular system associated to partial [24] or
complete lethality [25], whereas aged heterozygous
LOXL2 "~ mice are protected from vascular stiffening
[25]. LOXL2 was identified as one of the most up-
regulated genes in endothelial tip cells during retina

vascularization [26] and its expression follows growth
of intersomitic vessels (ISV) during zebrafish embryo
development [10]. The involvement of LOXL2 in the
regulation of angiogenesis has been demonstrated in
physiological [10] and pathological contexts [27—29].
Sprouting angiogenesis, the formation of new blood
vessels budding from pre-existing ones, involves
proliferation and migration of endothelial cells, as well
as capillary morphogenesis [30]. These processes
are associated with extensive remodeling of the
microenvironment, including degradation of the pre-
existing extracellular matrix (ECM) and de novo
generation of the vascular basement membrane
[31]. Basement membrane provides the only struc-
tural support to capillaries, as these vessels lack a
smooth muscle wall, and participates to neovessel
stabilization and pericyte recruitment. It thus regu-
lates dynamic processes including cell adhesion,
migration and survival, as well as signaling. We have
reported that LOXL2 is co-localized with collagen IV in
the basement membrane of newly formed capillaries
in the retina of newborn rat[10], and LOXL2 is indeed
considered as part of the machinery involved in
formation of the collagen IV core of the basement
membrane [32]. The involvement of collagen IV in the
regulation of sprouting angiogenesis was demon-
strated by defects in brain microvasculature detected
in collagen IV-deficient mouse embryos, even though
deposition of other basement membrane compo-
nents and formation of large vessels were not
affected [33].

Basement membrane is a complex network of
entangled self-assembled macromolecular com-
plexes that require organization into supra-struc-
tures for achieving its multifunctional biologic roles
[34,35]. Interaction of ECM-associated proteins with
the core of basement membrane remains poorly
understood, even though their role is essential for
capillary formation, as demonstrated for fibronectin
[36,37]. We have previously shown that LOXL2
depletion in endothelial cells resulted in defects in
collagen IV deposition in vitro that were correlated
with inhibition of capillary formation in 3D angiogen-
esis models and during zebrafish embryo develop-
ment. The effect of LOXL2 depletion was however
not mimicked by inhibition of lysyl oxidase enzyme
activity, neither in vitro nor in zebrafish embryos [10],
suggesting that non-catalytic activity of LOXL2 was
involved in ECM organization and/or angiogenesis.
In the present paper, we have thus investigated the
role of LOXL2 domains in the organization of the
vascular ECM and how they impact the formation of
ISV during zebrafish development, and of capillaries
in vitro. Altogether, our data demonstrated that the
SRCR domains of LOXL2 alone are effective for both
ECM scaffolding and 3D capillary morphogenesis,
whereas its catalytic activity is not necessary for
these processes.
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Results

LOXL2 regulates deposition of ECM compo-
nents through direct interactions

We have already shown that LOXL2 is co-
localized with collagen IV and fibronectin in fibrillar
structures of the ECM deposited in vitro by endothe-
lial cells, but not with the matricellular protein Cyr61
[10]. Depleting LOXL2 in these cells resulted in

defects in collagen IV deposition in the ECM without
altering mRNA synthesis and secretion of the protein
[10]. We here investigated the impact of LOXL2
depletion on deposition of other basement mem-
brane components. Endothelial cells were seeded at
confluency and maintained for 2 and 3 days prior to
immunofluorescence or extraction of ECM proteins
for immunoblotting, respectively (Fig. 1). Perlecan
and fibronectin deposition was strongly affected,
whereas laminin deposition was inhibited by only
25%, as assessed by western blotting. These
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Fig. 1. LOXL2 regulates the deposition of ECM proteins. A—C: Control (shCtrl) and LOXL2-depleted (shLOXL2)
endothelial cells were seeded on coverslips. Immunostaining of perlecan, collagen IV, fibronectin, and laminin was
performed 48 h after seeding. Nuclei were stained with DAPI. Boxed areas are illustrated in B. Bars: 25 um (A and C) and
10 um (B). D and E: ECM proteins from endothelial cells cultured for 72 h were solubilized and separated by SDS-PAGE.
LOXL2, collagen 1V, fibronectin and laminin were immunodetected (D). Amounts of each protein in the ECM of control
(black box) and LOXL2-depleted (white box) cells was normalized to the mean of controls (E). Graph presents the mean of
4 independent experiments. Values are presented + SD. **P < 0.005 and ****P < 0.0001. (F) The stiffness of cell-derived
matrix was measured using atomic force microscopy. Graph presents the mean of 3 independent experiments. Values are

presented + SD. **P < 0.005.
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Fig. 2. LOXL2 directly interacts with collagen IV and fibronectin intracellularly prior to incorporation in the ECM upon exocytosis. A—C: LOXL2 directly
binds to collagen IV and fibronectin. Several concentrations of full-length LOXL2 ((8, 16, 32, 64 and 128 nM - A) or SRCR12 (62.5, 125, 250, 500 nM and 1 uM - B) were
injected at 30 puL/min for 180s over immobilized collagen IV. 500 nM LOXL2 was injected at 30 uL/min over immobilized fibronectin (C). D-G: Subcellular distribution of
the interactions of LOXL2 with collagen IV and fibronectin. PLA was performed for analysis of the distribution of LOXL2 interactions with collagen IV (D and E) or
fibronectin (F and G) on confluent endothelial cells that had deposited ECM. PLA signal (red) corresponding to LOXL2 interactions was analyzed by confocal
microscopy. D and F display z projections of the whole stacks. Boxed areas are presented in E and G, which display 3 z-planes (i-iii) and the orthogonal views. White
arrows indicate the z positions of the 3 single planes above. Perlecan immunostaining (green) was used to localize the ECM layer (i) and nuclei staining with DAPI to
localize the intracellular layer (iii). Bar: 10 um (D and F), and 5 pm (E and G). The 3D reconstructions are presented in the online movies 1 (for collagen 1V) and 2 (for
fibronectin). H and I: Incorporation of LOXL2-GFP in the ECM was followed by time-lapse TIRF microscopy. H: A mixed population of confluent endothelial cells
expressing or not LOXL2-GFP was imaged 24 h after seeding. Two cells expressing LOXL2-GFP sequentially migrate in the field of view. Arrows indicate the edge of
each cell (the first in green, and the second in red). Arrowheads indicate stable fibrillar structures that have incorporated LOXL2-GFP, with a similar color-code as for the
cells. Time is indicated in minutes. Bar: 20 um. See online movie 3. (I) An isolated migrating cell was imaged 24 h after seeding. GFP fluorescence is illustrated at the
starting point (0’ - green) and after 15 min (red). The merged image illustrates ECM remodeling associated to cell migration: LOXL2 is incorporated into nascent fibrillar
structures at the migration front. White arrow indicates the direction of migration (top row). Bar: 10 pm. A zoomed area (white box) illustrates incorporation of LOXL2-GFP
in nascent fibrillar structures (arrows; bottom row). Time is indicated in minutes. Bar: 5 pm. See online movie 4.
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defaults of deposition of matrix proteins were not
associated with down-regulation of their expression
(Fig. S1). Furthermore, the fibronectin that was not
deposited in the ECM was detected in the secretion
medium as already described for collagen IV
(Fig. S2) [10], suggesting that LOXL2-depletion
affected their assembly in the ECM rather than
their secretion. The stiffness of the ECM generated
by endothelial cells was measured using atomic
force microscopy. The defects in organization and
composition of the ECM observed upon LOXL2
depletion were correlated with decreased stiffness to
a comparable level as in the presence of B-APN, a
pharmacological pan-inhibitor of lysyl oxidase activ-
ity (Fig. 1F).

Preliminary experiments analyzing the kinetics of
co-localization of LOXL2 suggested that it was
associated earlier and to a higher level with
fibronectin than with collagen IV (Fig. S3). To gain
insight into the mechanisms involved in the regula-
tion of their deposition by LOXL2, we investigated
direct interactions between these proteins using
surface plasmon resonance (Fig. 2A—C). We char-
acterized two binding sites of LOXL2 to collagen IV,
including one of very high affinity, with equilibrium
dissociation constants: Kp; = 8.9 + 2.9 nM and
Kp2 = 0.016 + 0.009 nM. The LOXL2-collagen IV
interactions displayed the following association rates
of 7.54E+05 Ms~' and 4.93E4+-04 Ms ', and
dissociation rates of 6.1E-03 s~' and 7.47E-07
s~'. We also investigated the interactions of a
recombinant protein corresponding to the N-terminal
SRCR domains 1 and 2 (SRCR12) (Fig. S4). We
could detect direct binding of SRCR12 to collagen IV
(Fig. 2B). SPR experiments also demonstrated the
direct binding of LOXL2 to fibronectin (Fig. 2C). We
could however not calculate kinetic parameters and
affinity for these interactions since the signal
decreased before the end of the association
phase. We then investigated the subcellular distribu-
tion of the interactions of LOXL2 with these proteins
using proximity ligation assay (PLA). The experi-
mental conditions were first set up by quantifying
PLA dots in isolated LOXL2-depleted endothelial
cells for identification of specific interactions with
collagen IV or fibronectin (Fig. S5). Using confocal
microscopy, these interactions were then analyzed
in confluent monolayers that had generated a
polarized ECM. Most of the PLA signal was detected
in the ECM focal planes, which were identified using
perlecan as a marker. We also identified intracellular
PLA dots corresponding to LOXL2-collagen IV and
LOXL2-fibronectin interactions in the perinuclear
region (Fig. 2D—G; movies 1 and 2).

Supplementary video related to this article can be
found at https://doi.org/10.1016/j.matbio.2019.11.
003.

The incorporation of LOXL2 in the ECM was
further investigated by time-lapse TIRF microscopy.

A mosaic population of cells expressing a LOXL2-
GFP construct or not was cultured at confluency
(Fig. 2H, Movie 3). LOXL2-GFP was directly
incorporated in filamentous structures of the ECM
underneath the endothelial cell expressing the
chimera. Cells loaded the matrix locally as they
migrated (Fig. 2H, arrows) without diffusion of
LOXL2-GFP to the ECM located under the neighbor-
ing cells. After cells had passed through the field of
view, an important pool of fluorescent LOXL2 was
rapidly released from the matrix (within 10 min),
whereas a smaller fraction of fluorescent LOXL2
remained bound to the ECM for several hours
(Fig. 2H, arrowheads). These two pools of LOXL2-
GFP could correspond to the two rates of dissocia-
tion of LOXL2 from collagen IV that were measured
in SPR experiments. In order to investigate more
precisely LOXL2 incorporation into the ECM, we
acquired closer time-lapse images of migrating
endothelial cells (Fig. 2I, Movie 4). LOXL2-GFP
was deposited into nascent ECM fibrillar structures
at the migration front. Incorporation in these fibrillar
structures appeared as blinking spots of high
intensity typical of exocytosis [38]. Altogether,
these data suggest that LOXL2 has a scaffolding
activity responsible for building up a network of
macromolecules, including collagen IV and fibronec-
tin, in the basement membrane.

Supplementary video related to this article can be
found at hitps://doi.org/10.1016/j.matbio.2019.11.
003.

LOXL2 catalytic activity is not required for
collagen IV deposition and capillary formation

Considering the direct interaction of the SRCR
domains with collagen IV, we then investigated
whether LOXL2 function in ECM deposition requires
its amine oxidase activity. We have already shown
that pharmacological inhibition of lysyl oxidase
activity by B-APN: i) does not affect collagen IV
deposition in the ECM in vitro; -ii) only partially
inhibits capillary formation in 3D assays; -iii) does not
affect ISV formation in zebrafish embryo [10].
Considering the wide spectrum of inhibition of f-
APN and the conflicting results concerning its
efficacy in cell culture [3], we further investigated
the involvement of LOXL2 catalytic activity using site
directed mutagenesis. A point mutation of the
tyrosine residue in the LTQ was generated
(LOXL2-YB89A; Fig. S6) to inactivate the catalytic
activity, as previously described for LOX [39]. The
LOXL2-Y689A mutant was secreted by transfected
CHO cells but inactive, as monitored by measuring
the total 3-APN-sensitive lysyl oxidase activity in the
secretion medium (Fig. 3A and B). We have already
shown that transducing LOXL2-depleted cells with
wild-type LOXL2 restored both ECM deposition and
capillary formation [10]. We here performed similar
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Fig. 3. LOXL2 catalytic activity is not necessary for collagen IV deposition and capillary formation. A and B:
CHO cells were transfected with a control plasmid or with plasmids encoding either wild type LOXL2 or the Y698A mutant.
Overnight secretion media were collected. Amounts of secreted LOXL2 were assessed by Western blot (A) and lysyl
oxidase activity was measured (B). C to E: Control and LOXL2-depleted endothelial cells (EC) were transduced with
lentivirus encoding either GFP (control) or LOXL2 or the LOXL2-Y689A mutant. C: Immunostaining of collagen IV was
performed 5 days after seeding. Bar: 50 um. D and E: Capillary formation was assessed after 6 days of culture using the
cytodex bead assay. Bar: 200 um. Capillary length was measured in 3 independent experiments of duplicate wells (E).
Graph presents the mean value of total sprout length/bead + SD. **P < 0.005.

experiments using mutant LOXL2. The expression of
wild type and mutant LOXL2 in endothelial cells was
assessed by Western blot, using antibodies directed
against either LOXL2 catalytic domain or the myc
epitope tag in order to distinguish between endo-
genous and transduced LOXL2 (Fig. S6B). Similar
levels of wild-type and Y689A mutant LOXL2 were
detected. Cells expressing the different LOXL2
constructs were seeded at confluency in order to
promote collagen IV deposition. Whereas deposition
of collagen IV by LOXL2-depleted cells was inhib-
ited, re-expressing LOXL2 reversed this effect
(Fig. 3C). Collagen IV deposition by endothelial
cells expressing the LOXL2-Y689A was also

restored and displayed a similar distribution as
when deposited by cells expressing wild-type
LOXL2 (Fig. 3C). In vitro capillary formation in 3D
fibrin hydrogels was also inhibited using LOXL2-
depleted cells, and restored to control levels by wild
type LOXL2 or LOXL2-YB89A (Fig. 3D and E).

A parallel approach based on re-expression of
human LOXL2 was performed in LOXL2 knocked-
down zebrafish embryos. ISV formation was altered
upon LOXL2 depletion, resulting in misguiding of
vessels and absence of dorsal longitudinal anasto-
motic vessel, as well as loss of connection with the
aorta (Fig.4 Aii, and movie 5), and lack of perfusion
of ISV (Fig. 4B). Co-injection of the mRNA encoding
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wild-type human LOXL2 together with the translation
morpholino that down-regulates endogenous LOXL2
rescued this phenotype, as previously described
[10]. The involvement of LOXL2 catalytic activity in
the regulation of angiogenesis was then investigated
using an mRNA encoding the human LOXL2-Y689A
mutant. ISV formation and perfusion were rescued to
the same extent as with wild-type human mRNA
(Fig. 4), suggesting that LOXL2 catalytic activity was
not required.

Supplementary video related to this article can be
found at https://doi.org/10.1016/j.matbio.2019.11.
003.

The SRCR domains of LOXL2 are effective for
collagen IV deposition and capillary formation

We then investigated the function of the different
domains of LOXL2. In addition to the copper-binding
site and LTQ, the catalytic domain contains a
cytokine receptor-like domain (CRL) (Fig. S6A)
whose function remains unknown. Moreover, pro-
cessing of LOXL2 between SRCR domains 2 and 3
has been described [40,41], suggesting that these
domains could be involved in different functions. We
thus assessed the proteolytic processing of LOXL2
by endothelial cells using antibodies targeting the N-
or C-terminus. These experiments revealed the
presence of full length LOXL2 (105 kDa) together
with processed forms not detected when cells were
LOXL2-depleted (Fig. 5A): an N-terminal fragment of
37 kDa, and a complementary C-terminal fragment
of 68 kDa. Both proteolytic fragments were detected
in the ECM and the secretion medium, but absent
from the cell extracts. Indeed, bands of smaller
molecular weight were detected in cell lysates only
with the C-terminal antibody, and those were not
altered by shRNA targeting LOXL2. These data are
consistent with the processing of LOXL2 by extra-
cellular proprotein convertases releasing a molecu-
lar form consisting in SRCR domains 1 and 2
(SRCR12) [40,41]. The ratio of these proteolytic
fragments to full length LOXL2 was higher in the
ECM than in the secretion medium, but our experi-
ments do not allow to distinguish between proces-
sing in the ECM or in the secretion medium.

LOXL2-depleted endothelial cells were trans-
duced with lentiviruses encoding either wild type or
SRCR12 or SRCR14 forms of LOXL2. Expressing
any of these three forms restored collagen IV
deposition in the ECM (Fig. 5B), even though
SRCR12 and SRCR14 did not reach as high levels
of expression as full length LOXL2 (Fig. S6). The
three constructs also restored capillary formation to
the same extent as control cells (Fig. 5C), demon-
strating that the two N-terminal SRCR domains are
sufficient for collagen IV deposition and capillary
formation in vitro.

In order to perform a similar investigation in
zebrafish embryos, two complementary approaches
were used: i) injection of a splicing morpholino; and
—ii) co-injection of a translation morpholino with an
mRNA. A splicing morpholino targeting the
sequence joining intron 8 and exon 9, thus splicing
exon 9, was designed to result in the insertion of a
stop codon in the open reading frame, and thus in
translation of a protein truncated for the whole
catalytic domain. Splicing of LOXL2 mRNA was
confirmed by RT-PCR (Fig. 6A). The only antibody
directed against LOXL2 that recognizes the zebra-
fish protein, in our hands, targets the catalytic
domain. Investigating deletion of the catalytic
domain by Western blot using this antibody resulted
in loss of the band present in control embryos and
absent in embryos injected with a translation
morpholino (Fig. 6B). Vessel formation and perfu-
sion were restored in 77.8% of zebrafish embryos
expressing truncated LOXL2 (Fig. 6C and D). We
also co-injected the translation morpholino with an
mRNA encoding human LOXL2 deleted for its
catalytic domain (SRCR14). Semi-quantitative RT-
PCR revealed that similar amounts of the injected
mRNA were still present at 10 and 22 h post-
fertilization (hpf) (Fig. 6E), demonstrating the pre-
sence of Loxl2a mRNA at the developmental stage
of ISV growth. We could however not detect the
truncated human LOXL2 using an antibody directed
against the myc epitope. Nevertheless, formation
and perfusion were completely rescued in 63%, and
partially rescued in 19% of LOXL2-SRCR14 injected
embryos (Fig. 6F and G; movie 5). These data
demonstrate that the catalytic domain is not required
for deposition of collagen IV in the ECM and
formation of capillaries.

LOXL2 regulates ECM deposition in a context-
dependent manner

We further characterized the ECM scaffolding
function of LOXL2 using recombinant full length
and truncated forms of LOXL2 as surface coating.
Secretion and proper glycosylation profile of the
recombinant proteins were verified by SDS-PAGE,
suggesting the correct folding of these proteins
(Fig. S4). Control and LOXL2-depleted endothelial
cells were seeded in tissue culture dishes coated or
not with the recombinant proteins and collagen IV
deposition was analyzed by immunofluorescence 3
days after seeding (Fig. 7A). All three forms of
LOXL2 restored collagen IV deposition. The pattern
of collagen IV was however lacking the thick
filamentous material that was generated by endothe-
lial cells in the absence of coating. These data
showed that LOXL2 and its two N-terminal SRCR
domains could provide binding sites for collagen IV,
as suggested by the direct interaction between these
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proteins. A similar pattern of collagen IV deposition
lacking large fibrillar structures was also observed
when endothelial cells were seeded on collagen | or
fibronectin (Fig. 7B). Under such culture conditions,
LOXL2 followed the same pattern of deposition as
collagen 1V: the large fibrillar structures detected
when cells were seeded in the absence of coating
were lost when cells were seeded on fibronectin or
collagen | (Fig. 7B). Quite remarkably, LOXL2
depletion only altered collagen IV deposition in the
absence of coating (Fig. 7C-left column) but did not
affect the fine and homogenous distribution of

collagen IV in the ECM when endothelial cells were
seeded on collagen | or fibronectin (Fig. 7C- middle
and right column). These data suggest that LOXL2 is
part of large macromolecular complexes of ECM
proteins whose deposition is mutually relying on the
presence of one of the components in the ECM.

Discussion

Morphogenetic processes are tightly regulated by
remodeling of the microenvironment, including
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composition and physical properties of basement
membrane [35,42]. Sprouting angiogenesis indeed
requires de novo building of the vascular basement
membrane at the surface of growing capillaries, as
demonstrated for several components, including
collagen IV [33] and fibronectin [37]. We have
previously demonstrated the impact of LOXL2
depletion on collagen IV deposition and angiogen-
esis [10]. We here describe impairment of the

deposition of fibronectin and perlecan, suggesting
that LOXL2 acts as a key regulator of the organiza-
tion of the vascular basement membrane. Our data
also demonstrate that the catalytic activity of LOXL2
is not involved in these processes. Using a structure-
function approach, we actually found that LOXL2
SRCR domains alone play a central role in ECM
generation and capillary formation. Our data thus
suggest that LOXL2 could act as a scaffolding
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protein participating to the macromolecular organi-
zation of the ECM, thus providing the appropriate
microenvironment to blood vessels.

Organization of the vascular basement membrane
is mediated by the autocrine deposition of ECM
components by endothelial cells. Whereas some
proteins like laminins and collagen IV undergo self-
assembly, the key components and mechanisms
that regulate the organization of these macromole-
cules into supra-structures remain largely unknown.
LOXL2 could be a regulator of this process as its
depletion alters deposition of several components
and mechanical properties of the ECM generated by
endothelial cells. Such scaffolding activity would
then be completed by LOXL2-mediated crosslinking
of collagen IV [32]. A similar function was described
for LOX in elastogenesis, as it binds both fibulin-4
and tropoelastin, which is then a substrate for LOX
[43]. We detected direct and intracellular interactions
of LOXL2 with collagen IV and fibronectin. Progres-
sion of collagen IV from the endoplasmic reticulum to
secretory vesicles requires post-translational mod-
ifications including hydroxylation of lysines and
prolines [42], and is regulated by the intracellular
specific chaperones HSP47 and Tango1 [44,45]. An
appealing hypothesis would be that LOXL2 interacts
with the trimeric protomer of collagen IV in the late
secretory pathway, and acts as a specific chaperone
prior to deposition in the ECM network. Since
processing of the SRCR domains is required for
cross-linking of collagen IV [40], the N-terminal
SRCR domains 1 and 2 could protect collagen IV
from premature cross-linking in the secretory path-
way, thus promoting the correct formation of the 7S
domain in the ECM. Such chaperone activity
associated with post-Golgi intracellular trafficking
and conserved through evolution has been pro-
posed for other secreted enzymes and for SPARC
interaction with collagen IV [46,47]. Antibodies
specific for the NC1 and 7S domains of collagen
a3a4a5 (IV) demonstrated the polarized deposition
of collagen IV in the basement membrane, with the
7S pointing to the interstitial matrix [48]. Interaction of
LOXL2 with the 7S domain [12] could thus partici-
pate to such molecular polarization in the basement
membrane. We also detected intracellular and direct
interactions of LOXL2 with fibronectin. Binding of
fibronectin to LOX catalytic domain had already
been described [49]. This interaction was critical for
LOX activation even though fibronectin was not a
substrate for LOX. Together with the early and high
co-localization of LOXL2 and fibronectin in the ECM,
these data suggest that a complex between these
two proteins could participate in organization of the
endothelial ECM.

Whereas the core machinery involved in the
trafficking of basement membrane components
starts to be established, the mechanisms involved
in sorting and targeting these cargo proteins remain

unknown [42]. TIRF microscopy demonstrated that
LOXL2 was directly incorporated upon exocytosis
into the basal ECM underneath the secreting cell,
corresponding to the polarized deposition of ECM.
Hot spots of exocytosis appeared to be distributed
along filamentous structures, demonstrating intra-
cellular targeting of LOXL2 to the sites of its
deposition. Furthermore, LOXL2 was incorporated
within the fibrillar structures of the ECM, rather than
at their tip, suggesting that it added up proteins in
these structures rather than participated to their
elongation. In addition, persistence of part of the
LOXL2-GFP signal in the ECM for hours after
secretion could correspond to the cross-linking of
this enzyme to collagen IV [40].

Knocking-down Loxl2a expression in zebrafish
embryo altered ISV formation, whereas B-APN had
no effect. B-APN also hardly inhibited in vitro
capillary formation by HUVEC [10]. Mutation of the
LTQ did not affect capillary formation in vivo and in
vitro either. Similar mutations also had no effect on
other LOXL2-mediated functions [11], including
regulation of epithelial [50] or endothelial [29] to
mesenchymal transition or expression of cell polarity
factors [51] or keratinocyte differentiation [52]. In this
latter study, an antibody targeting SRCR domain 4
however inhibited LOXL2 impact on differentiation,
suggesting that protein interactions of the SRCR
domains could be mediating LOXL2 effect. In our
study, complete deletion of the catalytic domain
further demonstrated the lack of involvement of the
enzyme activity, and ruled out the possibility that
LOXL2 acts through the CRL domain. Interestingly,
intracellular activity of LOXL2 SRCR domains was
also demonstrated through their interaction with
GATAG [53].

Propeptides of enzymes are known to regulate
their catalytic activity, either by intramolecular
promotion of the folding of the catalytic site and/or
by inhibition of the enzyme activity [54,55]. Similar
function holds true for LOX and LOXL1 propeptides
[56,57], but not for LOXL2, as processing of its
propeptide is not associated with activation of the
amine oxidase activity [40,41]. Other roles have
been proposed for processed propeptides of lysyl
oxidases, and are still under investigation [43].
Unlike LOX and LOXL1, LOXL2 propeptide is
actually not cleaved off from the catalytic domain,
but processed in two halves, which releases only the
2 N-terminal SRCR domains (SRCR12). Our recent
SAXS and electron microscopy analyses of LOXL2
structure revealed that only SRCR4 is interacting
with the catalytic domain, and that the SRCR
domains are organized in a string of pearl manner
that supports processing and release of SRCR12
domains [9]. This fragment was not detected in
endothelial cell lysates, but was naturally occurring
after secretion, in agreement with its generation by
extracellular serine proteases [40,41]. After
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secretion SRCR12 was in both the medium and the
ECM, where the ratio of SRCR12 to full length
LOXL2 was the highest. We also demonstrated the
direct interaction of SRCR12 with collagen IV using
SPR. Whereas we did not succeed in expressing the
two N-terminal SRCR domains alone in zebrafish
embryo, using either splicing morpholino or injection
of mRNA, SRCR12 was successfully expressed in
endothelial cells and mimicked LOXL2 impact on
matrix deposition and capillary formation. Finally,
collagen IV deposition by LOXL2-depleted cells was
restored when culture support was coated with
SRCR12. A general feature of SRCR domains is
binding to cell surface and ECM molecules through
wide spectrum pattern recognition [3], and dimeriza-
tion of class A SRCR domains is particularly adapted
to recognition of large ligands [58], which corre-
sponds to the proposed interaction between LOXL2
SRCR domains and the 7S domain of collagen IV.
These data thus support a novel function for LOXL2
SRCR domains as scaffolding domains in the ECM.

Many mechanisms have been proposed explain-
ing the impact of LOXL2 on cell behavior [3],
including through expression of Snail [17,50] or
activation of FAK/Src [29,59], both through catalytic
or non—catalytic mechanisms. In endothelial cells,
intracellular LOXL2 also regulates gene expression
through direct interaction of intracellular LOXL2 with
GATAB-AS [60]. These authors demonstrated that
these effects are distinct from the regulation of
angiogenesis, which only involves extracellular
LOXL2. Another recent study proposes that LOXL2
and its enzyme-dead mutant regulate similarly the
endothelial to mesenchymal transition [29]. The non-
catalytic regulation of basement membrane deposi-
tion by LOXL2 that we describe fits quite well with
these hypotheses. Scaffolding of collagen IV and
fibronectin by the ECM-localized LOXL2 could thus
play a major role in angiogenesis considering the
importance of cell-mediated remodeling of the base-
ment membrane for acquisition of function [42].
Inactivation of genes encoding collagen a1(lV) and
collagen a2(lV) in mouse resulted in inhibition of
sprouting angiogenesis in the developing brain [33].
Fibronectin is also required for angiogenesis, and
more particularly cellular fibronectin released by
endothelial cells in a polarized and autocrine manner
[61,62]. In addition, direct interactions of fibronectin
with collagen IV have been known for long and more
recent studies have proposed that fibronectin fibril-
logenesis is required for collagen IV deposition
[63,64]. A complex involving collagen IV, fibronectin
and LOXL2 at the interface between endothelial cells
and interstitial ECM could thus be required for
regulation of angiogenesis. Altogether, our data
extend the catalytic function of LOXL2 in biosynth-
esis of the collagen IV core [32] to a wider role as a
non-catalytic scaffolding organizer in the basement
membrane at its interface with ECM.

The non-catalytic mechanisms that we identified
could participate to the development of pathologies
of the vascular basement membrane, including
intracranial and retinal aneurysms [21—23]. Such
mechanisms should therefore be considered in the
context of inhibitor development, especially after
failure of recent clinical trials targeting LOXL2
catalytic activity [2,19,20]. Indeed, collagen IV
mutations impact the endothelium function in pathol-
ogies including small vessel diseases, which are
associated with tortuous blood vessels, hemor-
rhages and aneurysms [65]. Even though collagen
IV is present in the basement membrane in these
pathologies, transmission electron microscopy
reveals interruptions and dilations of the vascular
basement membranes. Affecting LOXL2 function in
the organization of the vascular basement mem-
brane could thus have long-term effects on endothe-
lial integrity and function.

Experimental procedures

Antibodies and reagents

LOXL2 antibodies were purchased from Cell Signaling
Technology (rabbit mAb #69301) (Boston, MA, USA.) and
Abnova (mouse mAb #H00004017-M01) (Heidelberg,
Germany); type IV collagen antibodies from Novotec
(rabbit polyclonal #20411) (Lyon, France); anti-myc clone
9E10 mouse mAb # 11-667-203-001), fluorescent sec-
ondary antibodies, DAPI, Amplex Red were purchased
from Life Technologies (Carlsbad CA, USA); fibrinogen
(#341578) and thrombin (#605190) from Calbiochem/
merck (Darmstadt, Germany), VEGF (#293-VE-050) from
R&D, horseradish peroxidase, 1,5-diaminopentane and f-
APN from Sigma-Aldrich (Saint-Louis, MO, USA).

Cell culture

Human umbilical vein endothelial cells (HUVEC) were
prepared and grown as previously described [66] in
endothelial cell growth medium (ECGM2). Experiments
were performed using HUVEC between passages 2 and 5.
Normal human dermal fibroblasts were purchased from
Promocell (Heidelberg, Germany) and grown in Fibroblast
Growth Medium 2 (Promocell).

Immunofluorescence

Confluent (40,000 cells/cm?) cells were seeded on glass
coverslips or in 6 channels ibiTreat microslides ibidi®
(Martinsried, Germany) and cultured for 2—5 days before
fixation with 4% paraformaldehyde and permeabilization
with Triton-X-100 (0.5%). In some experiments, coverslips
were coated with 230 uM of recombinant protein (full
length LOXL2-myc-His, LOXL2-SRCR14-myc-His,
LOXL2-SRCR12-myc-His) for 1 h at 37 °C. Primary and
secondary antibodies were incubated in the presence of
1% normal goat serum. Coverslips were mounted in
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Mowiol and for 6 channels ibidi micro-slides, liquid
mounting medium was added into each channel. Images
were acquired with a spinning disk confocal microscope
equipped with an HQ2 coolsnap camera using a 63x
objective (Nikon-Roper).

Protein extraction and immunoblotting

For cell lysate, confluent HUVECs were directly
extracted with Laemmli buffer containing DTT (50 mM)
before separation by SDS-PAGE. For HUVEC ECM
proteins, cells were detached on ice with 0.5% DOC,
washed with PBS prior to similar protein extraction. For
secreted protein, overnight serum-free ECGM2 was
collected and centrifuged. Proteins were precipitated with
1% TCA followed with acetone and ether washes, before
treatment with Laemmli buffer.

For zebrafish analysis, 10 dechorionated embryos were
lysed in 25 mM Tris pH 7.5, 100 mM NaCl, 5 mM EDTA,
0,5% DOC, 0,5% NP40® containing protease inhibitor
cocktail (Sigma-Aldrich). Lysates were centrifuged 15 min
at 15000 rpm and pellets were solubilized in Laemmli
buffer containing DTT.

Proteins were then separated by SDS-PAGE and
transferred to PVDF membranes before incubation with
the appropriate antibodies in 25 mM Tris-HCI, pH 7.4,
0.1% Tween 20, and 5% milk. Immunological detection
was performed with streptavidin-horseradish peroxidase
(HRP) conjugated secondary antibodies, using ECL (Life-
Technologies) as a substrate.

Atomic force microscopy

Matrix stiffness was determined by probe force spectro-
scopy using an atomic force microscope (NanoWizard 3,
JPK Instruments, Berlin, Germany) placed on a vibration
isolation table. A silicon nitride cantilever with conical tip
(0.06 N/m) was used. Exact spring constant was deter-
mined upon calibration in PBS by the thermal noise
method prior to each experiment. We used the Young's
modulus of the endothelial ECM as a measurement of
matrix elasticity. AFM force-distance curves were trans-
formed to force-indentation curves and fitted using the JPK
data processing software. Automated curve fitting was
applied using the first 500 nm of indentation as a fitting
range, and using the contact-point independent linear
Hertz-Sneddon model modified for a cone [67].

SPR binding assays

SPR binding assays were carried out in a Biacore T100
system (GE Healthcare, Protein Science Facility, UMS
3444, Lyon, France) using human placenta collagen IV
and human plasma fibronectin (C7521 and F2006, Sigma).
They were covalently immobilized on a dextran-covered
CM5 sensor chip using the amine coupling kit (GE
Healthcare) according to the manufacturer's instructions
at a flow rate of 5 uL/min with 10 mM Hepes, 150 mM NacCl,
P20 0.05% pH 7.4 as runining buffer. The carboxyl groups
of CM5 sensor chips were activated by injecting N-
hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide for 420 s. Ligands were injected for 420 s at

100 pg/mL over the activated sensor chip. The residual
activated groups were blocked by injecting 1 M ethanola-
mine pH 8.5 for 420 s. Two injections of running buffer of
60 s each were then performed. The immobilization levels
were 4039 RUs for collagen IV and 3000 RUs for
fibronectin.

Several concentrations of full-length LOXL2 (8, 16, 32,
64 and 128 nM) and SRCR12 domains (62.5, 125, 250,
500 nM and 1 pM) were injected at 30 pl/min for 180s over
immobilized ligands and over a control flow cell submitted
to the coupling steps without ligand to evaluate non
specific binding, which was subtracted from raw data. The
association (ka) and dissociation rate (kd) constants and
the equilibrium dissociation constant (KD) were calculated
using the Biaevaluation software (version 2.0.3).

Proximity ligation assay (PLA)

Proximity ligation assay was performed using the
Duolink® In Situ Red Starter Kit mouse/rabbit (Sima-
Aldrich) following the manufacturer's instructions. Briefly,
HUVEC were grown on 6-channel micro-slides (Ibidi,
Martinsried, Germany). Cells were washed once with
PBS, fixed with 4% paraformaldehyde in PBS and
permeabilized with TritonX-100 (0.5%). LOXL2 was
detected with a primary rabbit anti—human antibody (Cell
signaling technologies), while collagen IV and fibronectin
were detected using mouse anti—human antibodies
(Millipore). The kit provided the corresponding probes of
anti-rabbit PLUS and anti-mouse MINUS. Nuclei were then
stained with DAPI containing mounting medium. Stacks of
26—30 images with a 300 nm step were acquired with a
Nikon Ti-Roper iLas confocal spinning disk microscope,
equipped with an HQ2 cool snap camera with a 100x
objective.

TIRF microscopy

LOXL2-GFP cells were seeded in a glass bottom micro-
dish (Ibidi, Martinsried, Germany) in ECGM2. Cells were
maintained in an environmental control system at 37 °C,
5% CO, (Life Imaging System, Basel, Switzerland) and
imaged after 24 or 48 h. One solid-state laser line (488 nm)
was coupled to a TIRF condenser and time-lapse images
were collected with a Nikon Ti-Roper iLas TIRF micro-
scope, equipped with an Evolve EMCCD camera (Roper
Scientific, Evry, France).

Expression vector, lentivirus, and shRNA tools

cDNA encoding human wild-type and mutant LOXL2
constructs were cloned in pLenti6/V5-DEST using the
Gateway LR clonaseTM Il (Life Technologies, Grand
Island, NY, USA).

HUVEC from each umbilical cord were infected with
non-targeting (control) or LOXL2 shRNA. Plasmids encod-
ing shRNA were purchased from Sigma-Aldrich. Lentiviral
production was performed using Mission lentiviral packa-
ging mix (Sigma-Aldrich) according to the manufacturer's
instructions. For rescue experiments, these cells were
super-transduced with virus encoding Green Fluorescent
Protein (GFP), LOXL2-GFP, wild-type LOXL2, catalytic
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site mutant LOXL2-Y689A, LOXL2-SRCR14 (without
catalytic domain) and LOXL2-SRCR12 (without catalytic
domain and SRCR 3 and 4). These constructs were
silently mutated at the shRNA recognition site. Transduc-
tions were repeated using HUVEC from different umbilical
cords. Transduced cells were selected for 7 days with
puromycin (2 pg/mL) for shRNA-mediated down-regulation
and with blasticidin (2 pg/mL) for re-expression.

Lysyl oxidase activity assay

Lysyl oxidase activity was determined using cadaverine
as a substrate in a fluorescent assay based on oxidation of
Amplex Red to resorufin [68]. Overnight secretion medium
from cells expressing wild-type LOXL2 or the catalytic
mutant LOXL2-Y689A were incubated in 1.2 M urea,
0.05 M sodium borate, pH 8.2, 1 unit/mL horseradish
peroxidase, 10 mM Amplex red, 10 mM of cadaverin at
37 °C for 1 h. Lysyl oxidase activity was calculated as the
difference between total amine oxidase and the activity
measured in the presence of 500 UM B-APN.

3D capillary formation assay

Three-dimensional fibrin gel assays were carried out as
previously described [69]. Briefly, HUVEC were seeded on
cytodex beads (GE Healthcare) 24 h before embedding in
a 2.5 mg/mL fibrin gel. In some experiments, 230 uM
recombinant LOXL2 proteins (LOXL2, LOXL2-SRCR14,
LOXL2-SRCR12) were added to the hydrogels. Normal
human dermal fibroblasts were plated on top of the gel.
Capillaries were allowed to grow for 5—6 days in the
presence of complete medium containing 10 ng/mL VEGF.
Hydrogels were then fixed with 4% paraformaldehyde,
stained with phalloidin-Alexa Fluor 488 and imaged with a
Nikon Ti-Roper iLas confocal spinning disk microscope
equipped with an HQ2 cool snap camera using a 10x
objective (Nikon-Roper). Total tube length per bead was
measured using Imaged.

Downregulation of Loxl2a and ISV analysis in zebra-
fish embryo

Wild-type, Tg(fli1:EGFP)y" and Tg(kdrl:EGFP) zebrafish
embryos were maintained according to common practices
at 28 °C in embryo medium. Four ng of the translation
morpholino targeting lox/2a or a control morpholino or a
splicing morpholino targeting exons 5 and 6 of lox/2a, were
microinjected into one-to two-cell stage embryos as
previously described. Morpholinos were purchased from
Gene Tools, LLC (Philomath, OR, USA). The following
primers were used to detect splicing: forward 5'-AGCTG-
TAGACTAGGCAAAGCT-3’; reverse: 5'-CCATTTGAAG-
GACGTGTGGAA -3'.

For mRNA injection, 100 ng of each mRNA coding for
LOXL2, LOXL2-Y689A or SRCR14-LOXL2, were co-
microinjected into one-to two-cell stage embryos with
4 ng of the translation morpholino. The following primers
were used to detect srcr14-lox/2 mRNA: forward 5'-
GACCGTCTGCGACGACAAG-3’; reverse 5'-GGTGATGAT-
GACCGGTATGC-3’. Morphology of capillaries was investi-

gated at 72 hpf using a home-built digital scanned laser
light sheet microscope (DSLM) based on Keller and
collaborators report [70] using a single illumination.
Embryos were mounted in 1% low-melting agarose in a
glass capillary (2 mm diameter) and extruded in an
immersion chamber with a transferpettor piston (Brand,
Wertheim, Germany). Samples were excited at 488 nm
(Coherent, USA) with a 10x/0.3 objective lens (Leica,
Germany). The focal plane of a 20x/0.5 U-V—I water-
immersion objective lens (Leica, Germany) was imaged
onto an sCMOS Orca Flash4 2.0 camera (Hamamatsu,
Japan) through emission filter (Semrock, Rochester, NY,
USA). Sample was moved using three motorized linear
stage (M-111.1DG) and one rotative stage (M-660.55)
(Physik Instrumente, Karlsruhe, Germany) controlled with
custom-made software written in Labview (National
Instruments, Austin, TX, USA). Stacks of 200-300 slices
were processed with Fiji and orientated using the Inter-
active Stack Rotation plugin [71]. Images are presented as
the maximum intensity projection of one half of the embryo.

Recombinant protein purification

The cDNA encoding either full length human LOXL2 or
forms consisting of the four or two N-terminal SRCR
domains were inserted in pcDNA3.1-myc-His at Hindlll
and Xbal restriction sites. PCR fragments were generated
using the following primers: 5-AAGCTTATGGA-
GAGGCCTCTG-3' and 5-TCTAGACTGCGGGGA-
CAGCTG-3’ for LOXL2, 5 -
TCTAGAGGTTTCTGAGCAGGC-3' for SRCR14 and 5'-
TCTAGAGAATCTTGAGGGTCC-3 for SRCR12. Co-
expression in dihydrofolate reductase-deficient CHO
cells with the dhfr gene was performed using lipofectamine
2000 according to the manufacturer recommendations
(Thermo Fischer Scientific, Waltham, MA). High expres-
sion clones were generated by serial subcloning in the
presence of increasing concentrations of methotrexate
(Sigma-Aldrich, St Louis,MO). Production and purification
of recombinant proteins was performed on HisTrap
columns (GE Healthcare, Pittsburgh, PA) as previously
described [9].

Statistics

Statistical analysis of data was performed with Student t-
test, unless otherwise stated and considered significant
when P value < 0.05 (GraphPad Prism 4, GraphPad
Software). Error bars represent the standard deviation.
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