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SUMMARY

Fibronectin fibrillogenesis and mechanosensing both depend on integrin-mediated force 

transmission to the extracellular matrix. However, force transmission is in itself dependent on 

fibrillogenesis, and fibronectin fibrils are found in soft embryos where high forces cannot be 

applied, suggesting that force cannot be the sole initiator of fibrillogenesis. Here, we identify 

a nucleation step prior to force transmission, driven by fibronectin oxidation mediated by lysyl 

oxidase enzyme family members. This oxidation induces fibronectin clustering, which promotes 

early adhesion, alters cellular response to soft matrices, and enhances force transmission to the 

matrix. In contrast, absence of fibronectin oxidation abrogates fibrillogenesis, perturbs cell-matrix 

adhesion, and compromises mechanosensation. Moreover, fibronectin oxidation promotes cancer 

cell colony formation in soft agar as well as collective and single-cell migration. These results 
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reveal a force-independent enzyme-dependent mechanism that initiates fibronectin fibrillogenesis, 

establishing a critical step in cell adhesion and mechanosensing.

Graphical Abstract

In brief

Melamed et al. show that initiation of fibronectin fibrillogenesis is mediated by the LOX enzyme 

family, which oxidizes lysine residues within fibronectin. This, in turn, leads to fibronectin 

clustering, which is a prerequisite for adhesion and force-dependent fibrillogenesis. Mutations 

in fibronectin-oxidation sites lead to impaired cell adhesion, migration, and proliferation.

INTRODUCTION

Cell adhesion to the extracellular matrix (ECM) is a fundamental property that is essential 

for multiple cellular processes including migration, proliferation, and differentiation. As a 

result, cellular functions often depend on alterations within the ECM, including changes 

in its composition, structure, and mechanical properties.1,2 Fibronectin (FN) is an essential 

ECM protein that promotes cell adhesion to the matrix3,4 and is also an important regulator 

of ECM alterations owing to its binding to numerous ECM proteins, including collagen,5 

fibrillin,6 fibrinogen,7 and Tenascin-C.8 FN is secreted as an inactive dimer and it promotes 

matrix assembly and integrin-mediated cell adhesion to the matrix in its active multimeric 

fibrillar form.9,10 The dimeric to pro-fibrillar transition, which activates the initiation of FN 
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fibrillogenesis, is considered to be driven by intracellular forces generated and transmitted 

via the actomyosin cytoskeleton to the extracellular FN molecules through transmembrane 

integrins.11–13 When generated, the forces lead to conformational changes within FN, 

exposing cryptic self-association binding sites that allow adjacent dimers to interact, thus 

gradually promoting the assembly of FN fibrils.14,15 This process is associated with growth 

of nascent integrin adhesions into mature focal- and/or fibrillar-adhesions.16,17 Indeed, in 

situations where high forces cannot be generated, as in cultured cells grown on soft matrices, 

FN fibrillogenesis is inhibited, resulting in reduced cell adhesion.14 In developing embryos, 

fibril assembly depends on cadherin-dependent enhanced contractility that leads to integrin-

FN translocation.18 However, in very early stages of embryonic development, the embryo 

rigidity is so low19,20 that it is not expected to provide sufficient resistance to support 

transmission of high cellular forces to the matrix. Thus, the observed FN fibrils at such 

early embryonic stages,21,22 which are essential for facilitating cell adhesion and migration, 

appear to depend on additional mechanisms that can overcome and compensate for the low 

rigidity and the resulting inability to exert force. Here we set to dissect this long-standing 

conundrum. We found a force-independent mechanism that is essential for the initiation of 

FN fibrillogenesis.

RESULTS

Lysyl oxidases promote FN fibrillogenesis and cell spreading on soft matrices

The presence of FN fibrils in early, soft embryos whose stiffness cannot support 

transmission of the high forces that are involved in integrin-dependent FN conformational 

changes suggests that an additional mechanism is involved in FN fibrillogenesis. Our 

previous finding that members of the lysyl oxidase enzyme family bind FN, that LOX-like 

3 (LOXL3) oxidizes it, and that its enzymatic activity induces FN-dependent integrin 

activation,23 raised the possibility of an enzyme-dependent initiation of fibrillogenesis, a 

force-independent mechanism that relies on enzymes and their substrates’ availability. In 

line with this notion, we found that, in cultured mouse embryonic fibroblasts (MEFs) 

expressing GFP-tagged FN,24 FN fibrils are observed under β1-integrin adhesions and 

LoxL3 is localized at the cell periphery together with small FN patches (Figure 1A, 

arrowheads). Analysis of the spatial interactions25 between β1-integrin and LoxL3 

demonstrates that the two proteins are colocalized specifically along the cells’ edges (Figure 

1B).

Notably, LoxL3 is expressed in neural crest cells (Figure S1A) and, following its deletion 

(LoxL3Δ/Δ), the mutant embryos display a cleft palate phenotype and reduced neural crest 

cell numbers at branchial arches (Figures S1B–S1H), both of which are FN-associated 

phenotypes.26,27 Further, abnormal FN-fibril formation along the somitic boundaries is 

also observed in LoxL3Δ/Δ mutant embryos (Figures S1I–S1K). Collectively, these findings 

suggest a role for lysyl oxidases in FN fibrillogenesis.

To test the relationship between substrate rigidity, FN fibrillogenesis, and the lysyl oxidases, 

we took advantage of primary human aortic smooth muscle cells (HASMCs), which (1) 

normally reside on a rigid artery wall whose stiffness, depending on stretching, is 15–88 

kPa28; and (2) primarily express the lysyl oxidase family member, LOX.29 Following 
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infection with short hairpin RNA against LOX (shLOX) or scrambled RNA (shControl) 
(Figure S1L), we cultured the cells for 24 h on 1 or 40 kPa FN-coated surfaces and 

monitored FN fibrils by immunostaining. Although shControl cells displayed significant 

FN-fibril formation, cells devoid of LOX, despite secreting FN to the same extent (Figure 

S1M), did not form any FN fibrils on either rigidity (Figures 1C–1H).

We next wished to carry out the converse experiment and test whether pretreatment of 

FN with lysyl oxidases overrides rigidity sensing and promotes early cell adhesion on 

soft matrices. To that end, we used recombinant human LOXL3 or LOXL2, and treated 

FN-coated 1.0- and 0.35-kPa surfaces with either enzyme. MEFs stably expressing Paxillin-

GFP (Pax-GFP) were then added onto the plates and fixed after 60 and 120 min on the 

sham-, LOXL3-, or LOXL2-treated FN (Figures 1I–1X and S1N–S1ZC). FN fibrils were 

undetectable at these early times of cell spreading, and therefore we monitored cell areas 

as readouts of cellular interaction with FN. This analysis revealed a significant increase 

in the areas of cells plated on the LOXL3- or LOXL2-treated FN compared with the 

sham-treated FN or with those treated with the enzyme mixed with the pan LOX inhibitor 

beta-aminopropionitrile (βAPN).30

Previous work has noted significant differences in mechanosensing whether the ECM 

proteins were physically adsorbed or chemically crosslinked to the substrate as cell-

generated forces can pull off ECM molecules from the substrates in the former scenario.31 

Although we used soft silicone substrates on which this phenotype does not occur,32 to 

verify that the above observations are not due to crosslinking of FN to the underlying gel via 

the LOX family members but rather due to a possible change in FN, we crosslinked LOXL3-

treated or untreated FN to 0.35-kPa gels and monitored cell spreading after 2 h. We found 

that, in a similar manner to that observed above, also in this case, the treatment of FN with 

a LOX family member enhanced cell spreading compared with the untreated control (Figure 

S1ZD), demonstrating that the crosslinking step failed to significantly enhance the link 

between FN and the substrate beyond the physisorbed FN. Altogether, these results suggest a 

general role for the enzymatic activity of lysyl oxidases that promotes FN fibrillogenesis and 

cell adhesion.

LOX-treated FN promotes nascent adhesion formation

The above results suggest that LOX family members modulate the cells’ response to the 

external rigidity by initiating FN fibrillogenesis and enhancing adhesion formation. We 

therefore wished to test whether the direct treatment of FN with a lysyl oxidase affects the 

mechanism by which cells perform mechanosensing of ECM rigidity. We postulated that the 

enzymatic activity of lysyl oxidases promotes a structural change in FN that allows creating 

more stable nascent adhesions through which early mechanosensing of matrix rigidity 

occurs.33,34 To test this, we plated cells on arrays of deformable polydimethylsiloxane 

(PDMS) pillars, with 0.5 μm diameter and 2.3 μm height (bending stiffness 1.5 pN/nm,33,35 

equivalent to ~2 kPa36), and performed live-cell time-lapse imaging of early attachment 

and spreading of the cells (Figures 2A–2C). To test the hypothesis that LOX-induced local 

structural change in FN enhances nascent adhesion formation, we coated the pillars with FN 

at a density that was less than saturation level (1 μg/mL, equivalent to ~25% coverage of 
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the pillar tops). Analyses of early times of cell edge interactions with individual FN-coated 

pillars revealed repeated catch-and-release events that were three standard deviations above 

the mean noise level (Figure 2A). We analyzed the strength of the linkage in each of these 

events by measuring the pillar displacement level at the time of release, translating it to 

force. Comparison of the histograms of release forces between sham- and LOXL3-treated 

FN showed that the latter displayed significantly more events per unit time at 2 pN (Figure 

2B), consistent with the formation of integrin-mediated FN-actin 2-pN bonds in the presence 

of trimers of FN’s integrin-binding domain FNIII7-10, but not with monomers.37 These 

results are suggestive of formation of more closely packed FN clusters following LOXL3 

treatment. Further, analyses of the longer-term pillar displacements that succeeded the initial 

catch-and-release events showed a significant shift toward higher values of the maximal 

displacement histogram in LOXL3-treated compared with control FN (Figure 2C). As 

control, we coated the pillars with laminin, an integrin ligand that interacts with members 

of the Lox family but is not oxidized by them.23 Under these conditions, the increments in 

the maximal pillar displacements were not observed (Figures S2A and S2B), highlighting 

the specificity of the oxidation process of FN. Together, these results suggest that the ability 

to form FN-dependent nascent adhesions on soft surfaces is enhanced upon LOX treatment, 

which assists in overcoming the low rigidity of the matrix (Figure 1).

We next considered the fact that nascent adhesion formation even on very stiff matrices 

requires at least four Arg-Gly-Asp (RGD) ligands that are localized within ~60 nm from 

each other.38,39 Thus, if LOX treatment led to an adhesion promoting structural change in 

FN, one should expect to see a difference in early adhesion even on stiff surfaces such as 

glass whose stiffness is at the GPa range. To that end, following enzymatic treatment, FN 

was coated on glass coverslip and Pax-GFP cells were added and shortly after (15 or 30 

min) fixed and analyzed. Quantifications of adhesion sizes at 15 min showed a significant 

increase in the relative count of adhesions larger than 0.1 μm2 on LOXL3- or LOXL2-treated 

FN and to a concomitant increase in cell spreading area (Figures 2D–2F, 2J, 2L, S2C, S2D, 

S2G, and S2I).

Importantly, the increases in adhesion sizes and cell areas were blocked when βAPN 

was added to the FN-LOXL3 mix throughout the reaction (Figure 2F, 2J, and 2L). A 

similar trend was observed at 30 min, albeit to a lesser extent (Figures 2H, 2I, 2K, and 

2M), altogether suggesting that the primary effect of the enzymatic treatment occurred at 

the very early stages of adhesion assembly. A comparable effect was observed with two 

other fibroblast cells (human dermal fibroblasts and MEFs; Figures S2K–S2R), indicating 

that the effect of lysyl oxidases on adhesion to FN was not specific to a particular cell 

line. To further verify the specificity of the LOX-FN adhesion effects, we carried out a 

similar experiment using LOXL3-treated laminin-coated plates. No change in cell area was 

observed following this treatment (Figures S2S–S2V), reinforcing the notion that the lysyl 

oxidases specifically modulate FN-dependent cell adhesion.

Notably, since α5β1 integrin can interact with LOX enzymes,40 we wished to verify that the 

observed effect on adhesion occurred through changes in FN and not through direct integrin 

activation by residual enzyme that remained attached to FN (Figure S3A). Indeed, when 

βAPN was added following the FN treatment, no difference was observed in cell spreading 
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(Figures S3B–S3F and S3J), demonstrating that the enzymatic activity of LOXL3 directly 

affects FN and that the presence of the enzyme by itself (when inactive) has no effect. Taken 

together, the similar results observed following LOXL2 and LOXL3 treatment (Figures 2, 

S2, and S3), and the observations on LOX effects on FN fibrillogenesis (Figures 1 and S1), 

reinforce the idea of a general enzymatic role among LOX family members in affecting cell 

adhesion through initiation of FN fibrillogenesis.

LOX induces FN clustering

We next wished to directly test whether alteration to FN organization occurs following LOX 

treatments. To this end, we deposited treated and untreated FN samples, as well as fresh 

FN, on glass coverslips at low density (100 ng/mL). After immunostaining the samples, we 

imaged regions completely devoid of cells using direct stochastic optical reconstruction 

microscopy (dSTORM). We then used particle analysis to identify FN clusters in the 

dSTORM images (Figures 3A and 3B). The histograms of the detected FN clusters indicate 

that LOXL3 treatment led to significant increase in the number of clusters larger than 

0.009 μm2 compared with fresh or sham-treated FN (Figure 3C). Collectively, these results 

indicate that LOX treatment enhances FN clustering, which results in cells perceiving the 

matrix as stiffer.

The observation that treatment of FN with lysyl oxidases promotes FN clustering and 

induces cell adhesion raised the hypothesis that LOXL3-FN treatment leads to increased 

maturation and stabilization of nascent adhesions during early stages of cell interactions 

with the matrix. To test this hypothesis, we seeded Pax-GFP cells on LOXL3-treated and 

untreated FN and monitored nascent adhesion lifetimes using live-cell imaging. We find that 

both the rates (Figure S3G) and total increase in adhesion area (Figure S3H) are significantly 

increased following LOXL3 treatment.

Next, since adhesion stabilization plays a major role in maintenance of a leading edge in 

cell migration,41 we postulated that the larger FN clusters following treatment would lead 

to improved migration. We therefore plated Pax-GFP cells on sham- and LOXL3-treated FN 

and performed live-cell imaging to track their migratory patterns and quantify the overall 

displacement length, migration distance, and speed (Figures 3D–3H). All three parameters 

were significantly increased following LOXL3 FN treatment, demonstrating not only that 

were the cells able to rapidly generate adhesions on the treated FN but, importantly, that the 

cells’ migration pattern was more persistent (evident by the increased displacement length), 

further reinforcing the notion that the adhesions that form on the LOXL3-treated FN are 

more stable.

The overall results thus far suggest that exogenous FN treatment with a member of the lysyl 

oxidase family promotes a faster and more robust cell adhesion. As members of the family 

are secreted enzymes, we next wished to test whether their secretion is localized to cellular 

regions where such robust integrin-dependent adhesions are mostly required. To that end, 

Pax-GFP cells were immunostained for LoxL2 or LoxL3 following 60 min of spreading. 

We find that, in polarized cells, LoxL2 and LoxL3 expression is typically localized to the 

most prominent lamellipodial protrusion of the cell (Figures 3I–3L). Surprisingly, even in 

non-polarized cells, narrow stripes in lamellipodial regions were also observed (Figures 
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3M–3P). Further, three-dimensional (3D) dSTORM analysis demonstrates that these matrix 

modifying enzymes are specifically secreted from the leading edge (Figures 3Q and 3R). 

Taken together, these results support a model whereby localized secretion of LOX enzymes 

at the cell edge enhances FN clustering, thereby supporting nascent adhesion formation and 

persistent cell migration.

FN oxidation is essential for FN fibrillogenesis

Since (1) lysyl oxidases’ enzymatic activity is required for FN-mediated cell adhesion 

and migration; (2) treatment of FN with LOXL3 promotes its clustering; and (3) LOXL3 

oxidizes FN,23 we were prompted to further explore the oxidation and dissect its necessity. 

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis identified three 

lysine residues (K116, K2391, K2401) that were specifically oxidized by both LOXL2 

and LOXL3 (Figure 4A and Figures S4A–S4D; Tables S1 and S2). Since no active 

recombinant LOX enzyme is available, we cultured HASMCs (which primarily express 

LOX, as mentioned above) and submitted the ECM they secrete to the LC-MS/MS analysis. 

We find that, in a similar manner to the two LOX-like proteins, FN secreted by HASMC is 

also specifically oxidized at lysine 116 (Table S3), altogether demonstrating the specificity 

of the reaction and reinforcing the above observations of the shared FN-dependent activities 

the LOX enzymes carry. Analysis of the oxidized lysine residues demonstrates that they are 

all localized to FN type 1 (FN1) repeats (FN1 repeat #2 and FN repeat #12), one close to 

the FN N terminus and the other in its C-terminal region. Both regions encompassing these 

lysine residues are highly conserved in vertebrate FN (Figure 4B), suggesting that they play 

an important role in FN activity.

To directly test the role that these three lysine residues play in cell adhesion and FN 

fibrillogenesis, we generated a lentiviral construct expressing a mutant FN form where we 

mutated them to alanines, rendering them incompetent for oxidation (FNΔOxi). As a control, 

we mutated the α5β1- and αv integrin-binding site RGD to RGE (FNΔRGD), thus blocking 

their binding through this site.42 Western blot analysis from cells over-expressing these two 

constructs demonstrated that they are expressed and secreted to similar levels as that of cells 

over-expressing the full-length wild-type FN protein (FNWT) (Figures 4C, 4D, and S4E).

Considering that LOX treatment enhances FN clustering (Figure 2), we took into account 

that, under classical adhesion assays with excess FN adsorbed to the surface (typically 

10–20 μg/mL), stochastic clustering readily occurs. Thus, to avoid the possible interference 

of pre-adsorbed FN, we performed early adhesion assays of the cells expressing the FN 

variants directly on glass coverslips with no FN coating. We cultured the cells for 1 h with 

serum-free medium (to avoid plasma FN present in the serum from affecting the experiment) 

and quantified their areas to test whether the non-oxidizable FN variant inhibits initiation of 

cell adhesion. We found that the over-expression of FNΔRGD led to a significant reduction 

in cell area and β1 integrin expression, an integrin expressed in later stages of the initiation 

of cell adhesion, demonstrating an inhibition of the FN-integrin interactions. Notably, the 

over-expression of FNΔOxi led to a reduction in both properties similar to that observed with 

the over-expression of FNΔRGD, demonstrating the role that these oxidation sites play in the 

initiation of FN-dependent integrin activation (Figures 4E–4I).
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To explore whether these mutations affect also FN fibrillogenesis, we first tested whether 

cells fibrilize their own secreted FN. To that end, we coated coverslips with Alexa 647-

labeled FN and cultured MEF FN-GFP (in which GFP is knocked in to both alleles of the 

FN gene24) for 48 h, followed by imaging of the FN fibrils. All FN fibrils we observed 

were GFP labeled, demonstrating that cells use their own secreted FN in forming the initial 

fibrils (Figures S4F and S4G). Next, we cultured the cells expressing the FN variants on 

glass without any external FN coating for 24 h in serum-free medium, immunostained 

them for FN, and monitored FN fibrils. Cells over-expressing the FNΔRGD demonstrated a 

significant 27% reduction in the ratio between fibrillar FN vs. total FN; thus, even though 

integrin binding was perturbed in the lack of the RGD site, alternative interactions with 

αvβ3 integrin receptors could promote FN fibrillogenesis,42 but to a lesser extent. Strikingly, 

cells over-expressing FNΔOxi displayed significantly less fibrillar FN (>62% reduction), 

despite containing the wild-type RGD site, demonstrating that the oxidation is a prerequisite 

for adhesion initiation (Figures 4J–4M). As these cells still express endogenous wild-type 

FN, these results strongly demonstrate the critical and essential role played by members 

of the LOX family enzymes in regulating FN fibrillogenesis, establishing that initiation of 

the process is an enzyme- rather than force-dependent process, in line with their ability to 

generate force-bearing stress fibers (Figure 4N). Similarly, when we used human dermal 

fibroblasts or HASMCs infected with shControl lentiviral particles, we found that they 

nicely formed FN fibrils when cultured directly on glass, but shLOX dermal fibroblasts 

and HASMC (Figure S5A) generated significantly less FN fibrils, even though they were 

cultured on a very stiff matrix and formed stress fibers (Figures 4O–4S, S5B, and S5E). To 

verify the specificity of the shLOX phenotypes, we knocked down LOX using two additional 

independent shLOX lentiviral constructs. We find that they result in similar phenotypes, 

demonstrating that the phenotypes are specific to LOX (Figures S5F–S5I).

Our results thus far suggest that FN oxidation by lysyl oxidases is a prerequisite for FN 

fibrillogenesis, advocating that fibrillogenesis initiation is an enzyme-dependent rather than 

force-dependent process. Should this be the case, then blocking lysyl oxidases’ enzymatic 

activities and reducing cellular forces via blebbistatin, a myosin II inhibitor, should lead to 

additive effects. Since the use of βAPN during adhesion initiation abrogates adhesion, we 

applied the inhibitor 30 min following cell seeding. We find that this treatment significantly 

inhibits long-term fibrillogenesis as measured 24 h later. An additive effect was observed 

following the co-culturing of the cells with βAPN and blebbistatin (Figures S5J–S5N). 

Altogether, these findings further demonstrate the necessity for lysyl oxidases’ enzymatic 

activity in regulating FN fibrillogenesis, integrin activation, and cell adhesion.

FN oxidation promotes cancer cell colony formation in soft agar and migration

ECM organization and deposition play key roles in tumorigenesis. Since FN fibrillogenesis 

underlies these ECM properties and breast cancer progression is highly dependent on FN, 

we set to test the dependence of breast cancer cell migration and their ability to form 

colonies on FN oxidation. To that end, we stably expressed 67NR breast cancer cells with 

FNWT, FNΔRGD, or FNΔOxi (Figure S4) and monitored the above properties. The soft agar 

colony formation assay serves as one of the hallmarks of carcinogenesis43 and has been 

shown to be dependent on FN.44 Hence, we monitored the ability of these breast cancer cells 
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to form colonies. We find that the colonies over-expressing either FNΔRGD or FNΔOxi were 

significantly smaller than those over-expressing FNWT (Figures 5A–5D).

We next set out to monitor the effects of these FN derivatives on cell migration. 

Quantification of cell migration in a scratch assay over 48 h (Figures 5E–5H) as well as 

in a single-cell migration assay over 6 h (Figures 5I–5N) demonstrated that, as above, the 

cells over-expressing either of the two FN mutant forms exhibited a reduced cell migration 

capacity. Altogether, these results strongly demonstrate that the oxidation of FN on the three 

three lysine residues is essential for the cells’ ability to induce FN fibrillogenesis and, as a 

result, to modulate cell behavior.

DISCUSSION

Our results reveal a regulatory step that is essential for the formation of FN fibrils mediated 

by the various members of the lysyl oxidase enzyme family. We demonstrate that, following 

lysyl oxidases inhibition (shLOX or βAPN) or mutation in the lysyl oxidases-specific 

oxidation sites within FN (mutant FN derivatives), FN fibrillogenesis is significantly 

perturbed, even in the background of endogenous wild-type FN. Conversely, we show 

that pretreatment of FN with recombinant lysyl oxidases promotes FN fibrillogenesis, cell 

adhesion, and force generation in an FN-dependent manner, even on soft matrices.

We find that the enzymatic activity of lysyl oxidases leads to oxidation of specific lysine 

residues within FN, resulting in a structural change in the FN dimers, thereby promoting 

early adhesion. We propose that, through this structural change, a local increase in RGD 

density occurs, thus serving as a nucleator of FN fibrillogenesis. Following this nucleation 

step, integrin-mediated cell adhesion is favored, leading to increased force transmission to 

the matrix and the subsequent formation of bona fide FN fibrils (Figure 6). This process 

could particularly be important for cells to overcome the soft embryonic environment 

through local secretion of LOX enzymes along migration routes (e.g., in the case of neural 

crest cells). Thus, similar to nucleation of cytoskeletal fibers’ polymerization (e.g., F-actin), 

which is regulated locally through the activity of nucleators (e.g., formins), initiation of 

FN fibrillogenesis also requires nucleation. As this nucleation step is an enzyme-dependent 

process, rather than a force-dependent one, these observations could bridge the observed 

discrepancies between the in vivo observations of FN fibrils in early embryos and in soft 

tissues and the cell-culture-based models, which suggest that fibrillogenesis occurs primarily 

on stiff matrices.

Our results suggest that, in the lack of LOX activity, cells perceive a soft environment even 

on rigid matrices. The association between LOX activity and rigidity perception highlight 

an alternative explanation to the observed association of lysyl oxidase upregulation and 

metastases.45 Thus, cells initiate migration not only in response to general tissue stiffness 

but rather due to their local immediate environment, or the perception of their environment, 

even on soft matrices. As the majority of adhesion assays are carried out on FN-coated 

matrices, we suggest that such conditions mask the LOX-dependent nucleation step and alter 

the perception of the immediate outside environment. Our results therefore imply that, to 

identify and study the early steps of cell adhesion, cells must be cultured on matrices with 
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either no FN or limiting FN levels. The ubiquitous expression of FN and the ability of the 

various widely expressed members of the LOX family to oxidize it suggest that the process 

that we have identified is general and is not specific to a distinct tissue or cell type. This 

process is thus expected to have important implications for our understanding of various 

matrix-dependent cellular functions in different tissues and contexts.

Limitations of the study

Lysine oxidation is a key modification essential for the crosslinking of multiple ECM 

proteins, primarily collagens and elastin. Are FN fibrils also crosslinked in a similar manner 

or are the oxidations essential only for the nucleation and initiation of FN fibrillogenesis? 

Here, we focused mainly on in vitro studies during the initial steps of FN fibrillogenesis 

when the fibrils still hardly interact with other ECM components. Thus, we were not 

able to differentiate between the two options as this requires additional proteomic studies 

to be carried out also in vivo. Such in vivo studies, performed on distinct stages of 

embryonic development or various adult tissues, will further allow distinguishing whether 

FN oxidation is essential primarily on soft matrices as a cellular mechanism to overcome the 

lack of sufficient rigidity that initiates integrin activation or whether it is an essential step 

independent of matrix stiffness, questions that were not answered in this study.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Haguy Wolfenson 

(haguyw@technion.ac.il).

Materials availability—Following the completion of a material transfer agreement with 

the lead contact, all reagents generated in this study are available.

Data and code availability

• Mass-spectometry data have been deposited at PRIDE and are publicly available 

as of the date of publication. The accession numbers for the data are PXD040505 

& PXD040900 (also listed in the key resources table). Microscopy data reported 

in this paper will be shared by the lead contact upon request.

• This paper does not report original code

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice maintenance and genotyping—All experiments involving mice were performed 

according to the relevant regulatory standards (Technion IACUC and national animal 

welfare laws, guidelines, and policies). All mice are housed in IVC’s (Techniplast) 

according to space requirements defined by the NRC. All rooms are set to have 22 ± 2°C 

and humidity of 30–70%. HVAC parameters and light cycle are set by the computerized 
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central system to full light of 10 h, half-light of 2 h and complete darkness of 12 h. All mice 

were bred on a C57Bl/6 background purchased from Envigo (https://www.envigo.com). 

Embryonic day was staged according to Kaufmann, whereby the morning of the day 

in which a vaginal plug was observed was marked as E0.5. Mice embryos were 

sacrificed at the embryonic stages of either E8, E9.5 AND E18.5. Mice were genotyped 

using PCR and the following primers: LoxL3: 5′-GCCAGGGTGAAGTGAAAGAC-3′; 
3′-GATCTGGGATGCTGAAGACC-5′; 3′-GAACTTCGGAATAGGAACTTCG-5′. 300bp 

and 100bp represent wild-type and mutant PCR products, respectively.

Cell culture—MEF FN-GFP were described previously and were kindly provided by 

S. Astrof.24 MEF Paxillin-GFP cells were kindly provided by B. Geiger (Weizmann 

institute of Science, Israel). Human Dermal fibroblasts (originated from male) were kindly 

provided by R. Shalom-Feuerstein (Technion, Israel). The three cell lines were cultured in 

DMEM (Sigma) with 10% FBS, 1% glutamine and 1% pen-strep (Biological Industries), 

or Optimem (Gibco, 31985070) with 1% glutamine and 1% pen-strep during experiments 

that require the absence of FN in the medium. HASMC (Sigma, 354-05A) were cultured 

with Smooth Muscle Cell Growth Medium 2 (PromoCell, C-22062), or Optimem (Gibco, 

31985070) with 1% glutamine and 1% pen-strep during experiments that require the absence 

of FN in the medium.

METHOD DETAILS

Embryos’ dissection, imaging, and analysis—E9.5 and E18.5 embryos were 

dissected and underwent over-night fixation after somites were counted. Afterward, whole 

mount staining was performed for the E9.5 embryos using FN and AP2α antibodies. Neural 

crest nuclei in the second branchial arch were then counted from confocal images. For 

analyses of FN organization in the somite borders, z stack images were taken. We then used 

the trainable Weka segmentation plugin46 of ImageJ (NIH) software to identify FN fibrils 

in each stack. The area of the quantified fibrils was divided by the total somite area in 

each stack and the ratios were then averaged. For detection of cleft palate, E18.5 embryos 

underwent Alcian blue and alizarin red staining.

Wholemount embryo staining—Embryos were incubated in 600 μL of blocking buffer 

(PBS, 0.01% Triton X-100 and 10% non-immune donkey serum (Sigma cat #D9663-10mL) 

overnight at 4°C, then with 600 μL of blocking buffer containing primary antibodies 

for 4 days at 4°C, with gentle rocking. The following primary antibodies were used: 

anti-Fn1 (Abcam, ab199056, 1:500), anti-AP2α (Developmental Studies Hybridoma Bank, 

DSHB-3B5, 1:200). After the incubation with primary antibodies, embryos were rinsed 

and washed with PBST (PBS with 0.05% Triton X-100) for 2 days at 4°C, with gentle 

rocking. Embryos were then incubated with 600 μL of blocking buffer containing DAPI 

(ThermoFisher, cat #D3571, 5 mg/mL stock diluted 1:1000) and secondary antibodies 

diluted 1:300 for 4 days at 4°C. Alexa-labeled secondary antibodies were purchased from 

Invitrogen (donkey anti-mouse Alexa 647 cat #A31571 and donkey anti-rabbit Alexa 488 

cat #A21206). After staining with DAPI and secondary antibodies, embryos were washed 

with PBST. Prior to imaging, embryos were dehydrated gradually with 25%, 50%, 75% of 

methanol diluted in dH2O for 10 min for each step, and then incubated with 100% methanol 
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twice for 10 min each, and cleared in 50% BABB (BABB and 100% methanol at 1:1 (v/v)), 

and 100% BABB. BABB was generated by mixing benzyl alcohol (Sigma, #B1042) and 

benzyl benzoate (Sigma, #B6630) at 1:2 (v/v). Cleared embryos were placed between two 

coverslips (VWR #16004-312) separated by FastWells spacers (Grace Bio-Labs, #664113). 

Images were acquired using Nikon A1-HD25 inverted microscope equipped with a 20× 

water immersion objective (#MRD77200), numerical aperture 0.95, working distance 0.95 

mm, and the NIS-Elements AR 5.11.01 64-bit software. Optical sections were collected at 

0.55 μm intervals.

Mass spectrometry proteolysis—The proteins in the samples were suspended in 8M 

Urea, 100mM Ammonium bicarbonate and were reduced with 3mM DTT (60°C for 30 

min), modified with 10mM iodoacetamide in 100mM ammonium bicarbonate (in the dark, 

room temperature for 30 min) and digested in 2M Urea, 25mM ammonium bicarbonate with 

modified trypsin (Promega) at a 1:50 enzyme-to-substrate ratio, overnight at 37°C.

Mass spectrometry analysis—The eluted peptides were desalted using C18 tips (Top-

tip, Glygen) dried and re-suspended in 0.1% Formic acid. The peptides were resolved by 

reverse-phase chromatography on 0.075 X 180-mm fused silica capillaries (J&W) packed 

with Reprosil reversed phase material (Dr Maisch GmbH, Germany). The peptides were 

eluted with linear 30 min gradient of 5%–28% acetonitrile with 0.1% formic acid in 

water,15 min gradient of 28%–95% acetonitrile with 0.1% formic acid in water and 15 

min at 95% acetonitrile with 0.1% formic acid in water at flow rates of 0.15 μL/min. Mass 

spectrometry was performed by Q-Exactive plus mass spectrometer (Thermo) in a positive 

mode using repetitively full MS scan followed by collision induces dissociation (HCD) of 

the 10 most dominant ions selected from the first MS scan. The mass spectrometry data 

was analyzed using the MaxQuant software 1.5.2.847 for peak picking and identification 

using the Andromeda search engine, searching against the human proteome from the 

Uniprot database with mass tolerance of 6 ppm for the precursor masses and 20 ppm 

for the fragment ions. Oxidation on Lys and Met and protein N-terminus acetylation were 

accepted as variable modifications and carbamidomethyl on cysteine was accepted as static 

modifications. Minimal peptide length was set to six amino acids and a maximum of two 

miscleavages was allowed. The data was quantified by label free analysis using the same 

software. Peptide- and protein-level false discovery rates (FDRs) were filtered to 1% using 

the target-decoy strategy.

For proteomic analysis of the ECM secreted by HASMC, shotgun proteomics identified the 

oxidized form on lysine 116, however at low abundance, which is not surprising given the 

noisy sample of various ECM proteins secreted by the cells. Therefore, we used targeted MS 

analysis using the known masses and retention times from the shotgun analyses that were 

done with LOXL2 and LOXL3. Using this targeted search, we identified the oxidation on 

site 116 (see Table S3).

Generation of mutant FN constructs—Point mutations were generated on a 

human fibronectin pMAX vector plasmid (Addgene, #120402) using the Q5 site-

directed mutagenesis kit (BioLabs, #E05545). The mutagenesis procedure was performed 

using the following primers: Oxidation site 1: 5′-TGAGCGTCCTGCAGACTCCATG-3′, 
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3′- TAAGTGTCACCCACTCGG-5’; RGD: 5’- GCCGTGGAGAAAGCCCCGCAA-3′, 
3′- CAGTGACAGCATACACAGTGATGGTATAATCAAC-5’; Oxidation site 2: 5′- 
TGATGATGGGGCGACATACCACG-3′, 3′-TAACACGTTGCCTCATGAG-5’; Oxidation 

site 3: 5′- ACAGTGGCAGGCGGAATATCTCG-3′, 3′- TCTCCTACGTGGTATGTC-5’. 

Next, mutated FN constructs were PCR amplified and ligated into BamH1+Xho1 cut NSPI 

vector using NEBuilder HiFi DNA Assembly kit (BioLabs, #E5520).

Lenti viral infection—Plasmids were transfected into HEK 293-FT cells using CalFectin 

Mammalian Cell Transfection Reagent (SignaGen, SL100478). After 48 h, conditioned 

medium was collected and used to infect MEF or HASMC cells. Plasmids used: Fibronectin 

mutant constructs, shLOX (Sigma, #1 - TRCN0000045991, #2 - TRCN00000293898, #3 - 

TRCN00000286463), shControl (Sigma, SHC016).

Spreading and soft gel experiments—Ibidi 8-well plates (Ibidi, 190814/1) were 

coated with human plasma FN (hFN, Sigma-Aldrich, FC010-10MG, 10 μg/mL) or laminin 

(Corning, 354232, 10 μg/mL) for 1 h at 37°C. Afterward, the samples were treated with 

human recombinant LOXL3 (RhLOXL3, R&D systems, 6069-AO) or LOXL2 (RhLOXL2, 

R&D systems, 2639-AO) for 5 h (or sodium borate buffer 50 mM as control), with or 

without 200 mM βAPN (Sigma, A3134-25G) and then washed. Then, cells were seeded on 

the FN matrix and fixed at varying time points after spreading, followed by immunostaining. 

For soft gel experiments, Ibidi 8-well plates were covered with silicone gels (DOWSIL, 

CY 52–276 A&B), prepared at different rigidities that were previously calibrated and 

described48 and which we verified by rheometric measurements. For the majority of the 

experiments, FN was adsorbed to the elastomer via hydrophobic interactions32 by 1 h 

incubation at 37°C. In the case of the cross-linking of FN to the gel, plasma treatment 

was done prior to FN coating following the incubation of the gel with (3-Aminopropyl) 

triethoxysilane (APTES, Sigma, 440140) for 5 min. Then, APTES was washed, and the gel 

was incubated with 25% glutaraldehyde for 1 h. Eventually, the gel was coated with control 

or treated FN for 1 h at 37°C and the same experiment and analysis was done. Images of the 

cells on the gels were acquired using an LSM800 confocal microscope (Zeiss) with Airyscan 

function and 20X or 63× objectives.

Adhesion, cell area and fibronectin analysis—Images were blindly and randomly 

chosen for acquisition. All of the adhesion and fibronectin fibrils analyses shown in this 

paper were performed using the trainable Weka segmentation plugin46 of ImageJ (NIH) 

software.

Spatial interaction analysis—Co-localization analysis between β1 integrin and LoxL3 

was done using interaction analysis of Mosaic FIJI plugin for spatial interactions.25 Briefly, 

mask of the β1 integrin nascent adhesions was extracted to mark the areas of potential 

interactions. Then, the average size of nascent adhesions was defined to identify them. 

Eventually, calculation of the co-localization was done by the plugin’s algorithm and the p 

value of interaction was plotted for each image. The table shown in Figure 1 summarizes the 

p value distribution of the images that were taken either from the cell edge of from the cell 

center as comparison.
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Immunofluorescence—Cells were fixed with 4% paraformaldehyde solution (36% stock, 

Sigma-Aldrich, 50-00-0, diluted with PBS) and permeabilized with 0.1% Triton X-100 

in PBS (PBT 0.1%). Primary antibodies were incubated with the fixed cells over night 

at 4°C. After, secondary antibodies and phalloidin were incubated for 1 h at room 

temperature. For dSTORM imaging, a second 10-min fixation was performed at the end 

of the immunostaining protocol.

Antibodies that were used: anti-total Paxillin (Abcam, ab32084, 1:200); anti-FN (Abcam, 

ab2413, 1:500); anti-LoxL3 and anti-LoxL2 (produced and kindly gifted by G. Neufeld, 

Technion, 1:400); anti-β1 integrin (BD biosciences, 553715, 1:500). Phalloidin (Abcam, 

ab176757, 1:1000) and DAPI (Biolegend, 422801, 1:10,000) were also used.

Single cell migration assay—FN was treated with RhLOXL3, with or without βAPN 

as described above. Then, 24-well cell imaging plates (Eppendorf, EP-0030741005) were 

coated with the treated or untreated FN. Cells were incubated with 200 nM Sir-DNA 

(SpiroChrome, SC007) for 6 h, and were then seeded. Two hours after seeding, a 

series of 64 images was taken (4 images/h) using the ImageXpress Micro Confocal High-

Content Imaging system (Molecular Devices). Nuclei tracking analysis was performed using 

IMARIS software (Oxford instruments).

dSTORM imaging and analysis—Prior to imaging, FN was treated with RhLOXL3 

as described above (molar ratio of 25:1) for 5 h and was then diluted to 1 ng/mL. Then, 

#1.5 coverslips were coated with the diluted FN (treated, untreated or fresh FN without 

any incubation). The αFN (Abcam, ab2413) antibody was used to label FN, and the 

monoclonal antibody 9EG7 was used to label the extracellular domain of β1 integrin (BD 

biosciences, 553715, 1:500).49 AlexaFlour-647 and AlexaFlour-680 conjugated antibodies 

were then used as secondary antibodies, respectively. Fresh dSTORM buffer was prepared 

as previously described.50 2D dSTORM images were taken using a SAFe360 module 

(Abbelight Ltd, Cachan, France) coupled to Olympus IX83 inverted microscope using a 

100× oil-immersion TIRF objective (NA 1.49) and 640 nm laser. The system is equipped 

with two sCMOS cameras PCO.panda4.2. A total of 15,000 frames at 50 ms exposure time 

were acquired and used for single-molecule detections to reconstruct a dSTORM image. 

Resulting coordinate tables and images were processed and analyzed using SAFe NEO 
software (Abbelight Ltd, Cachan, France).

3D dSTORM images were acquired in a similar manner with the following changes: 

LoxL3 was detected using anti-LoxL3 antibody (produced and kindly gifted by G. Neufeld, 

Technion, 1:100). Integrin β1 was detected using anti-activated CD29 (β1 integrin, BD 

biosciences, 553715, 1:100). For identification of the z axis position of each single molecule 

an astigmatic lens was place in front of the cameras.

Pillar array preparation and imaging—Pillar fabrication was performed by pouring 

Polydimethylsiloxane (PDMS) (mixed at 10:1 with its curing agent, Sylgard 184; Dow 

Corning) into silicon molds (fabricated as previously described35) with holes at fixed depths 

and distances (center-to-center distance = 1 μm). The molds were then placed, face down, 

onto glass-bottom 35 mm dishes (#0 coverslip, Cellvis) which were incubated at 65°C for 
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12h to cure the PDMS. The molds were next peeled off while immersed in ethanol to 

prevent pillar collapse. On the day of the experiment, FN or laminin were treated with 

rhLOXL3 for 5 h (or sodium borate buffer 50 mM as control). Then, the pillars were coated 

with the treated or untreated FN for 1 h at 37°c. Next, the buffer was replaced to HBSS + 

HEPES 20 mM (Biological industries), pH 7.2.

Pillar bending stiffness (k) was calculated by Euler-Bernoulli beam theory as described:

k = 3π
64

ED4

L3

Where D and L are the diameter and length of the pillar, respectively, and E is the Young’s 

modulus of the PDMS (= 2 MPa).

Cells were resuspended with the HBSS/HEPES buffer and then spread on the FN-coated 

pillars. Time-lapse imaging of cells spreading on the pillars was performed using an 

inverted microscope (Leica DMIRE2) at 37°C using a 63× 1.4 NA oil immersion objective. 

Brightfield images were recorded every 2 s with a Retiga EXi Fast 1394 CCD camera 

(QImaging). The microscope and camera were controlled by Micromanager software.51 For 

each cell, a movie of 10–20 min was recorded. To minimize photo-damage to the cells, a 600 

nm longpass filter was inserted into the illumination path.

Pillar displacement analysis—Pillar tracking was performed using the Nanotracking 

plugin of ImageJ, as described previously.33 In short, the cross-correlation between the pillar 

image in every frame of the movie and an image of the same pillar from the first frame 

of the movie was calculated, and the relative x- and y-position of the pillar in every frame 

of the movie was obtained. To consider only movements of pillar from their zero-position, 

we only analyzed pillars that at the start of the movie were not in contact with the cell and 

that during the movie the cell edge reached to them. Drift correction was performed using 

data from pillars far from any cell in each movie. For each pillar, the displacement curve 

was generated by MATLAB (MathWorks). Analyses of the catch-and-release events was 

performed by the ‘find-peaks’ function in MATLAB, considering all the peaks above noise 

level with a minimum width of 3 frames.

Western blot—Protein lysates were harvested from the cell lines using a lysis buffer 

(Tris 10 mM pH7, 2 nM EDTA, 1% NP-40, 0.1% DOC, 0.2 mM AEBSF). The lysates 

were loaded onto SDS-PAGE. Gels were transferred to nitrocellulose membrane that was 

blocked for 1 h (5% BSA, 0.1% Tween in TBS). The membranes were then probed with 

the primary antibody over night at 4 °C. Secondary antibody was added for 2 h at room 

temperature. Antibodies used for this method: anti-Lox (58135, Cell Signaling); anti-P97 

(kindly provided by A. Stanhill, Technion); anti-Fibronectin (Abcam, ab23750).

Neural crest explants—Neural tube explants were carried out essentially as previously 

described.52 Briefly, hindbrain regions of E8-8.5 embryos were dissected and the neural 

primordia consisting of the pre-migratory neural crest cells was isolated from surrounding 

tissues using fine dissecting pins. The neural tubes were then cultured on FN (50 μg/mL) 
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coated dishes and incubated for 16 h at 370C in DMEM supplemented with 10% fetal 

bovine serum, 1% 1M HEPES, 1% Pen Strep, and 1% L-glutamate (Gibco, USA). Explants 

were then fixed with 4% PFA and immunofluorescently stained.

Soft agar assay—Protocol was done as previously described.53 Briefly, the lower layer 

of 0.5% agarose was prepared using pre-melted 1% agarose and 2x concentrated culture 

medium and distributed in a 6-well dish. The dish was then incubated for 30 min at 4°C to 

coagulate the agar. After, the upper layer of 0.3% agarose was prepared using pre-melted 

0.6% agarose and 2x concentrated culture medium. 67NR cells were suspended in the 

upper layer (4000 cells/well) and were distributed above the 0.5% agarose layer that was 

previously prepared. The 6-well plate was incubated again to coagulate the agar. Then, 300ul 

of culture medium was added on top of the agar every 3 days. Cells were fixed after 17 days 

using 10% ethanol in PBS and stained with crystal violet. 4x images of the colonies were 

taken using light microscope and colonies’ diameter was measured.

Wound healing assay—Scratch assay were performed, and cell migration was monitored 

by the automated Incucyte ZOOM (Sartorius, Gottingen, Germany). 67NR cells infected 

with the FN mutant plasmids were seeded in an Essen Imagelock 96-well plate at the density 

of 1×604 cells/well and were maintained over night to reach 100% confluency. A wound 

was made in the cell monolayer using a 96-well wound-maker tool with PTFE pin tips 

(Sartorius) according to the manufacturer’s instructions. Afterward, the plate was inserted 

into the Incucyte ZOOM and incubated in 5% CO2 at 37°C for 53 h. Images were captured 

at 1-h intervals, and data were analyzed using the IncuCyte Zoom software (Sartorius). 

Relative wound density (RWD), which measures the relative cell density in the wounded and 

non-wounded areas at each time point, was used to assess the rate of cell migration.

QUANTIFICATION AND STATISTICAL ANALYSIS

MATLAB was used for statistical analysis and graph plotting. The data’s normality and 

homogeneity of variances were checked for each experiment and then a parametric or 

non-parametric statistical test was performed for each data set. In the case of two groups 

that are normally distributed and have similar variances, T test was performed. Otherwise, 

the non-parametric Mann Whitney U test was performed. In case of three or four groups 

that are normally distributed, have similar variances and have no multicollinearity, ANOVA 

test was performed. Otherwise, non-parametric Kruskal-Wallis test was performed. In the 

case of histograms, two-sample Kolmogorov-Smirnov (KS) test was performed. For all of 

the boxplots shown in the paper, the red central mark represents the median, the bottom and 

the top edges of the box represents the 25th and 75th percentiles, respectively, and the black 

top and bottom represent the minimal and maximal values that are not outliers, respectively. 

Outliers are represented as red crosses. pP-values represented as ***p < 0.0001, **p < 

0.001, *p < 0.05, n.s. = non-significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Lysyl oxidase (LOX) enzyme family oxidize lysine residues within 

fibronectin

• The LOX family enzymatic activity initiates fibronectin (FN) fibrillogenesis

• LOX oxidation of FN is essential for FN fibrillogenesis

• Abrogation of oxidation sites impairs cell adhesion, migration, and 

proliferation
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Figure 1. Lysyl oxidases regulate FN fibrillogenesis on soft matrices
(A–X) MEF expressing FN-GFP stained for β1-integrin and LoxL3. FN-GFP clusters 

and LoxL3 clusters co-localize at the cell boundary (arrowheads), whereas fibrillar FN 

localizes under mature b1-integrin adhesions (arrows) (A); scale bar, 2 μm. Summary of the 

percentage of cells for which co-localization between β1-integrin and LoxL3 was identified 

at the indicated significance levels, showing significantly higher co-localization at the cell 

edge versus the cell center (B). FN immunostaining, color coded for intensity (blue, low; 

yellow, high) of shLOX and shControl HASMC on 1 kPa (C and D) and 40 kPa (E and F); 
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scale bar, 50 μm. Magnification of representative regions in (E) and (F). Quantification of 

FN fibrils shows significant reduction following LOX knockdown on both 1 and 40 kPa (G 

and H, n > 40). Pax-GFP on sham- and LOXL3-treated FN with or without βAPN, seeded 

on 1 kPa (I–N) or 0.25 kPa (Q–V) gels and fixed after 1 h (I–K and Q–S) and 2 h (L–N 

and T–V). Quantifications of cell area show significant differences between cells seeded on 

treated FN regardless of the rigidity (O, P, W–X, n > 28); scale bar, 20 μm. **p < 0.0001; 

**p < 0.001; *p < 0.05; n.s., non-significant; Kruskal-Wallis test (non-parametric one-way 

ANOVA test).
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Figure 2. LOX family stimulate adhesion initiation
(A–M) Representative image of a cell on pillars and a graph of pillar displacement; the 

red arrowheads point to early catch-and-release events (A); scale bar, 5 μm. Histograms of 

the pillar release force during catch-and-release events by cells seeded on sham or LOXL3-

treated FN, demonstrating enhanced formation of 2-pN bonds upon LOXL3 treatment (B, 

n > 243), error bars indicating standard error of the mean, *p < 0.05, unpaired t test. 

Histogram of the maximal displacement of pillars by cells seeded on LOXL3-treated FN (C, 

n > 243), ***p < 0.0001, Kolmogorov-Smirnov test. Pax-GFP on sham- and LOXL3-treated 
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FN with or without βAPN, seeded on glass and fixed after 15 (D–F) and 30 min (G–I); 

scale bar, 10 μm. Quantifications of cell area show significantly enhanced spreading of cells 

seeded on treated FN compared with controls (J and K, n > 39); ***p < 0.0001; **p < 0.001; 

n.s., non-significant; Kruskal-Wallis test (non-parametric one-way ANOVA test). Histogram 

of focal adhesion area in cells seeded on sham- or LOXL3-treated FN demonstrate that 

LOXL3 treatment promotes formation of larger adhesions (L and M). ***p < 0.0001, **p < 

0.001, *p < 0.05, Kolmogorov-Smirnov test.
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Figure 3. LOX induces FN clustering
(A–R) Representative dSTORM images of sham- and LOXL3-treated FN nanodomains; the 

curves below are the intensity values along the white lines shown in each image (A and 

B); scale bar, 1 μm. dSTORM analysis of FN cluster area shows a significant increase 

following LOXL3 treatment (C); ***p < 0.0001, **p < 0.001, Kolmogorov-Smirnov test. 

Representative color-coded images generated from time-lapse videos tracking fluorescence-

labeled nuclei on sham- and LOXL3-treated FN (D and E); scale bar, 50 μm. Quantifications 

of migration parameters show significant increases in the measured parameters of cells 

Melamed et al. Page 26

Cell Rep. Author manuscript; available in PMC 2023 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



seeded on LOXL3-treated FN (F–H, n > 426), ***p < 0.0001, Mann-Whitney U test (non-

parametric t test). LoxL3 and LoxL2 immunostaining of non-polar cells (I–L) and polar cells 

(M–P) showing that the Lox family members are localized to lamellipodial regions; scale 

bar, 20 μm. 3D dSTORM image and zoom-in x-y or x-z representation of the cell edge using 

β1-integrin (green) and LoxL3 (pink) staining. The histograms on the right represent the z 

axis distribution of both proteins, showing the extension of LoxL3 closer to the coverslip, 

i.e., secretion of LoxL3 below the dashed yellow line (Q); scale bar, 1 μm; zoom-in, scale 

bar, 100 nm. Quantification of the percent of LoxL3 molecules localized below the cell 

leading edge (R, n = 17).
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Figure 4. LOX is essential for FN fibrillogenesis
(A–S) Schematic of an FN monomer with the oxidized lysine residues marked by red 

asterisks (A). Conservation of the three oxidized lysines among vertebrates (B). Schematic 

representing the two FN constructs that were generated (C). Western blot against FN from 

conditioned medium of cells expressing FNwt, FNΔRGD, and FNΔOxi (D). Phalloidin staining 

of FNwt, FNΔRGD, and FNΔOxi cells seeded on glass without external FN coating and 

fixed after 1 h (E–G); scale bar, 10 μm. Quantification of cell area shows a significant 

decrease in FNΔOxi cells (H, n > 39); ***p < 0.0001; n.s., non-significant; Kruskal-Wallis 
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test (non-parametric one-way ANOVA test). Quantification of mean fluorescence intensity 

of β1-integrin staining per cell shows a significant decrease in FNΔOxi cells (I, n > 20), ***p 

< 0.0001, Kruskal-Wallis test (non-parametric one-way ANOVA test). FN immunostaining, 

color coded for intensity (blue, low; yellow, high), of cells expressing FNwt, FNΔRGD 

and FNΔOxi after 24 h of seeding on glass without external FN coating; magnification of 

representative regions shown below (J–L); scale bar, 50 μm. Quantification of FN fibrils 

show a significant decrease in FNΔOxi cells, revealing a critical contribution of LOX family 

to FN fibrillogenesis (M, n > 71), ***p < 0.0001, Kruskal-Wallis test (non-parametric 

one-way ANOVA test). Representative images of cells expressing FNwt and FNΔOxi after 

24 h of seeding on glass without external FN coating, stained for F-actin and FN (color 

coded for intensity), showing the lack of FN fibrils even when stress fibers are assembled in 

FNΔOxi cells (N); scale bar, 10 μm. Actin and FN immunostaining (color coded for intensity) 

of shControl (O and P) and shLOX(Q and R) human dermal fibroblasts seeded on glass 

without external FN coating and fixed after 24 h, demonstrating the inability of shLOX cells 

to form FN fibrils even when actin stress fibers are assembled; scale bar, 10 μm. Images on 

the right are zoom-ins of the orange boxes in each image. Histogram of the area of FN fibrils 

generated by shControl or shLOX human dermal fibroblasts, demonstrating the significance 

of LOX in the long-term FN fibrillogenesis process (S). ***p < 0.0001; n.s., non-significant, 

Kolmogorov-Smirnov test.
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Figure 5. Mutations in LOX-specific oxidation sites within FN significantly impair cancer cell 
characteristics
(A–N) Representative images of the FNWT, FNΔRGD, and FNΔOxi 67NR colonies formed 

in soft agar (A–C); scale bar, 0.15 mm. Quantification of colonies’ diameters show a 

significant decrease in FNΔOxi cells (D, n > 55), ***p < 0.0001; n.s., non-significant; 

Kruskal-Wallis test (non-parametric one-way ANOVA test). Representative images of the 

FNWT, FNΔRGD, and FNΔOxi 67NR cell monolayers during wound healing assays (E–G); 

scale bar, 300 μm. Cumulative x-y graph showing faster wound closure by FNWT cells 

compared with FNΔOxi and FNΔRGD cells, demonstrating the significance of LOX-specific 

oxidation on cancer cell migration (H, n > 20), error bars indicating standard error of 
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the mean, **p < 0.01 (true for every time point above the marked dotted line), one-way 

ANOVA. Representative time color-coded images generated from time-lapse videos tracking 

fluorescence-labeled nuclei FNWT, FNΔRGD, and FNΔOxi 67NR cells (I–K); scale bar, 50 

μm. Quantifications of single-cell migration parameters show significant decrease in the 

measured parameters of cells infected with the FN mutants (L–N, n > 330), ***p < 0.0001; 

*p < 0.01; n.s., non-significant; Kruskal-Wallis test (non-parametric one-way ANOVA test).
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Figure 6. FN fibrillogenesis requires a nucleation step driven by LOX activity
Model depicting the stages (1–3) required for generating FN clusters that act as nucleators 

for the force-induced fibrillogenesis step (4).

Created with BioRender.com.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal αtotal Paxillin Abcam Cat# ab32084, RRID:AB_779033

Rabbit polyclonal αFibronectin Abcam Cat# ab2413, RRID:AB_2262874

Rabbit polyclonal αFibronectin Abcam Cat# ab23750, RRID:AB_447655

Rabbit polyclonal αFibronectin Abcam Cat# ab199056, RRID:AB_2802127

Rabbit polyclonal αLoxL3 G. Neufeld 
lab

N/A

Rabbit polyclonal αLoxL2 G. Neufeld 
lab

N/A

Rabbit polyclonal αp97 A. Stanhill 
lab

N/A

Rabbit monoclonal αLOX Cell signaling Cat# 58135, RRID:AB_2799541

Rat monoclonal αCD29 (activated β1 integrin) BD 
Biosciences

Cat# 553715, RRID:AB_395001

Mouse monoclonal αAP2α DSHB Cat# 3B5, RRID:AB_2202275

Bacterial and virus strains

FNwt This paper N/A

FNΔRGD This paper N/A

FNΔOxi This paper N/A

shControl Sigma SHC016

shLOX #1 Sigma TRCN0000045991

shLOX #2 Sigma TRCN00000293898

shLOX #3 Sigma TRCN00000286463

Biological samples

Human dermal fibroblasts (hDF) R. Shalom-
Feuerstein lab

N/A

Human aortic smooth muscle cells (HASMC) Sigma 354-05A

Chemicals, peptides, and recombinant proteins

beta-aminopropionitrile (bAPN) Sigma A3134-25G

Recombinant human LOXL3 (rhLOXL3) R&D systems 6069-AO

Recombinant human LOXL2 (rhLOXL2) R&D systems 2639-AO

Sir-DNA SpiroChrome SC007

Para-nitroblebbistatin MotorPharma 1621326-32-6

(3-Aminopropyl) triethoxysilane (APTES) Sigma 440140

Human plasma Fibronectin Sigma FC010-10MG

Human Laminin Corning 354232

Deposited data

LOXL2 & LOXL3 treated FN proteomics data This paper PRIDE: PXD040505

HASMC identified oxidations This paper PRIDE: PXD040900
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental model: Cell lines

Paxillin-GFP MEF B. Geiger lab https://doi.org/10.1242/jcs.120295

HEK 293FT ThermoFisher # R70007

FN-GFP MEF S. Astrof lab https://doi.org/10.1242/jcs.260120

Experimental models: Organisms/strains

Mouse: LoxL3tm1a(EUCOMM)Wtsi EUCOMM https://doi.org/10.1016/j.devcel.2016.02.009

Oligonucleotides

LoxL3-5armWTF (mouse genotyping): 
GCCAGGGTGAAGTGAAAGAC

Metabion 
(HyLabs)

N/A

LoxL3-CritWTR (mouse genotyping): 
GATCTGGGATGCTGAAGACC

Metabion 
(HyLabs)

N/A

Oxidation site 1 mutation (forward): 
TGAGCGTCCTGCAGACTCCATG

Metabion 
(HyLabs)

N/A

Oxidation site 1 mutation (reverse): 
TAAGTGTCACCCACTCGG

Metabion 
(HyLabs)

N/A

Oxidation site 2 mutation (forward): 
TGATGATGGGGCGACATACCACG

Metabion 
(HyLabs)

N/A

Oxidation site 2 mutation (reverse): 
TAACACGTTGCCTCATGAG

Metabion 
(HyLabs)

N/A

Oxidation site 3 mutation (forward): 
ACAGTGGCAGGCGGAATATCTCG

Metabion 
(HyLabs)

N/A

Oxidation site 3 mutation (reverse): 
TCTCCTACGTGGTATGTC

Metabion 
(HyLabs)

N/A

RGD mutation (forward): 
GCCGTGGAGAAAGCCCCGCAA

Metabion 
(HyLabs)

N/A

RGD mutation (reverse): 
CAGTGACAGCATACACAGTGATGGTATAATCAAC

Metabion 
(HyLabs)

N/A

Software and algorithms

FIJI (ImageJ) NIH https://doi.org/10.1038/nmeth.2019

ZEN microscope software ZEISS https://www.zeiss.com/corporate/int/home.html

MATLAB 2018a MathWorks https://www.mathworks.com/products/matlab.html

Weka Segmentation FIJI plugin H. Seung lab https://doi.org/10.1093/bioinformatics/btx180

SAFe NEO dSTORM analysis software v. 38 Abbelight https://www.abbelight.com/solutions/abbelight-software/

IMARIS cell imaging software Oxford 
instruments

https://imaris.oxinst.com/products/imaris-for-cell-biologists?
gclid=Cj0KCQjw8qmhBhClARIsANAtbodvMrLmpNchtnvMtW_KZLIvNQEyTqK8KOpPPyAszC6AKtJWYj1u5xcaApNYEALw_wcB

Incucyte® Basic Analysis Software Sartorius https://www.sartorius.com/en/products/live-cell-imaging-analysis/live-cell-analysis-instruments

Mosaic spatial interactions FIJI plugin I.F. Sbalzarini 
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CalFectin™ Mammalian Cell Transfection Reagent SignaGen SL100478
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REAGENT or RESOURCE SOURCE IDENTIFIER

PDMS silicone gels DOWSIL CY52-276

Polydimethylsiloxane (Sylgard 184) Dow Corning https://www.dow.com/en-us/pdp.sylgard-184-silicone-elastomer-kit.01064291z.html
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