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Abstract

The oxidation of tyrosine residues to generate 0,0 ~dityrosine crosslinks in extracellular proteins

is necessary for the proper function of the extracellular matrix (ECM) in various contexts in
invertebrates. Tyrosine oxidation is also required for the biosynthesis of thyroid hormone in
vertebrates, and there is evidence for oxidative crosslinking reactions occurring in extracellular
proteins secreted by myofibroblasts. The ECM protein fibronectin circulates in the blood as a
globular protein that dimerizes through disulfide bridges generated by cysteine oxidation. We
found that cellular (fibrillar) fibronectin on the surface of transforming growth factor-p1 (TGF-
Bl)-activated human myofibroblasts underwent multimerization by 0,0 ~dityrosine crosslinking
under reducing conditions that disrupt disulfide bridges, but soluble fibronectin did not.

This reaction on tyrosine residues required both the TGF-p1-driven production of hydrogen
peroxide and the presence of myeloperoxidase (MPO) derived from inflammatory cells, which

are active participants in wound healing and fibrogenic processes. Oxidative crosslinking of
matrix fibronectin attenuated both epithelial and fibroblast migration and conferred resistance

to proteolysis by multiple proteases. The abundance of circulating 0,0 ~dityrosine—-modified
fibronectin was increased in a murine model of lung fibrosis and in human subjects with interstitial
lung disease (ILD) compared to control healthy subjects. These studies indicate that tyrosine can
undergo stable, covalent linkages in fibrillar fibronectin under inflammatory conditions and that
this modification affects the migratory behavior of cells on such modified matrices, suggesting that
this modification may play a role in both physiologic and pathophysiologic tissue repair.
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INTRODUCTION

Protein oxidation occurs in normal physiological processes as a mechanism of signal
transduction and in pathological states as a result of oxidative stress (1). Oxidation of
cysteine, the most widely studied amino acid to undergo oxidation, leads to variable
oxidation states of its thiol side chain that may result in disulfide bond formation to facilitate
protein folding in the endoplasmic reticulum (2). Other amino acids, such as methionine and
tryptophan, also undergo oxidative modifications, although the physiologic and pathologic
implications of these modifications are less well defined (3).

In invertebrate species, tyrosine oxidation can result in the formation of dityrosine crosslinks
on substrate proteins with varied physiologic functions (4-7). In each of these contexts,
dityrosine crosslinking depends on the enzymatic generation of hydrogen peroxide (H,05)
that oxidizes the iron of heme peroxidases (hPx). The oxidized heme iron catalyzes a
one-electron reduction at the ortho position of the phenol side chain of tyrosine to generate
tyrosyl radicals that combine to form a stable, covalent bond (0,0 -dityrosine). Upon
fertilization, the extracellular envelope of sea urchin eggs rapidly undergoes 0,0 -dityrosine
crosslinking by ovoperoxidase to protect against polyspermia, microbes, and mechanical
stress (8). Caenorhabditis elegans dual oxidase (Duox), an enzyme that contains functional
hPx and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase domains, catalyzes
0,0 ™dityrosine protein crosslinking that stabilizes the cuticular extracellular matrix (7). In
Drosophila melanogaster, 0,0 *dityrosine protein crosslinking catalyzed by a homologous
dual oxidase stabilizes the extracellular cuticle of the wings (4).

Although tyrosine oxidation by thyroid peroxidase, a member of the hPx family, is essential
for the synthesis of thyroid hormone, normal physiologic functions for 0,0 -dityrosine
crosslinking for normal physiologic function in vertebrates have not been identified. We
have previously observed that proteins in the extracellular space around myofibroblasts
undergo oxidative crosslinking reactions in the presence of a hPx, suggesting o,0 -dityrosine
formation (9), although neither the modified protein(s) nor functional consequences of these
modifications were identified. In this study, we sought to determine whether extracellular
matrix (ECM) proteins are susceptible to 0,0 *dityrosine crosslinking and, if so, identify the
physiologic or pathophysiologic consequences of this protein oxidation.

Here, we identified fibronectin as a preferred target of 0,0 -dityrosine crosslinking in the
ECM,; this reaction required hPx activity, such as that contributed by myeloperoxidase
(MPQ) from inflammatory cells, and a source of H,O, generated by a member of

the NADPH oxidase (NOX) family of oxidoreductases, such as that induced by the pro-
fibrotic cytokine, transforming growth factor-B1 (TGF-B1). 0,0 ~dityrosine crosslinking of
fibronectin made it resistant to protease degradation and altered its structural or signaling
properties to retard cellular migration. Oxidized moieties of fibronectin with 0,0 *-dityrosine
modifications were increased in the plasma of mice subjected to experimental lung fibrosis
and in human subjects with fibrotic interstitial lung disease (ILD).
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Fibronectin is a tyrosine-rich ECM protein

The ECM undergoes rapid and dynamic changes in response to tissue injury, inflammation,
and repair (10). Posttranslational modifications that mediate ECM protein crosslinking
through lysine and glutamine residues, catalyzed by lysyl oxidase and transglutaminase,
respectively, have been described (11, 12). We previously reported that hPxs mediate
crosslinking reactions, suggestive of g,0-dityrosine formation within the extracellular space
of human lung fibroblasts stimulated with TGF-1 (9). Based on the premise that this
chemical reaction is likely to depend on both the number of available tyrosine residues as
well as the accessibility of specific tyrosine residues to the active sites of hPxs, we surveyed
the number of tyrosine residues that are present in several candidate ECM proteins to
identify which may be particularly susceptible to o,0 ~dityrosine crosslinking. We observed
that fibronectin, a key protein in tissue injury and repair processes, contained the highest
density of tyrosine residues (100 tyrosines out of 2386 total amino acids in fibronectin, or
4.2% tyrosine; Uniprot #P02751) (Table 1). These data motivated us to explore whether
fibronectin—associated tyrosines within the ECM may be a target of hPx-mediated 0,0
dityrosine crosslinking.

Tyrosine residues in cellular fibronectin are susceptible to MPO-mediated 0,0’-dityrosine

crosslinking

To determine whether fibronectin was susceptible to g,0 -dityrosine crosslinking, we
employed a cell culture model of human lung fibroblasts stimulated with TGF-1, which
increases the production extracellular H,O, (13). Fibroblasts activated to generate H,O»
were incubated with either of two exogenous hPxs — MPO, a mammalian hPx that is
abundantly produced at sites of tissue inflammation by neutrophils and macrophages

(14, 15), or horseradish peroxidase (HRP) — for defined time periods prior to cell lysis
(Fig. 1A). Western blot analysis of extracts from these cells under reducing conditions
demonstrated higher than expected molecular weight (MW) species under conditions of
endogenous H,0, production and the presence of the hPxs, MPO and HRP (Fig. 1B). HRP,
a plant-derived hPx that catalyzes o,0 -dityrosine formation, appeared to more efficiently
catalyze the formation of this higher MW species of fibronectin in comparison to MPO,
which is consistent with more promiscuous activity of HRP (16). To determine the
potential effects of endogenous, cell-derived MPO, we incubated activated myofibroblasts
with polymorphonuclear leukocytes (PMNSs) isolated from wild-type (Mpo*’*) and MPO-
deficient (Mpo™") mice. Similar to that observed with exogenous hPxs, the higher MW
species of fibronectin were detected in the presence of PMNs from Mpo™* mice (Fig.
1C). The occurrence of the high MW species at around 540 kDa suggested the potential
formation of fibronectin homodimers (Fig. 1D).

To define the relative specificity of 0,0 -dityrosine crosslinking for fibronectin, we used a
tyrosine analog conjugated to biotin, biotin-tyramide (Fig. 1, E and F), as bait to assess
whether this reaction occurred more prominently with fibronectin than with other ECM
proteins. Using the same cell culture model of TGF-1-stimulated human lung fibroblasts
(Fig. 1A), we added biotin-tyramide with MPO and probed the biotinylated proteins with
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streptavidin to identify proteins that crosslink with biotinylated tyramide. We identified
two major bands, one at ~270 and another at 125-140 kDa (Fig. 1G). Based on our prior
observations of fibronectin crosslinking (Fig. 1, B and C), the finding of biotin-tyramide
reacting with a protein of ~270 kDa, and the responsiveness of this crosslinking to TGF-1
stimulation, we suspected that this band likely corresponded to fibronectin. To confirm that
biotin-tyramide crosslinking targeted fibronectin, we performed neutravidin pulldown of
extracts from the experiments with biotin-tyramide and probed for fibronectin; the results
clearly demonstrated that under conditions when 0,0 “dityrosine crosslinking is expected to
occur, including even in low concentrations of H,O, in the absence of the TGF-p1, we
detected fibronectin reactivity that was markedly increased by the addition of MPO (Fig.

1, H to J). Together, these studies provide evidence that endogenous fibronectin, in the
presence of extracellular H,O, and MPO, could undergo posttranslational modifications
involving o,0 -dityrosine crosslinking.

To further characterize fibronectin o,0’-dityrosine crosslinking in situ, we performed
immunofluorescence studies with tyramide-conjugated cyanine 5 (tyramide-Cy5) and
fibronectin (Fig. 2). Using the established protocol to induce ECM crosslinking by TGF-
B1 and MPO (Fig. 1A), we detected increased pericellular tyramide-Cy5 fluorescence

in cells treated with both TGF-1 and MPO (Fig. 2A). This tyramide-Cy5 fluorescence
decreased when cells were pretreated with an inhibitor of hPxs and MPO (sodium azide),
catalase (which competes with hPx to reduce H,05), a flavoenzyme inhibitor that blocks
TGF-B1-induced H,0, (DPI, diphenylene iodonium), or L-tyrosine (which competes
with the reaction of endogenous fibronectin-associated tyrosine with tyramide-Cy5) (Fig.
2B). Further analysis of the colocalization of fibronectin with tyramide-Cy5 showed that
fibronectin immunoreactivity correlated closely with the tyrosine analog, tyramide (Fig.

2, C to F; Pearson’s correlation of 0.449 and Mander’s overlap of 0.909). Similar to

these results with immunofluorescence labeling techniques, under the same conditions of
fibroblast-derived ECM crosslinking (Fig. 1B), the presence of sodium azide, catalase,
DPI, or L-tyrosine inhibited the formation of high MW species of fibronectin catalyzed by
MPO and H,05 (fig. S1). These studies demonstrated that susceptible tyrosine residues in
fibronectin fibrils on the surface of TGF-pl-differentiated myofibroblasts were catalyzed by
MPO to undergo 0,0 ~tyrosine:tyramide crosslinking.

Soluble plasma fibronectin is not susceptible to MPO-mediated o0,0’-dityrosine
crosslinking

Soluble forms of fibronectin, produced primarily in the liver by hepatocytes, are abundant

in circulating human plasma and other body fluids (17). Circulating plasma also contains
substantial amounts of active MPO (18, 19). Therefore, we determined whether soluble
plasma fibronectin was susceptible to 0,0 dityrosine crosslinking. The formation of ¢,0-
dityrosine can be detected by the increase in fluorescence at an excitation around 320 nm
and emission around 405 nm, indicative of L-tyrosine dimerization (20, 21). Using this
method of detection, we found high rates of 0,0 *dityrosine formation when human soluble
plasma fibronectin was incubated with HRP and H,O5; in contrast, we were unable to detect
0,0 -dityrosine formation when MPO was substituted for HRP (Fig. 3A). This restriction

on plasma fibronectin oxidative crosslinking was not related to a lack of MPO peroxidative
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activity in our assay, because it efficiently catalyzed crosslinking of L-tyrosine (Fig. 3A). To
confirm the formation of high MW fibronectin catalyzed by HRP in the presence of H,0,,
we performed Western blot analyses under reducing conditions. This demonstrated a shift in
fibronectin reactivity from ~270 kDa to above 500 kDa, which was not observed with MPO
(Fig. 3B). Because soluble fibronectin is in a globular form that may restrict accessibility

to susceptible tyrosine residues and cultured cells are able to assemble soluble plasma
fibronectin into fibrillar fibronectin on the cell surface (22), we examined if the crosslinking
activity of MPO could be recovered by inducing fibrillogenesis of plasma fibronectin. We
treated primary mouse fibroblasts with TGF-B1 and then incubated them with human plasma
fibronectin in the presence or absence of the hPxs, MPO or HRP. Western blot analysis
under reducing conditions, utilizing an antibody (clone 1ST4) that recognizes only human
(but not mouse) fibronectin, demonstrated higher MW species in the presence of MPO or
HRP (Fig. 3C). These data support the concept that the selectivity of MPO to catalyze
fibronectin o,0 -dityrosine crosslinking depended on its three-dimensional conformation,
and not necessarily the requirement for extra domain A or B (EDA or EDB), both of which
are absent from circulating plasma fibronectin.

Fibronectin o,0’-dityrosine crosslinking confers protease resistance

Next, we determined the potential physiological or pathobiological consequences of
fibronectin o,0 -dityrosine crosslinking. Remodeling of the ECM and eventual reabsorption
of matrix molecules during the resolution phase of wound repair depends on the degradation
of the ECM by proteases. We tested the effect of oxidative fibronectin 0,0 -dityrosine
crosslinking on the susceptibility to protease activity. First, TGF-B1-activated human lung
myofibroblasts that generate endogenous H,O, were incubated with MPO or HRP for 24
hours and then treated with either Proteinase K, which cleaves with broad specificity at

the carboxyl side of aliphatic and aromatic amino acids, or the serine proteases, trypsin

and plasmin, both of which cleave at the carboxyl side of lysine and arginine residues,

prior to SDS-PAGE under reducing conditions and immunoblotting for fibronectin. All
three proteases induced a loss of native fibronectin at the expected MW (~270 kDa) with
degradation products between 55-200 kDa (Fig. 4, A to C). However, in the presence of
hPxs, higher MW species of fibronectin were retained (Fig. 4, A to C), indicating resistance
to protease degradation under conditions of fibronectin oxidative crosslinking. These data
support that 0,0 *dityrosine crosslinking of fibonectin within the pericellular matrix acquired
resistance to proteolysis, which may contribute to impaired ECM turnover.

Cellular migration is inhibited by o,0’-dityrosine fibronectin crosslinking

Cellular migration in embryogenesis, morphogenesis, and wound healing depends on cell-
ECM interactions, with a critical role for fibronectin (23). We reasoned that fibronectin

0,0 -dityrosine crosslinking could alter fibronectin-dependent cellular migration and used a
transwell migration assay to test this hypothesis. In the upper chamber of a two-chamber
transwell system, we cultured human lung fibroblasts under conditions of native matrix
production and o,0 -dityrosine crosslinking. After lysing the cells to generate cell-free
matrices, a defined number of fibroblasts were seeded onto the matrices in the upper
chamber (Fig. 4D). Fibroblast migration through the matrices was decreased when matrices
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were generated under conditions of oxidative o,0 -dityrosine crosslinking with either HRP or
MPO (Fig. 4, E and F).

To further study the effects of crosslinked fibronectin on cell behavior, we tested the effects
of plasma fibronectin subjected to chemical crosslinking on fibroblast migration (fig. S2A).
As previously reported, we observed an increase in fibroblast migration in the presence

of plasma fibronectin (23). However, fibroblast migration was markedly inhibited when
plasma fibronectin was modified by o,0 -dityrosine crosslinking (fig. S2, B and C). Because
epithelial cell migration is thought to be particularly important in wound healing and is
dependent on a “provisional” matrix containing fibronectin, we studied the effects of native
and oxidatively crosslinked fibronectin on epithelial cell migration using a variation on an in
vitro wound healing assay in which the cells were tested for their ability to migrate over a
decellularized matrix (Fig. 4G). Wound closure was decreased under conditions of oxidative
0,0 -dityrosine crosslinking with either HRP or MPO (Fig. 4, H and I). These data support
the concept that, in addition to acquired protease resistance, posttranslational modification of
fibronectin by 0,0 -dityrosine disrupts cellular migration.

Fibronectin-associated o0,0’-dityrosine concentrations are increased in lung tissue and
plasmain a murine model of lung injury

From the in vitro evidence that fibronectin was susceptible to crosslinking, we determined
if 0,0 ~dityrosine oxidative modifications of fibronectin occurred in vivo. Fibronectin
modified by o,0’-dityrosine was increased in lung tissue (Fig. 5A) and plasma (Fig. 5B)

of mice during the fibrogenic phase of bleomycin-induced lung injury. In whole lung
tissue, the average natural log—transformed concentrations of fibronectin 0,0 ~dityrosine

in bleomycin-injured mice and controls were 5.19 + 0.88 and 2.28 * 0.34 umol/mol,
respectively, corresponding to a 18.36-fold increase on a linear scale. In plasma, fibronectin
0,0 -dityrosine concentrations increased by 5.58-fold on a linear scale (2.82 + 1.08 vs.

1.1 £ 1.14 pmol/mol in bleomycin vs. control, respectively, in natural log-transformed
data). These data suggest that fibronectin modification by 0,0 *dityrosine crosslinking occurs
during experimental fibrosis in a murine model of lung injury.

Fibronectin-associated 0,0’-dityrosine concentrations are increased in circulating plasma
of human subjects with ILD

ILD is characterized by the progressive loss of normal tissue architecture due to alterations
in the ECM that may perpetuate aberrant repair responses to tissue injury (24). We
previously reported that total concentrations of 0,0 ~dityrosine are increased in the plasma
of patients with ILD (25). Here, we determined whether fibronectin-specific 0,0 dityrosine
moieties were detectable in human plasma. Fibronectin modified by 0,0 -dityrosine was
increased in the plasma of ILD patients [12 with idiopathic pulmonary fibrosis (IPF) and

4 with connective tissue disease—associated ILD (CTD-ILD)] in comparison to 20 healthy
controls (Fig. 5C). Both groups were well matched for age (healthy = 54.8 + 6.96 umol/mol,
ILD =55.1 + 8.29 pmol/mol) and gender [m:f; 3:17 (healthy) and 3:13 (ILD)]. Human
subjects with ILD demonstrated a 7.38 fold increase on a linear scale in comparison to
healthy subjects (average natural log—transformed fibronectin o,0 ~dityrosine concentrations:
2.06 + 1.06 vs. 0.061 + 0.48 pmol/mol, respectively). These data indicate that fibronectin
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modified by 0,0 -dityrosine crosslinking is detectable in circulating plasma and increased in
human subjects with ILD.
DISCUSSION

In this study, we demonstrated that fibronectin was susceptible to oxidation by hPx-
catalyzed 0,0 -dityrosine crosslinking. The steady-state concentrations fibronectin bearing
this oxidative modification were increased in the plasma of human subjects with ILD and
in both lung tissues and plasma of mice subjected to fibrogenic lung injury. Biochemical
characterization of fibronectin oxidative crosslinking demonstrated the formation of
fibronectin multimers on SDS-PAGE gels under reducing conditions, supporting the
formation of stable, covalent o,0 -dityrosine bonds. Cellular signaling by the fibrogenic
cytokine, TGF-B1, in lung fibroblasts activates the endogenous production of H,O, by a
flavoenyzme that we have previously characterized to be a member of the NADPH oxidase
family (26), and promoted fibronectin multimerization in the presence of physiologic
concentrations of a mammalian hPx, MPO. Fibronectin crosslinked by 0,0 -dityrosine
was resistant to degradation by multiple proteases, including the broad-spectrum protease
Proteinase K. Additionally, fibronectin oxidative crosslinking disrupted fibroblast and
epithelial cell migration, in comparison to cellular migration on native, non-crosslinked
fibrillar fibronectin.

Fibronectin plays a central role in physiologic and pathologic wound healing (27). It is
tyrosine-rich and an important structural and functional contributor to cellular growth,
migration, adhesion, differentiation, and survival (17). Fibronectin is essential in the
dynamic, tightly regulated repair processes that follow tissue injury, wherein it is a

critical component of the provisional matrix and orchestrates reepithelialization (28, 29).
The modification of fibronectin by 0,0 -dityrosine, a kinetically favorable reaction in the
oxidative and inflammatory environment of the healing wound, could be envisioned to play
an important role in the normal physiologic wound healing process. The capacity for the
mammalian hPx, MPO, to mediate ¢,0 -dityrosine crosslinking of fibronectin appeared to
require cell-dependent fibrillogenesis, suggesting that there may be cryptic sites containing
tyrosine residues that are susceptible to oxidation only when the protein is in its fibrillar
form and offering an explanation for why circulating plasma fibronectin was protected from
this posttranslational modification. Unlike reversible cysteine oxidation, mechanisms for the
reversibility of 0,0 -dityrosine bonds are not known. It is possible that proteases present

in the milieu of resolving wounds are sufficient to generate fragments that may then be
taken up by the circulation and excreted by the kidneys. This possibility is supported by our
finding of higher quantities of circulating 0,0 ~dityrosine fragments in both human subjects
with lung disease and animal models of lung injury-fibrosis.

The formation of 0,0 -dityrosine may be favored in pathologic states in which there are high
concentrations of HyO5 and an hPx capable of catalyzing this reaction. This is certainly

true in aging, wherein oxidant-antioxidant imbalance contributes to higher concentrations
of H,O, and non-resolving fibrosis (30). Indeed, the formation of 0,0 -dityrosine has been
reported to be a biomarker of aging (31). Prior reports of 0,0 -dityrosine formation in
human tissues have involved age-related pathologies, including atherosclerosis (32, 33),
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neurodegeneration (34, 35), and cataracts (36). Based on our data that g,0 dityrosine
modification of fibronectin rendered this protein resistant to proteolysis, we speculate that
such oxidatively crosslinked proteins accumulate over time in chronic diseases of aging,
including IPF, that may represent aberrant wound healing responses.

Our studies indicate that o,0 “dityrosine modification of fibronectin altered its signaling
and/or structural properties in a manner that limited cellular migration. This alteration

may interfere with normal reepithelialization, a common feature of non-resolving wounds
that culminate in fibrosis (37). When further analyzing the tyrosine content in fibronectin,
tyrosine enrichment is present within the 70 kDa migration stimulation factor region of

the protein containing type | and Il repeats (5.14%; 33 tyrosines:642 amino acids; Uniprot
#P0O2751-2). Our data on alterations in fibroblast migration suggest that tyrosines in this
region may be oxidized. Future studies will identify the specific tyrosine residues within
fibronectin that are susceptible to tyrosyl radical formation and ¢,0 -dityrosine crosslinking.
Although our studies clearly implicate fibronectin as a target of 0,0 *dityrosine oxidation,
it is possible that other ECM proteins are also susceptible to this oxidative modification.
We think such modifications are relatively minor in comparison based on our ex vivo
fibroblast system in which an unbiased approach to identifying proteins that link to a
tyrosine analog (tyramide) demonstrated only two fairly distinct bands, one at the expected
MW of fibronectin and another at approximately 125-140 kDa, the identity of which is yet
to be determined.

In summary, we report the oxidative crosslinking of the ECM protein fibronectin by

0,0 -dityrosine bonding that is catalyzed by a hPx in an H,O,-dependent manner. Wound
healing microenvironments in the lung and other organ systems characterized by high
steady-state concentrations of H,O, and a pro-inflammatory milieu are permissive to these
oxidative reactions, which may contribute to the non-resolving pathology in age-related
neurodegenerative, atherosclerotic, and fibrotic disorders.

MATERIALS AND METHODS

Cell culture

Human fetal lung fibroblasts (IMR-90, Coriell Institute for Medical Research) and human
lung epithelial cells (A549, ATCC) were grown in Dulbecco’s Modification of Eagle’s
Medium (Catalog # 15-013-CM; Corning) supplemented with 10% fetal bovine serum,

2 mM L-glutamine, 100 units/ml penicillin, 100 pg/ml streptomycin, and 1.25 ug/ml
fungizone (Gibco). Cells were grown at 37°C in 5% CO,. At 90% confluence, cells were
placed in serum free medium for 24 hrs prior to stimulation with porcine TGF-p1 (2 ng/mL;
Catalog # 101-B1; R&D System) to stimulate differentiation into myofibroblasts and induce
H,0, production (maximal at 16 hr). Cells were treated with HRP (5 U/mL; Catalog #
P8375; Sigma-Aldrich) or MPO from human leukocytes (5 U/mL; Catalog # M6908; Sigma-
Aldrich). Myofibroblasts were also treated with peritoneal PMNSs isolated from littermate
control Mpo™* and Mpo™~ mice as previously described (38). In the inhibitor studies,
fibroblasts were pretreated for 15 mins with sodium azide (1 mM; Catalog # 71289; all

four inhibitors from Sigma Aldrich), Catalase (3000 U/mL; Catalog # C1345), DPI (10 pM;
Catalog # D2926), or L-tyrosine (5 mM; Catalog # 93829) prior to addition of MPO.
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Western blotting and antibodies

Total cell lysates were prepared in boiling 1% SDS lysis buffer (10 mM Tris, pH 7.4)
supplemented with protease inhibitors, followed by BCA assay, and addition of NUPAGE
reducing agent and NUPAGE LDS sample buffer (Catalog # NP0O009 and NP0007;
Invitrogen Corp) with SDS-PAGE electrophoresis performed. For neutravidin pull down
experiments NeutrAvidin Agarose (Catalog # 29200; Thermo Fisher Scientific) was utilized.
For protease experiments, after hPx treatment for 24 hours the cells were treated with

either Proteinase K (Catalog # P6556; Sigma Aldrich), trypsin (Catalog # SH30042.01;
Thermo Fisher Scientific), or plasmin (Catalog # P1867; Sigma Aldrich) and SDS-PAGE
electrophoresis was immediately performed. Antibodies to human fibronectin (1:500; clone
IST4, mouse monoclonal that recognizes an epitope located within the fifth type Il repeat
of human fibronectin; Catalog # F0916, Sigma Aldrich), fibronectin (1:500; clone IST9,
mouse monoclonal that recognizes an epitope (PEDGIHELFP) located in the EDA sequence
of cellular fibronectin; Catalog # sc-59826 AC, Santa Cruz Biotechnology), and p-actin
(1:10,000; clone AC-15, mouse mAb against N-terminal peptide; Catalog # A1978; Sigma
Aldrich) were utilized. Secondary antibody goat anti-mouse 1gG (H+L) cross absorbed
antibody conjugated to HRP (Catalog # 31432; Thermo Scientific) was used for detection
by chemiluminescence. Immunoblots were imaged using an Amersham Biosciences 600
Imager and analyzed with TotalLab (GE Healthcare).

Tyramide-crosslinked tyrosine labeling

Microscopy

We have previously described a fluorescent labeling technique to detect hPx-catalyzed,
H,0,-mediated crosslinking of tyrosine residues on endogenous protein substrates (9).
Briefly, tyramide, a tyrosine analogue, conjugated to biotin or Cy5 (PerkinElmer) is utilized
to label protein tyrosine residues susceptible to 0,0 -biphenolic covalent linkage. After
treatment with or without TGF-p1 for 16 hrs, biotin-tyramide or tyramide-Cy5 is incubated
in the presence/absence of MPO for 4 hrs in serum free medium. For studies utilizing
biotin-tyramide, protein lysates subjected were probed with streptavidin directly conjugated
to HRP and visualized with chemiluminescence. Lysates from biotin-tyramide - treated
fibroblasts were then subjected to purification utilizing Neutravidin Plus Ultralink Resin
(Catalog # 53151; Pierce). For studies utilizing tyramide-Cy5, fibroblasts were fixed with
4% paraformaldehyde and probed with human fibronectin (1:500; clone 1ST4), secondary
antibody Cy2 AffiniPure Donkey anti-mouse 1gG (1:100; Catalog # 715-225-150; Jackson
ImmunoResearch Laboratories), and stained with Hoechst 33342 trihydrochloride trihydrate
(Catalog # H3570; Thermo Fisher Scientific).

Digital images were acquired using the Keyence BZ-X700 All-in-one microscope. A
PlanFluor 40x NA 0.60/3.60-2.80 Ph2 objective was used for the digital fluorescent images,
and a CFI PlanApo A 2 x 0.10/8.50 mm objective was used to capture the crystal violet
stained transwell and wound healing assay images. For fluorescent images BZX GFP
(OP-87763), BZX Cy5 (OP-87766), and BZX DAPI (OP-87762) filters were used. BZ-X
Viewer was used for image capture. Confocal images were acquired using the Nikon A1R
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Confocal Imaging System. An Apo 60x Oil AS DIC N2 objective and 405nm, 488nm,
561nm laser lines used. Nis Elements 5.02 was used for image capture and adjustments.

Plasma fibronectin o0,0-dityrosine

Purified human plasma fibronectin (Catalog # F2006; Sigma-Aldrich, St. Louis, MO) was
treated with or without H,O, (Catalog # H1009; Sigma-Aldrich, St. Louis, MO) in the
presence or absence of HRP and MPO. Fluorescence intensity of 0,0 -dityrosine formation
was measured in a kinetic assay with the BioTek Synergy Mx system (BioTek Instruments,
Winooski, VT) utilizing Gen5 2.05 software at the excitation wavelength of 320 nm and
emission of 405 nm. Mouse lung fibroblasts were isolated from male C57BL/6 as previously
described (39). Human plasma fibronectin and MPO (5 U/mL) was added to TGF-B1 (4
ng/mL)-stimulated fibroblasts. Total mouse lung lysate was collected in boiling 1% SDS
lysis buffer and subjected to western blot analysis under reducing conditions.

Cellular migration assays and isolation of cell-derived matrices

Human lung fibroblasts were cultured on transparent PET membrane cell culture inserts (24
well, 8.0 um pore size; Catalog # 353097; Falcon), treated with TGF-1 (2 ng/mL) and a hPx
(5 U/mL MPO or HRP), and matrix isolation performed. Matrix isolation was carried out
as previously described (40). Briefly, extraction buffer (20 mM NH4OH, 0.5% (v/v) Triton
X-100 in PBS, pH 7.4) was gently added to the culture plates, upon cellular detachment
matrix was washed twice with PBS and treated with DNase (10 U/mL; Catalog # EN0521;
Thermo Fisher Scientific) for 1 hr followed by two PBS washes prior to subsequent
migration experiments. The same conditions were utilized for fibroblast matrix formation
and isolation for the epithelial cell wound healing assay that utilized 2 well culture inserts
(Catalog # 80209; Ibidi).

Mice and human subjects

Intratracheal bleomycin (1.25 U/kg) was administered to induce lung injury or saline (50
uL total volume) to two-month-old female C57BL/6 mice (The Jackson Laboratory, Bar
Harbor, ME) as previously described(26). Three weeks post injury mice were sacrificed by
CO», inhalation, and lung tissue and plasma collected. Plasma samples were collected from
16 human subjects with ILD (12 IPF, 4 CTD-ILD) and from 20 healthy control subjects
matched for age (healthy = 54.8 + 6.96, ILD = 55.1 + 8.29) and gender [m:f; 3:17 (healthy)
and 3:13(ILD)]. All procedures involving animals and human subjects were approved by
the Institutional Animal Care and Use Committees and Institutional Review Boards at the
University of Alabama at Birmingham and the University of Michigan.

Mass spectrometry analysis

Fibronectin was immunoprecipitated from lung tissue or plasma using anti-fibronectin
antibody. Samples were then analyzed as previously outlined(41). In short, protein

was precipitated with ice-cold trichloroacetic acid (10% v/v) from the fibronectin
immunoprecipitated lung tissue or plasma samples and diluted in 50 mM phosphate buffer
pH 7.4. The protein precipitate was delipidated with water/methanol/water-washed diethyl
ether (1:3:7; v/v/v). Known concentrations of isotopically labeled internal standards 13Cg
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tyrosine or 13Cy, 0,0 “dityrosine were added, and samples were hydrolyzed for 24 hrs in

4 N methane sulfonic acid treated with benzoic acid. Oxidized amino acids were cleaned
using Superclean ENVI ChromP columns (3ml, Supelco Inc., Bellefonte, PA). Oxidized
amino acids were quantified by liquid chromatography-electrospray ionization tandem mass
spectrometry (LC-ESI-MS/MS) with multiple reaction monitoring (MRM) MS/MS positive
ion acquisition mode utilizing an Agilent 6410 triple quadrupole MS system equipped

with an Agilent 1200 LC system. Labeled precursor amino acid, 13Cq®Ntyrosine, was
added to monitor potential internal artifact formation of 0,0 ~dityrosine and was noted to be
negligible.

Data analysis

Student unpaired t test was used to compare the natural log-transformed data between
groups in the murine and human studies. One-way ANOVA with post hoc Tukey’s was

used to compare groups in the in vitro studies. P values less than or equal to 0.05 were
considered significant. Analyses and graphs were generated using GraphPad Prism version
6.00 (GraphPad Software, La Jolla, CA, USA). Error bars in figures represent group mean *
standard deviation (SD).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Tyrosineresiduesin cellular fibronectin are susceptible to 0,0’-dityrosine crosslinking.
(A) Schematic of the experimental design. Human lung fibroblasts were treated with

vehicle (Veh) or TGF-B1 to stimulate differentiation into myofibroblasts and production

of H,0,. MPO, HRP, or polymorphonuclear leukocytes (PMNs) from Mpo*”* or Mpo™~
mice were added to stimulate oxidation of tyrosine residues in the presence or absence

of biotin-tyramide or Cy5-tyramide. (B, C) Western blot analysis of fibronectin (B) and
quantification of high-molecular weight (HMW) fibronectin (C) in lysates from fibroblasts
treated as indicated. B-actin is a loading control. Positions of MW standards are indicated to
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the right of the blot. Data show the mean + SD; /7= 4 independent experiments; * p < 0.05
compared to treatment with TGF-p1 alone. ANOVA with post hoc Tukey’s. (D, E) Western
blot analysis of fibronectin (D) and quantification of HMW fibronectin (E) in lysates from
fibroblasts treated with PMNs. B-actin is a loading control. Data show the mean = SD; n
= 6-8 individual wells from 3 independent experiments. *, p < 0.05 compared to vehicle;
# p < 0.05 compared to Mpo*”* PMNs. ANOVA with post hoc Tukey’s. (F) Structure of
putative tyrosine-crosslinked fibronectin homodimers. (G-H) Structures of L-tyrosine (G)
and biotinylated tyramide (H). (1) Western blot analysis of biotin (detected with labelled
streptavidin) and fibronectin in lysates from cells treated as indicated. (J, K) Western

blot analysis (J) and quantification (K) of fibronectin in neutravidin precipitates of cell
lysates. Data show mean + SD; 7= 3 independent experiments; * p < 0.05 compared to
TGF-B1 alone. ANOVA with post hoc Tukey’s. (L) Structure of fibronectin crosslinked to
biotinylated tyramide.
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Fig. 2. Colocalization of fibronectin with L-tyrosine analog, tyramide-Cy5.

(A) Immunofluorescence images showing fibronectin (detected with a Cy2-labelled
secondary antibody) and tyramide-Cy5 in human lung fibroblasts treated with vehicle, MPO,
TGF-B1, or MPO + TGF-p1 in the presence of tyramide-Cy5. Images are representative

of 3 independent experiments. Scale bar, 50 um. (B) Immunofluorescence images showing
fibronectin (Cy2) and tyramide-Cy5 in human lung fibroblasts treated with MPO + TGF-

B1 in the presence of tyramide-Cy5 plus sodium azide (an hPx inhibitor), catalase (an

hPx competitor), DPI (an inhibitor of H,O, production), or L-tyrosine (a competitor for
tyramide-Cy5 binding). Scale bar, 50 um. (C) Ratiometric quantification of tyramide-Cy5

to total fibronectin (Cy2) fluorescence per high power field (hpf) from cells treated as
indicated. n=9 total hpf per group from three independent experiments. (D) Confocal
microscopy showing tyramide-Cy5 and fibronectin (Cy2) in human lung fibroblasts treated
with MPO + TGF-B1. Scale bar, 5 pm. (E) Same image as in (C) highlighting 20

regions of interest used to perform colocalization analysis of tyramide-Cy5 crosslinking

and fibronectin (Cy2). Scale bar, 5 um. (F) Representative scatter plot of Cy5 versus

Cy2 intensity in regions highlighted in (E). Pearson’s Correlation and Mander’s Overlap
represents colocalization of Cy5 with Cy2 fluorescence from three independent experiments.
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Fig. 3. Plasma fibronectin that undergoes fibrillogenesisis susceptible to M PO-mediated 0,0’-
dityrosine crosslinking.

(A) Fluorescence spectroscopy measuring the 0,0 -dityrosine formation rate of soluble
plasma fibronectin treated as indicated. L-tyrosine treatment with MPO and H,0, (L-
tyrosine + MPO) was performed as a positive control. Fluorescence was measured at
excitation of 320 nm and an emission of 405 nm. ND, not detectable. Data are representative
of three independent experiments and show mean = SD 7= 3 independent experiments. (B)
Western blot analysis of soluble, pure plasma fibronectin treated as indicated. The positions
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of molecular weight standards are indicated to the right of the blot. Data are representative

of three independent experiments. (C) Western blot analysis of fibronectin from lysates of

mouse lung myofibroblasts that were treated as indicated. p-actin is a loading control. Data
are representative of three independent experiments.
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Fig. 4. Fibronectin 0,0’-dityrosine crosslinking confer s protease resistance and inhibits fibroblast
and epithelial cell migration.

(A-C) Western blot analyses of fibronectin in lysates from human lung myofibroblasts
treated with the indicated proteases. B-actin is a loading control. Data are representative of
three independent experiments. The positions of molecular weight standards are indicated to
the right of the blot. (D) Schematic of the experimental design of the transwell migration
assay. Human lung fibroblasts in the upper chamber were treated with TGF-B1 to stimulate
differentiation into myofibroblasts and H,O5 production. MPO or HRP (hPx) was added to
stimulate oxidation of tyrosine residues, then the matrix was decellularized. Fibroblasts were
then plated on the decellularized matrix and tested for migration through the matrix into the
lower chamber. (E) Total number of fibroblasts that migrated to the bottom of the transwell.
Data show mean * SD; n= three independent experiments with 3-5 transwell inserts per
experiment. * indicates significantly decreased fibroblast migration compared to vehicle
control (MVeh); # indicates significantly increased migration compared to HRP. A< 0.05.
ANOVA with post hoc Tukey’s. (F) Images of crystal violet—stained cells after fibroblast

Sci Signal. Author manuscript; available in PMC 2022 August 22.




1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Locy et al.

Page 21

migration to the bottom of the transwell. Data are representative of three independent
experiments. (G) Schematic of the experimental design of the wound healing assay. Human
lung fibroblasts were treated with TGF-B1 to stimulate differentiation into myofibroblasts
and H,0, production. MPO or HRP were added to stimulate oxidation of tyrosine residues.
After the matrix was decellularized, an insert was added to divide the chamber, and lung
epithelial cells were plated on each side of the insert. After cells attained confluence,

the inserts were removed and the cells were imaged at 0 and 24 h. (H) Percentage of
wound closure that occurred at 24 h normalized 0 h. Data show mean + SD compared to
Veh control. 7= 3 independent experiments with 3 technical replicates per experiment. *
indicates significantly decreased epithelial cell wound closure compared to Veh. < 0.05,
ANOVA with post hoc Tukey’s. (I) Images of epithelial cell wound closure on matrices
isolated from fibroblasts that were treated with vehicle, MPO, or HRP. Dashed red lines
indicate the original gap in the epithelial layer resulting from removing the well insert. Data
are representative of 3 independent experiments.
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Fig. 5. Fibronectin-associated 0,0’-dityrosine concentrations areincreased in a murine model of
lung fibrosisand in ILD patients.

(A-B) Mass spectrometry analysis of fibronectin-associated 0,0 -dityrosine concentrations
in the lung tissue (A) and plasma (B) from control (saline-treated) and bleomycin-treated
mice during the fibrogenic phase (3 weeks after bleomycin injury. Data show mean * SD;
natural log—-transformed. /7= 6 mice in each treatment group. £ < 0.05, unpaired t test.

(C) Mass spectrometry analysis of fibronectin-associated o,0 -dityrosine concentrations in
plasma from human subjects with IPF or CTD-ILD and age- and sex-matched healthy
control subjects. Data show mean + SD; natural log-transformed. 7= 16-20 patients per
group. P< 0.05, unpaired t-test.
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Table 1.

Tyrosine Content of Human Extracellular Matrix Proteins

Matrix Molecule

Number of Tyrosine Residues  Total Number of Amino Acids

Percent Tyrosine

UniProt Number

Fibronectin 100 2386 4.19 P02751
Collagen XII, a1 113 3063 3.69 Q99715
Fibrillin 1 93 2871 3.24 P35555
Tenascin-C 66 2201 3.00 P24821
Tenascin-X 119 4242 2.81 P22105
Thrombospondin 1 31 1170 2.65 P07996
Perlecan 109 4391 2.48 P98160
Laminin, a5 88 3695 2.38 015230
SPARC 7 303 231 P09486
Elastin 15 786 1.91 P15502
Collagen IV, a2 28 1712 1.64 P08572
Agrin 29 2067 14 000468
Collagen IV, al 18 1669 1.08 P02462
Collagen 11, al 15 1466 1.02 P02461
Collagen I, al 13 1464 0.89 P02452
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