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Abstract
The extracellular matrix (ECM) is a protein polymer network that physically supports cells within a tissue
and also acts as an important biochemical stimulus directing cell behaviors. For �bronectin, a
predominant component of the ECM, these physical and biochemical activities are inextricably linked as
physical forces trigger conformational changes that impact its biochemical activity. We analyzed whether
oxidative post-translational modi�cations, speci�cally glutathionylation, enable �bronectin to ‘record’
physical information through stretch-dependent protein modi�cation. Posttranslational modi�cations of
the ECM are understudied, but represent opportunities for time- or stimuli-dependent changes in structure-
function relationships that both persist over time and could have dominant impacts on cell-ECM
homeostasis. We provide direct evidence that stretch-dependent glutathionylation of �bronectin
irreversibly and signi�cantly alters its mechanical properties with concomitant changes in the binding of
integrin receptors and downstream cell signaling events. Stretch-dependent glutathionylation of
�bronectin could have signi�cant impact on the balance between tissue homeostasis and pathological
progression, particularly in tissues and organs that are exposed to high oxidative stress, such as the lung.

Background
The extracellular matrix (ECM, a.k.a. ‘the matrix’) is the three-dimensional polymeric network of
macromolecules essential for all multicellular organisms existing outside of cells. It supports their
attachment, organization, and functions within tissues. The ECM not only provides physical scaffolding
for cells, but it also acts as a complex biochemical and biophysical stimulus; it represents a complex,
fundamental mechanism regulating cellular behavior and phenotype 1. ECM not only directly binds cells
through integrin receptors, it orchestrates the action of a host of growth factors and cytokines by their
selective, local accumulation and release 2. The critical importance of ECM is best demonstrated by the
fact that selected removal of many ECM components at the genetic level leads to the loss of life at some
of the earliest developmental stages 3,4.

ECM is also highly dynamic. When an injury occurs, speci�c ECM proteins, such as �bronectin, are
secreted and assembled into a �brillar ‘provisional matrix’ that acts as a potent biochemical and
biophysical stimulator of tissue remodeling. This matrix promotes new blood vessel formation and
instructs immune cell and �broblast responses 5. The ECM not only supports these cellular functions but
is also modi�ed by the cells it supports, thus establishing a ‘dynamic reciprocity’ between the ECM and
cells 6. This ability to support and yet be modi�ed by the temporal cellular events occurring within the
matrix hints at a potentially greater function for ECM - information recording and storage 7.  Here, we
posed a unique hypothesis that the matrix protein �bronectin is able to record its force loading history in
ways that signi�cantly impact how cells sense and respond to the matrix, with particular relevance in
ECM-centric diseases like �brosis and cancer.  Fibronectin, like other elastic proteins (e.g. Titin), contains
speci�c repeating domains called type-III repeats that are stabilized by van der Waals forces and
hydrogen bonding.  These noncovalent bonds can be temporally broken and reformed in response to
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force application and release 8. Buried within two of �bronectin’s many type-III repeats (repeat 7 & 15)
exists a ‘free’ cysteine, a precious thiol-containing amino acid, rarely unmodi�ed in the highly oxidizing
extracellular environment 9,10.

Oxidant stress (a,k.a. reactive oxygen species; ROS), the natural product of aerobic metabolism, consists
of radical and non-radical species produced by the partial reduction of oxygen 11. Elevated systemic
oxidative stress is strongly associated with obesity and metabolic disorders 12, in�ammatory diseases
like arthritis, interstitial lung disease, and cardiovascular disease 13, and cancer 14.  The lung, in particular,
is the organ most highly exposed to oxidative stress through direct contact to the external environment
15.  The lung displays more antioxidant activity than any other organ and disruptions in the
oxidant/antioxidant balance have long been linked to pathological disorders in the lung 16; disruptions in
the oxidative balance in lung is a fundamental hallmark of lung �brosis and cancer.

Glutathionylation in lung cancer and �brosis

ROS is capable of inducing both reversible and irreversible oxidative post-translational modi�cation (Ox-
PTM) of cysteine and methionine on many different proteins 17. Glutathione, a prominent antioxidant,
reacts with partially oxidized cysteines resulting in S-glutathionylation.  The addition of glutathione to
cysteine is reversible and prevents irreversible hyper-oxidation of cysteine thiol side chains 18.  Elevated S-
glutathionylation has been reported in idiopathic pulmonary �brosis (IPF patients), linked to decreased
enzymatic activity of glutaredoxin-1 (GLRX); reducing protein oxidation reverses lung �brosis 19.   While
the bulk of research efforts in pathological ROS are focused on intracellular signaling, post-translational
modi�cations including glutathionylation are emerging as key regulatory events in the ECM 20. We �rst
explored the potential relevance of �bronectin glutathionylation in lung by analyzing patient tissue
samples representing various pathologies with associations to elevated oxidant stress including lung
adenocarcinoma21–24, bronchioalvelor carcinoma and idiopathic pulmonary �brosis (IPF)25–30.  In
agreement with prior reports, we observe elevated glutathionylation within adenocarcinoma and IPF
patient samples.  Using previously published image processing approaches 31, we demonstrate strong
colocalization of gluthationylation with the �bronectin fraction within adenocarcinoma and, to a lesser
extent, in IPF (Figure 1).  Interestingly, Fibronectin-associated glutathionylation was signi�cantly
decreased in bronchioalveolar carcinoma compared to the matched healthy tissue (Supplementary Figure
1). This latter �nding may be explained by increased expression of superoxide dismutase and catalase
that has been previously reported in bronchoalveolar carcinoma compared to other lung cancers, which
would reduce overall protein glutathionylation.

Glutathionylation of Fn-rich ECM

Thus, we hypothesized that �bronectin’s two sets of free cysteines are susceptible to glutathionylation. 
Given the cryptic nature of the reactive thiols we hypothesized that glutathionylation occurs following
force/stretch-mediated unfolding of the 7th and/or 15th type III repeats.  Limitations in mass spectrometry
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signi�cantly prevent the speci�c, direct detection of glutathionylated cysteines on �bronectin from tissue
samples.  We therefore took a reductionist approach to further evaluate the mechanism of
glutathionylation and subsequent impacts on cell-ECM biology.  We �rst set out to evaluate the effective
sites of modi�cation in a physiologically relevant decellularized ECM (dECM).  Fibroblasts were seeded
on �exible silicone substrates and stimulated to produce a diverse, but �bronectin-rich, ECM. We
subsequently decellularized the samples and applied uniaxial strain to the dECM by stretching the
underlying silicone (Figure 2a). Following treatment of dECM with FITC-conjugated oxidized glutathione
(GSSG), we observe strain-dependent glutathionylation of the dECM.  Given the �bronectin rich nature of
�broblast-derived ECM in vitro, the modi�cation is presumed to reside on the �bronectin backbone (Figure
2a). In order to validate the dECM FITC-GSSG observations, we analyzed unmodi�ed and glutathionylated
dECM by bottom-up mass spectrometry.  Analysis of unmodi�ed dECM illustrates the protein diversity
within dECM (Supplementary Figure 2), but con�rms the dominance of �bronectin, and to a lesser extent
collagen, within cell-derived ECM.  Analysis of strain-mediated glutathionylated dECM reveals only site-
speci�c glutathionylation of the cryptic cysteine residue (Cys1232) within the 7th type III repeat (Figure 2b,
c, Supplementary Table 1). Although several ECM proteins were detected in the experiment, �bronectin
was again identi�ed as the predominant protein within the sample and Cys1232 was also the most
predominant glutathionylation site (of only two sites observed across all ECM proteins). Taken together,
these �ndings demonstrate that cryptic cysteine residues, particularly the cysteine within the 7th Type III
repeat of �bronectin is a strain-dependent target of S-glutathionylation in vitro. 

Glutathionylation records mechanical history and impacts Fn �ber biophysics

The gluthationylation of �bronectin’s cryptic cysteine in the 7th type III repeat suggests the potential for
signi�cant structural disruption or sensitization through theoretical steric inhibition of refolding.  We
therefore sought to determine if and how S-glutathionylation impacts the biophysical properties of
�bronectin �bers and the potential reversibility or permanence of such changes. Fibronectin
predominately exists in a stabilized �brillar form in vivo, so we manually deposited puri�ed soluble
�bronectin into single, parallel �bers onto micropatterned �exible silicone substrates to mimic this ECM
form 32,33.  This format enables to use of an atomic force microscope (AFM; 34) to both manipulate and
measure the physical properties of individual �bronectin �bers (Figure 3a) and to enable strain/extension-
mediated unfolding representative of what might be encountered under physiological conditions.
Fibronectin �bers exposed to GSSG under stretching conditions and then allowed to relax to their original
�ber length (Figure 3b) were subsequently found to be signi�cantly more extensible and an order of
magnitude less stiff than non-glutathionylated �bronectin �bers (Figure 3c). Fiber breakage was observed
starting at a strain value of ~0.8 for non-glutathionylated �bronectin �bers and nearly double that (~1.5)
for glutathionylated �bronectin. Unmodi�ed �bers broke more frequently at lower strain/extension
compared to glutathionylated �bers, which also displayed a higher maximal strain to breakage (Figure
3c).
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We then utilized the AFM for both force measurement and in situ reaction conditions allowing the
determination of the elasticity of a single �ber under multiple conditional states (Figure 3d). Fibers
underwent repetitive stepwise incremental extensions and force measurements, followed by complete
relaxation to the original �ber state, in three stages. In stage one �bronectin �bers are measured in their
unmodi�ed state (red). In stage two, the �bers are extended and treated with GSSG for glutathionylation,
then the stretching force is released, �bers are allowed to recover and another measurement is taken
(blue). In stage three, the �ber’s glutathionylation is reversed by reduction with excess dithiothreitol (DTT)
under the stretched condition (Supplementary Figure 3), the �ber is then relaxed and a �nal measurement
is taken (green). As seen in the saw-tooth stress-strain plot (Figure 3e), unmodi�ed �ber stress sharply
increases due to incremental extension followed by stress relaxation due, in part, to mechanical unfolding
of domains and rehydration of the �ber. Strikingly, glutathionylated �bronectin �bers require an order of
magnitude less force to achieve equivalent extension compared to non-glutathionylated �bers. Moreover,
we do not observe mechanical recovery of �bronectin �bers following removal of glutathione - a profound
distinction between these and previous observations for reversible glutathionylation of Titin 35. This
irreversible, mechanical recording is not a function of pulling on a single �ber repetitively (Figure 3e, upper
right). Concerns regarding the possibility that DTT treatment of an extended �ber would reduce
stabilizing disul�de bonds within �bronectin was also ruled out (Figure 3e, lower right).

Strain-dependent glutathionylation of �bronectin �bers was validated with a FITC-GSSG analogue.
Relaxed and strained �bronectin �bers were individually incubated with FITC-GSSG and the signal was
normalized to a total �bronectin signal to control for �bronectin content within the �ber as previously
(Figure 3f).  Fibronectin �bers are indeed glutathionylated in a strain-dependent manner (Figure 3g). 
Consequently, these data demonstrate that strain-dependent glutathionylation of �bronectin’s cryptic
cysteine residues leads to an irreversible change in the �ber’s biophysical behaviors. Re-stated, these data
suggest that site-speci�c glutathionylation serves as a mechanism by which �bronectin records
mechanical loading history. The cryptic cysteine residues in the 7th and 15th Type III repeats of �bronectin
are absolutely essential to this unique behavior, as recombinant �bronectin displaying a cysteine-to-
alanine substitution in the 7th Type III repeat and a cysteine-to-valine substitution in the 15th Type III
repeat displays no response to GSSG or DTT treatment (Supplementary Figures 4 and 5).  In addition to
single �ber strain-dependent reactivity with FITC-GSSG, soluble �bronectin can be glutathionylated and
subsequently de-glutathionylated under heat denaturing conditions using GSSG and the reducing agent
dithiothreitol (DTT), respectively (Supplementary Figure 6). 

Glutathionylation primes the Fn integrin switch and coincident myo�broblast polarization

In the intracellular environment, the effect of glutathionylation is well known and serves as a mechanism
of signal transduction that mediates mitochondrial function 36, receptor signaling 37, and ion channel
activity 38. Dysregulation of intracellular S-glutathionylation can cause cell death associated with many
diseases, like cardiovascular disease and diabetes 39. Although it is known that ECM biophysical
properties govern the impact of oxidative stress on cells 40 and that several glutathionylated extracellular
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proteins and cytokines are released during in�ammation 41–43, ECM responses to oxidative stress have
been largely ignored. The glutathionylation of Cys1232 within �bronectin’s 7th Type III repeat is a
particularly interesting modi�cation site based on its proximity to the primary binding sites for cell
integrin receptors (PHSRN, a.k.a. “synergy site”, and RGD) within the 9th and 10th Type III repeats (Figures
2c, 4a).  Thus, we sought to more speci�cally explore the impact of �bronectin glutathionylation on the
integrin binding motif structure and function.

Fibronectin is one of many elastic proteins that are particularly sensitive to dynamic biophysical forces.
Such forces are often generated by invading and contracting cells that induce strain, or
extension/elongation of �bronectin �bers. This lengthening of �bronectin �bers is accommodated by
signi�cant conformational change in the domain structure of �bronectin that, in turn, provide a feedback
stimulus to surrounding cells. Large-scale conformational changes in �bronectin regulate integrin
receptor binding 9,44, the binding and release of growth factors 2,45, even its own polymerization 46. We’ve
previously demonstrated that in response to cell contraction-mediated strain of �bronectin matrices, the
primary cell-binding domains of �bronectin (the 9th and 10th Type III repeats) display a conformational
change that directs integrin binding preference. Given the impact of glutathionylation on �bronectin �ber
elasticity and the identi�ed site of modi�cation, we sought to measure this strain-mediated event (Figure
4a), predicted by Vogel et al. nearly two decades ago 9 and made detectable with a single-chain antibody
(clone H5) developed in our lab 31. As before, �broblasts were allowed to assemble a �bronectin-rich ECM
on �exible silicone substrates and were subsequently removed through a decellularization process
leaving a �bronectin-rich dECM (Supplementary Figure 2). The substrates were left unstrained or
extended to expose the cryptic cysteines followed by GSSG or control treatment. H5 was subsequently
introduced to detect the strain-dependent conformational change in the integrin binding domain (Figure
4b). Quantitation of the H5:total �bronectin signal ratio within ECM �bers demonstrates that this strain-
dependent event is unaltered following glutathionylation (Figure 4c), establishing the perseverance of this
important �bronectin behavior. This result indicates that glutathionylation, by itself, does not disrupt
previously identi�ed strain-dependent behaviors of �bronectin. Importantly, the observed �ber-scale
biophysical changes of �bronectin do not signi�cantly impact the bulk material properties of the dECM
(Supplementary Figure 7).  Heterogeneous �ber alignment and porosity dominate these bulk material
properties of polymer systems.  So, �bronectin glutathionylation within a dECM does not confer broader
changes in ECM rigidity that cells can sense. Rather, glutathionylation only reduces the energy or force
threshold required for to engage strain-dependent behaviors. In the case of the integrin binding domain’s
strain-dependent conformational change, which we’ve previously shown to be ‘activated’ at an extension
ratio of ~1.4 (Strain ~ 0.4), glutathionylation lowers its activation force by an order of magnitude (Figure
4d). 

The balance of diverse integrins within the macromolecular complexes which form cell-matrix adhesions
(i.e. focal adhesions) strongly in�uence cell behaviors due to alterations in focal adhesion signaling. For
instance, we and others have previously demonstrated that preferential αvβ3 integrin engagement over
synergy-dependent integrins like α5β1 and α3β1 47 alters angiogenic programs 48, epithelial to
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mesenchymal transition (EMT) 49, and activation of naïve �broblasts down a myo�broblastic lineage
50,51. In �broblasts, the strain-dependent conformational change of �bronectin’s integrin binding domain
nearly abolishes integrin α5β1’s ability to bind, thus strongly skewing focal adhesions toward an αvβ3
character. Although we can arti�cially stretch �bronectin-rich ECM to activate the conformation change
(Figure 4e, top; Figure 4f, unmodi�ed), the impact of �bronectin glutathionylation is that naïve non-
contractile (i.e. normal) �broblasts readily trigger this integrin switch (Figure 4e, bottom; Figure 4f,
glutathionylated λ=1.0). Ratiometric imaging and quantitation of active αvβ3 versus active β1 within
naïve �broblast focal adhesions cultured on glutathionylated �bronectin-rich dECM demonstrates that
even in the absence of arti�cial activation of the conformational change through substrate stretching (λ=
2.0), these cells display heightened αvβ3:β1 ratios (Figure 4e, f), indicative of an true integrin ‘switch’.  We
have shown that integrin αvβ3-mediated myo�broblastic differentiation occurs, in part, due to elevated
cytoskeletal activity and the concomitant conversion of globular (g) actin to �lamentous (f) actin 50,
demonstrated partly through enhanced spreading (Supplementary Figure 8). This transition from g-actin
to f-actin displaces the transcriptional co-factor MRTF (myocardin related transcription factor) from g-
actin, resulting in its translocation to the nucleus where it drives myo�broblastic/mesenchymal gene
expression. Concurrent with elevations in αvβ3 engagement, we observe a signi�cant nuclear
translocation of MRTF, demonstrating its activation (Figure 4g).

Here, we provide the �rst evidence of �bronectin glutathionylation in the context of several lung
pathologies and demonstrate the strain-dependency of glutathionylation, due to the cryptic location of
reactive cysteines in the essential ECM protein, �bronectin. This modi�cation was found to signi�cantly
reduce the force threshold required for cells to physically activate a conformational change in
�bronectin’s integrin-binding domain, leading to a cellular integrin switch in the engagement of �bronectin
with clear consequences on downstream cytoskeletal signaling. The role of PTMs within the ECM has
only recently gained attention in the �eld, but has the potential to expose new forms of information
storage and transmission within the ECM. In particular, it is tempting to speculate that various PTMs
mark the ECM and record events, like a contractile force or in�ammation 52. The accumulation of such
marks could lead to a tipping point, whereby resident cells become more readily activated, potentially
leading to disease initiation or more aggressive progression.  In the case of Ox-PTMs and
glutathionylation, this is particularly relevant considering the strong links between obesity and metabolic
disorders and elevated systemic oxidative stress. The extent to which Ox-PTMs, and posttranslational
modi�cations more generally, modulate the function of the ECM remains a signi�cant gap in the �eld.
Recording of stimulus history through such modi�cations adds to the substantial mosaic of factors
driving complex diseases and will be an important consideration in the recent and increased use of
decellularized tissues for regenerative medicine and stem cell delivery endeavors.

Methods
Western blot/Dot blot
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Dot blot: Fibronectin (Fn) (1mg/ml), puri�ed from human plasma by using gelatin-sepharose
chromatography, was incubated with 10 mM oxidized glutathione (GSSG) (Sigma Aldrich) (volume ratio
of Fn and GSSG is 4:1) at different temperatures: 37°C, 55°C, 75°C for 1 hour, and at 95°C for 20 minutes.
Non-reducing Laemmli buffer with 20 mM maleimide (Sigma Aldrich) was then added and incubated at
95°C for 10 minutes. For the reversibility assay (de-glutathionylation), 50 mM 1,4-Dithiothreitol DTT
(Sigma Aldrich) was incubated with all the samples at 95°C for 15 minutes. Anti-glutathione antibody
(1:1000) (mAb100, Virogen) was used to detect glutathionylation.

Western blot: 10mM GSSG was added to 1mg/ml �bronectin sample and heated at 95°C for 20 minutes.
Then non-reducing Laemmli buffer with 20 mM maleimide was mixed in at 95°C for 15 minutes. Anti-
glutathione antibody (1:1000) (Virogen) and anti-�bronectin antibody (1:1000) (ab2413, Abcam) were
used to detect glutathionylation and �bronectin.

Cell culture

Human foreskin �broblasts (HFFs) were purchased from ATCC, passage 3 to 9 were used in all
experiments. HFF cells were cultured in DMEM medium with 15% Fetal Bovine Serum (FBS) for
production of cell-derived matrices, while other experiments (integrin switch and MRTF) were performed
in serum free medium.

Single �ber deposition and decellularized matrix formation

All PDMS sheets were pretreated with 0.1M NaOH, 3% 3-aminopropyltriethoxysilane (APTES) and 1%
glutaraldehyde before placing �ber and matrices.

Single �ber: Single Fn �bers were formed by previously described method32,33.  Brie�y, a single Fn �ber
was formed by drawing out a single �ber from a drop of Fn solution. It was deposited on striated PDMS
sheets (0.005” NRV G/G 40D 12”×12”) (Specialty Manufacturing Inc) fabricated by soft lithography with
patterned ridges of 10×100μm and 50μm spacing. Masks (secondary modes) were made by
photolithography.

Decellularized matrix: Human Foreskin Fibroblasts (HFF) cells were cultured on �at PDMS sheets (0.005”
NRV G/G 40D 12”×12”) (Specialty Manufacturing Inc) with a seeding density of 10,000/cm2. After 7 to 9
days, HFF cells were lysed and removed with Latrunculin B (2µM) (Sigma Aldrich), EDTA (50mM)
(Thermo Fisher Scienti�c), 2% sodium deoxycholate (DOC) and DNase I (1U/ml) (Amresco). Afterwards,
the cell derived matrices are stretched to different strain levels (0% and 200% strain). Further details are
described in31.

Protein (de-)glutathionylation and veri�cation

Single Fn �bers were deposited on PDMS striated sheet from 1.5mg/ml Fn solution containing 5% Alexa
555-Fn (1.5mg/ml) and 95% non-labeled Fn (1.5mg/ml). For matrices, 48 hours before decellularization,
1µg/ml Alexa 555 labeled Fn was added into DMEM medium with 15% FBS which was then assembled
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by cell into matrix. Then single Fn �bers and decellularized matrices were subjected to the desired strain
(0% and 200% strain) and labeled with 1mM FITC-GSSG (gift from Prof. Lisa Landino, The College of
William and Mary) for an hour-long incubation at 37°C. For de-glutathionylation, 1mM DTT was added to
the glutathionylated �bers or decellularized matrix, incubated for an hour at 37°C. Fluorescence images
were taken with a UltraView Vox Spinning Disk Confocal Microscope (40X) (PerkinElmer) using Volocity
6.3.1 software for acquisition. Fluorescence signal ratio of FITC-SSG to �bronectin was used to determine
(de)-glutathionylation signal strength within the 0% and 200% samples. Images of each condition were
taken from different spot of same sample, each experiment was replicated three times.

AFM manipulation

All force data was collected by MFP-3D Bio (Asylum Research) paired with a TiEclipse inverted optical
microscope (Nikon).

Single �ber mechanics: Single Fn �bers were deposited onto the striated PDMS substrate (as described
before) mounted on a 50mm glass-bottomed Petri dish (FD5040-100, World Precision Instruments). Fn
�bers were stretched (200%) with the underlying PDMS substrate, incubated with GSSG for
glutathionylation, then relaxed to their original length. Each Fn �ber was pulled by an AFM tip (Model
AC240TS-R3, Oxford instruments) with a spring constant of 2 N/m. The �ber was stretched at a rate of
320 nm/s. The strain at which the �ber breaks while pulling was reported as “extensibility”, and it is
de�ned as , where . Young’s modulus data was determined by using the incremental stress-strain curve,
Young’s modulus  , where  is the resulting strain and the applied stress  , assuming �ber cross section is
circular, . Fiber diameter is from AFM image with tapping mode. Details are described previously53. Fibers
of each condition are from three independent samples. For single �ber series pulling: The AFM tip pulled
a single Fn �ber incrementally and the force was collected. After the complete relaxation, �ber was then
extended (kept at 200% strain) with the AFM tip to allow GSSG (10 mM for 30 minutes) or DTT (1 mM for
40 minutes) incubation followed by relaxation and subsequent force measurement as before. Replicated
three times.

Decellularized matrix mechanics: A PDMS sheet with decellularized matrix (described in decellularized
matrix above) was mounted on a 50mm glass-bottomed petri dish. Young’s modulus of matrix was
measured with an AFM tip (Model MLCT-O10, Bruker) with a 25µm polystyrene bead (Polysciences, Inc.)
glued onto tip C with a spring constant of 0.01 N/m. Cantilever was calibrated by thermal method. Force
indentation curve was analyzed by the Hertz model, , where E is the elastic modulus, R is the radius of the
bead on the tip, δ is the indentation, and ν is the Poisson’s ratio (in this experiment, 0.5). Measurements
were made by indentation of 300 nm at a rate of 500 nm/s. Matrices of each condition are from three
independent samples.

Immuno�uorescence imaging

Imaging of Fn using H5 scFv: 48 hours before decellularization, 1 µg/ml Alexa 555 labeled Fn was added
into DMEM medium with 15% FBS which was then assembled by cells into matrix. After decellularization,
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matrix was �xed with 4% paraformaldehyde and incubated in 3% Bovine Serum Albumin (BSA) in
phosphate buffered saline (PBS) at room temperature for 1 hour. Then H5 (1:100) (10 µg/mL) antibody
(Lab made antibody)31 was added to the surface of the decellularized matrix at 4°C overnight. Detection
of H5 was enabled with anti-myc antibody (1:1000) (Fisher Scienti�c) and Alexa 647 secondary antibody
(1:2000) (Thermo Fisher). Image analysis is described in31, brie�y, ratiometric images were processed by
custom Matlab code, Otsu’s method was used to threshold images, signal passed threshold on both Fn
and H5 channel was masked, then the ratio of �uorescence intensity of H5 and Fn were compared among
different groups. Images of each condition were taken from different spot of same sample, each
experiment was replicated three times.

Integrin switch and MRTF: HFF cells were seeded at a density of 3,000/cm2 and cultured for 2 hours on
decellularized matrix in serum free DMEM medium. Cells were then �xed by 4% paraformaldehyde for 10
minutes, permeabilized by 0.2% triton-X for 5 minutes. Samples were blocked with 5% normal goat serum
before primary antibody incubation (1:200) overnight at 4°C.

Primary antibody used in these experiments: active αvβ3 (WOW-1, gift of Sanford Shattil, University of
California, San Diego), active β1 (9EG7, BD Pharmingen), α-SMA PE conjugated (1A4, R&D Systems), anti-
MKL1 (HPA030782, Sigma-Aldrich), rabbit anti-paxillin (Y113, Abcam).

All �uorescence images were imaged by a UltraView Vox Spinning Disk Confocal Microscope
(PerkinElmer) (63X). Nuclei were stained with Hoechst (1:1000) (H3569, Thermo Fisher), while Alexa 488
phalloidin (1:40) (Thermo Fisher) was used for actin staining. For MRTF nuclear translocation
experiment, z-stacks of 10 slices through the whole cell thickness were recorded. All image analysis were
conducted by Volocity software. In Volocity, threshold was set accordingly to different channels for all the
samples, only signal above the threshold were accounted for �uorescence intensity, then �uorescence
intensity ratio of two channels (vary from different experiments) was used to compare. Cells of each
condition are from same sample, each experiment was replicated three times.

Human Tissue Staining

Four lung cancer cryocores were provided by the Mid-Atlantic CHTN. We received a set of lung
adenocarcinoma with patient-matched healthy control, and a set of bronchoalveolar carcinoma with
patient-matched healthy control as well. Sections were cut on a cryotome at 10 um thickness. After
thawing, the sections were �xed in 1% PFA for 10 minutes at room temperature (RT). After one wash in 1x
PBS, they were permeabilized with 0.2% TritonX-100 in PBS for 10 minutes at RT. We blocked for 1 hour at
RT with 5% BSA, 5% goat serum, 5% donkey serum and mouse Fc-block according to the provided
protocol. Then the following antibodies were incubated overnight at 4C in PBST with 1% BSA: rabbit pAb
anti-Fn (Abcam,1:1000 dilution, 647 channel); mouse anti-Glutathionylation (Virogen, 1:100 dilution, 555
channel).

The next day, after three washes in PBST of 10 minutes each, we incubated secondary antibodies for 1
hour at RT in PBST: goat anti-rabbit AF647 (Thermo�sher), biotinylated donkey anti-mouse (abcam).
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After another set of washes, we incubated Streptavidin AF555 for 1 hour at RT. We then washed and
added Prolong Gold+DAPI and allowed it to cure overnight. We intentionally left channel 488 open
because tissue auto�uorescence would provide structural information. DAPI in 405 channel stained cell
nuclei. Slides were sealed and imaged on the same confocal microscope with the following settings:

Ch. 648:            48% laser power           400 ms exposure

Ch. 561:            37% laser power           300 ms exposure

Ch. 488:            37% laser power           200 ms exposure

Ch, 405             13% laser power           250 ms exposure

20 to 30 random 20X �elds on each section were collected.

Unadulterated .tiff images were analyzed with our previously published31  ratiometric Matlab routine. The
median pixel-by-pixel intensity ratio outputs were then used in Prism7 to produce the plots shown.

Mass Spec Sample Preparation

PDMS membranes with embedded, unmodi�ed dECM and glutathionylated dECM (described above) were
cut into small pieces (around 0.3 cm × 1 cm) and sonicated in 8M urea, 20mM HEPES for 30 minutes. For
the unmodi�ed dECM, the sample was centrifuged and the supernatant collected into a low-retention
microfuge tube (Axygen) and reduced with Dithiothreitol (DTT; �nal concentration is 0.1M) by incubation
at 80°C for 10 minutes. The sample was placed into a Vivacon centrifugal �lter tube with 30 kDa cutoff
(Sartorius) and centrifuged at 10K rpm for 15 minutes followed by alkylation with 300 μl 0.05 M
iodoacetamide for 45 minutes in the dark. For glutathionylated dECM, reduction and alkylation were
avoided to prevent loss of the modi�cation. Both of the unmodi�ed and glutathionylation dECM were
washed three times with 300 μl 100mM ammonium bicarbonate at 10K rpm for 20 minutes each.
Sequencing-grade chymotrypsin (Promega) was added to �lter tube containing glutathionylated dECM,
while trypsin (Promega) was added to unmodi�ed dECM with the same enzyme to protein ratio (1:50).
Both trypsin and chymotrypsin samples were incubated overnight while shaking at 350 rpm at 37°C and
25°C, respectively. Digested peptides were collected into fresh 1.5 ml low-retention microfuge tubes by
centrifugation at 10K rpm speed for 5 min at room temperature and then desalted using a peptide
desalting spin column (Pierce). Samples were then frozen solid at -80°C for at least 20 hours and
sublimated to dryness via centri-vap (Labconco). Dried peptides were reconstituted by sonication in 50 μl
5% acetonitrile 0.1% formic acid for LC-MS analysis.

Mass spectrometry

Proteolytic peptides were analyzed by liquid chromatography mass spectrometry (LC-MS) using a Q-
Exactive Plus Orbitrap mass spectrometer (Thermo Scienti�c) coupled with an UltiMate™ 3000 RSLCnano
UPLC system (Dionex) equipped with an Acclaim Pep Map C18 RP column run in data-dependent
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acquisition mode with HCD fragmentation. Samples were separated by gradient LC with mobile phase A
(2% ACN with 0.1% FA) and mobile phase B (80% ACN with 0.1% FA) with gradient from 4% B up to 90% B
for over 150 min at a �ow rate of 0.3 μl/min. The resulting MS RAW �les were analyzed using the
SEQUEST search algorithm via Proteome Discoverer 2.1 where glutathionylation (G) and oxidation (M)
were included as variable modi�cations. MS fragmentation data were searched against the non-
redundant UniProt database (https://www.uniprot.org/proteomes/UP000005640) using a peptide
tolerance of 10 ppm in the MS1 scan and a fragment ion tolerance of 0.02 Da in the MS2 scan.

Mutant Fibronectin

Seven million HEK293 cells (ATCC) plated in a 10 mm dish in DMEM + 10% FBS were transfected using
upscaled Lipofectamine 3000 reagents (Invitrogen). Speci�cally, 60 μl of lipofectamine 3000 reagent
were combined with 40 μl of P3000 and 20 μg of mutant-Fn plasmid (kindly donated by Christopher
Lemmon, Virginia Commonwealth University)10. The reagents were diluted in OptiMEM and administered
to the cells according to the manufacturer protocol. Medium was replaced after 6 hours with DMEM +10%
of Fn depleted FBS. Medium was collected, changed, and refrigerated every 2 days. Mutant-Fn was
collected via gelatin-sepharose gravity �ltration. After concentrating the eluted mutant-Fn, we obtained
250 μl at a concentration of 3.2 mg/ml.

Statistical analysis

GraphPad Prism was used to do all the analysis, data were presented as mean ± SD. Two-tail Mann
Whitney test and Kruskal-Wallis test were used. Signi�cant differences were considered when P < 0.05, *P 
< 0.05, **P < 0.01, ***P < 0.001, **** P < 0.0001.
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Figure 1

Glutathionylation of Fn increases in lung tissue affected by adenocarcinoma and IPF. (a) Step by step
image analysis performed by ratiometric algorithm: the leftmost panel shows a representative 20X �led
of lung tissue in the Fn stain channel. A binary mask is built from this �eld using Otsu’s thresholding
method, then is applied to the Fn channel (middle panel). The mask is also applied to the anti-
glutathionylation channel (fourth panel), thus accounting only for signal overlapped with Fn molecules.
Then a pixel-by-pixel ratio of the intensity values between the glutathionylation and Fn channels is used
to produce a ratiometric image, rightmost panel. Median ratio values for each �eld are used for statistical
analysis. (b) Left, full section of normal lung tissue (Fn, AF647). Middle panels, 20X detail of the Fn
(AF647) and glutathionylation channels (AF555), scale bar 54 μm. Right panel, resulting ratiometric
image. (c) Left, full section of lung adenocarcinoma tissue (Fn, AF488). Middle panels, 20X detail of the
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Fn (AF647) and glutathionylation channels (AF555), scale bar 54 μm. Right panel, resulting ratiometric
image. (d) Left, full section of IPF tissue (Fn, AF647). Middle panels, 20X detail of the Fn (AF647) and
glutathionylation channels (AF555), scale bar 54 μm. Right panel, resulting ratiometric image. Panels c
and d show areas of higher GluFn/Fn ratio, indicating glutathionylation of Fn associated with these lung
diseases. (e) Plots of median pixel-by-pixel GluFn:Fn ratios from at least 20 random �elds per condition,
lung adenocarcinoma or patient matched normal lung. Glutathionylation of Fn is highly signi�cantly
increased (p<0.0001). (f) Plots of median pixel-by-pixel GluFn:Fn ratios from at least 20 random �elds per
condition, IPF or normal lung. Glutathionylation of Fn is signi�cantly increased (p=0.0181). Mean and
error bars representing SD are shown. Mann-Whitney two-tailed statistical tests were employed for
statistical analysis.
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Figure 2

Cryptic cysteine residues within �bronectin �bers of decellularized matrix (dECM) are strain-dependent
targets of S-glutathionylation in vitro. (a) Decellularized ECM (dECM) formed from human foreskin
�broblasts cultured on PDMS substrates that were subsequently lysed displays statistically signi�cant
greater susceptibility to modi�cation by FITC-modi�ed GSSG under stretch (N=20 for each condition)
(Mean +/- S.D.). FITC signal is the glutathione analogue, Alexa 555 signal is labeled tracer �bronectin to
provide a metric for �bronectin content within �bers. Central panel display the ratiometric image of
glutathione to �bronectin. Dash line of the right panel is the base line for signal of FITC dye only. Scale
bar is 35μm. (b) In glutathionylated dECM, representative peptide fragmentation spectrum of mass
spectrometry from �bronectin type III 7th repeat revealing glutathionylation of cryptic cysteine Cys1232.
For display, the fragment ion labeling threshold was set to 0.05 Da and 2% of base peak height. See also
Supplemental Table S1. (c) Crystal structure of �bronectin type III 7th – 10th repeat (PDB ID : 1FNF).
Highlighted residues include the cryptic cysteine Cys1232 in the 7th repeat (yellow) as well as the PHSRN
(red) and RGD (green) motifs that regulate integrin binding. Mann-Whitney two-tailed statistical tests were
employed for statistical analysis, **** P < 0.0001.
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Figure 3

Glutathionylation increases �bronectin �ber extensibility and non-reversibly lowers the elasticity of
�bronectin �bers. (a) Schematic setup and bright �eld image of AFM tip pulling on single �bronectin �ber.
(b) For extensibility testing, manually-deposited �bers on PDMS were initially stretched and incubated
with GSSG for glutathionylation. They were then allowed to relax to their original length followed by AFM
measurement. (c) Stress-strain plot shows glutathionylated �bronectin �bers (Blue, Average +/- S.D.)
(N=23) are more extensible and less stiff than unmodi�ed �bronectin �bers (Red, Average +/- S.D.)
(N=21). (d) For elasticity testing, manually deposited �bronectin �bers were instead only stretched by the
AFM tip. Fibers underwent stepwise incremental extensions and force measurements, followed by
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complete relaxation. Fibers were then extended (λ=2.0) with the AFM tip to allow GSSG or DTT incubation
followed by relaxation and subsequent elasticity measurement as before. (e) Representative plot of a full
sequence (described in d) on a single �ber in stress-strain plot. It indicates that glutathionylated �bers are
less stiff, a property not recovered by the removal of the glutathione. (e, upper right) The elasticity effect
observed is not a function of multiple interrogations of a single �ber nor the lack of reversibility an
artifact of DTT treatment (e, lower right). (f) Manually deposited �bronectin �bers on PDMS substrate
subjected to a membrane stretching device (λ=2.0) displays a signi�cant increase in the susceptibility to
modi�cation by FITC-modi�ed GSSG (g) (N=14 for each condition) (Mean +/- S.D.). (f) display the
ratiometric image of glutathione (FITC) to �bronectin (Alexa 555). Dash line in (g) is the base line for
signal of FITC dye only. Scale bar for single �ber is 17μm. Mann-Whitney two-tailed statistical tests were
employed for statistical analysis, ** P < 0.01.
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Figure 4

Glutathionylation of dECM enables integrin switch activation and MRTF nuclear translocation in naïve
�broblasts. (a) Schematic representation of �bronectin. Fibronectin is comprised of three types of
repeating units, type I (blue), type II (purple), and type III (green/yellow). Yellow designates the presence of
a cryptic cysteine (type III 7th and 15th repeat) where glutathionylation is predicted to occur under
conditions
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