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Abstract: Excessive cross-linking is a major factor in the resistance to the remodelling of the extra-
cellular matrix (ECM) during fibrotic progression. The role of TGFβ signalling in impairing ECM
remodelling has been demonstrated in various fibrotic models. We hypothesised that increased
ECM cross-linking by TGFβ contributes to skin fibrosis in Systemic Sclerosis (SSc). Proteomics was
used to identify cross-linking enzymes in the ECM of primary human dermal fibroblasts, and to
compare their levels following treatment with TGFβ-1. A significant upregulation and enrichment
of lysyl-oxidase-like 1, 2 and 4 and transglutaminase 2 were found. Western blotting confirmed
the upregulation of lysyl hydroxylase 2 in the ECM. Increased transglutaminase activity in TGFβ-1
treated ECM was revealed from a cell-based assay. We employed a mass spectrometry-based method
to identify alterations in the ECM cross-linking pattern caused by TGFβ-1. Cross-linking sites were
identified in collagens I and V, fibrinogen and fibronectin. One cross-linking site in fibrinogen alpha
was found only in TGFβ-treated samples. In conclusion, we have mapped novel cross-links between
ECM proteins and demonstrated that activation of TGFβ signalling in cultured dermal fibroblasts
upregulates multiple cross-linking enzymes in the ECM.

Keywords: transglutaminases; lysyl hydroxylase 2; lysyl-oxidase-like enzymes; dermal fibroblasts;
extracellular matrix; transglutaminase cross-linking; TGFβ-1

1. Introduction

Fibrotic diseases are a major health issue that is estimated to be responsible for 45%
of the mortality in the Western world [1]. The high mortality rate linked to this type of
disease is a result of high incidence, the lack of validated biomarkers for early diagnosis,
the lack of understanding of the molecular mechanisms underlying disease pathophysiol-
ogy, the variations in aetiology depending on the affected organ, and the lack of effective
disease-modifying therapies [2]. The fibrotic process is characterised by replacement of
normal tissue with non-functional fibrotic tissue [3]. This condition is caused by abnor-
malities in normal tissue repair mechanisms that are controlled by regulatory mechanisms
under homeostatic conditions. Under pathologic conditions, however, these regulatory
mechanisms are suppressed, causing the uncontrolled accumulation of fibrotic tissue. The
molecular pathways causing fibrosis can be divided into common pathways that can be
found in every type of fibrosis [4], and disease-specific pathways that are unique to the
affected organ [5]. Current strategies for anti-fibrotic therapies focus on fundamental
common pathways in order to find universal anti-fibrotic drugs that could be used to
treat any affected organ [5]. Among these pathways are transforming growth factor β

(TGFβ) signalling and various proinflammatory pathways such as the profibrotic type 2
immune response [6]. The major event causing fibrosis is the uncontrolled accumulation of
extracellular matrix (ECM) [7,8] that disrupts normal organ architecture and can finally
lead to organ failure [3,9]. This effect relies on a number of molecular pathways including
increased production of ECM proteins [10,11], a disturbed balance between the produc-
tion of matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases
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(TIMPs) [12,13], and alterations in the mechanical properties of the ECM (increased matrix
stiffness) [14]. Another molecular change, which is thought to impair ECM remodelling, is
an alteration in ECM protein cross-linking [15]. Cross-linking of the matrix is catalysed by
specific enzymes, including the lysyl oxidases, lysyl hydroxylases and transglutaminases,
which are upregulated and hyperactivated in fibrotic tissue [16–19]. Excessive cross-linking
changes the properties of the ECM by rendering it resistant to proteolysis [20].

Fibrotic disorders occur in a wide spectrum of systemic and organ-specific diseases.
The former include systemic sclerosis (SSc), sclerodermatous graft vs. host disease and
nephrogenic systemic fibrosis, and the latter include pulmonary, liver, cardiac and kidney
fibrosis [21]. SSc is a complex connective tissue disease, whose most common features
are vascular injury, inflammation, and extensive fibrosis that most commonly affect the
skin [9,12]. Dermal fibrosis is caused by the release of various inflammatory cytokines and
growth factors including TGFβ [22], platelet-derived growth factor (PDGF) and connective-
tissue growth factor (CTGF) [9]. Pro-fibrotic TGFβ signalling [23,24] induces the differentia-
tion of fibroblasts into profibrotic myofibroblasts that are responsible for the overproduction
of ECM proteins [25]. Other events activated by TGFβ in SSc include the overexpression of
CTGF [26] and various cytokine receptors [27,28] that enhance the inflammatory response.

The TGFβ signalling cascade has also been linked with an increase in the level of the
transglutaminase 2 (TG2) and lysyl oxidases (LOX) ECM cross-linking enzymes. For ex-
ample, a study of TGFβ-1 stimulated human dermal fibroblasts has revealed upregulation
of TG2 protein in whole cell lysates [29]. Protein overexpression was accompanied by an
increase in the level of lysate transglutaminase activity and the formation of fibronectin
polymers [30]. These data suggest that TGFβ-1 stimulates TG2 cross-linking activity, but
as the assays were performed on whole cell lysates, it remains unclear whether any such
changes occur within the ECM compartment. Similarly, ECM-localised changes in cross-
linking enzyme levels are unclear in studies on LOX and LOXL enzymes. For example,
upregulated LOX and LOXL-4 mRNA levels were found in an in vitro model of skin tissue
as a result of TGFβ-1 treatment together with an enrichment of the corresponding pyridi-
noline cross-linked products [31]. Moreover, TGFβ treatment also increases the expression
of lysyl oxidase like 2 (LOXL2) in hepatocellular carcinoma cell cultures [32], and lysyl
hydroxylase 2b (LH2b) in human synovial osteoarthritic fibroblast cultures [33].

Taken together, these results suggest that TGFβ-1 signalling induces changes in the
ECM of dermal fibroblasts that lead to the reported increases in cross-linking. However,
this hypothesis has not yet been supported by a direct analysis of changes in matrisome
composition or enzyme activity. To address this, we performed proteomic and Western
blot experiments to compare the amounts of different cross-linking enzymes in ECM iso-
lated from control and TGFβ-1 treated cultures of primary human dermal fibroblasts. An
upregulation of different cross-linking enzymes from the LOX, lysyl hydroxylase (LH) and
transglutaminase families as a result of TGFβ-1 stimulation was detected. In addition, a sig-
nificant increase in extracellular transglutaminase activity was demonstrated by measuring
the incorporation of an exogenous amine substrate. Finally, transglutaminase cross-linking
sites in control and TGFβ-1 treated ECM were compared using mass spectrometry (MS) in
order to identify any new sites formed in response to sustained cytokine stimulation.

2. Results
2.1. Upregulation of LOXL and TG2 Enzymes by TGFβ-1

To test our hypothesis that TGFβ-1 treatment of cultured dermal fibroblasts increases
the level and activity of cross-linking enzymes within the ECM, we first selected a suitable
primary cell type. We chose dermal fibroblasts isolated from a healthy 41-year-old female
donor as this donor age matches the typical age of SSc patients and is close to the average
age at diagnosis [34].

A second critical aspect of the experimental design was to estimate the duration
of incubation with TGFβ-1 that would show upregulation of cross-linking enzymes in
the ECM. While TG2 protein levels were raised after 1 day of TGFβ-1 stimulation in a
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whole cell lysate [29], increased secretion of these proteins, their incorporation into the
ECM, and measurable increases in target modification may require more time. To address
this question, we conducted a pilot proteomic analysis of isolated ECM to assess the
abundance of different cross-linking proteins after 5, 10 and 20 days of TGFβ-1 treatment
(n = 1). During each period the dermal fibroblast cultures remained 100% confluent with no
apparent detachment of cells either with or without TGFβ treatment. The results showed
increased levels of several different cross-linking enzymes in the ECM only after 20 days of
TGFβ treatment (Figures A1 and A2).

To explore the statistical significance of this result, we repeated the 20-day experiment
using biological triplicates for each condition, and we analysed both unnormalised and
normalised protein levels (described in Section 4.6). The normalised values provided
information about the amount of a protein relative to the overall range of the intensity-based
absolute quantification (iBAQ) values. This relative value was independent of the total
amount of protein used for the measurement. Thus, while an increase in the unnormalised
protein value could have arisen from an increase in total ECM protein, comparing the
normalised values of individual proteins allowed us to assess the enrichment of specific
proteins within the ECM.

There was significant upregulation and enrichment of TG2 and LOXL1 as a result of
sustained TGFβ-1 stimulation (Figure 1a,b). Upregulation of both enzymes by TGFβ-1
was consistent with the higher number of tryptic peptides identified for these enzymes
under pro-fibrotic compared to control conditions (Figure 1c). The absence of LOXL1 from
one of the control replicates caused a high variance in this dataset, which explains why
statistical significance was not observed for the unnormalised iBAQ values. This effect
was diminished after normalisation due to the relatively low abundance of this enzyme
compared to other ECM proteins. The other two cross-linking enzymes from the LOXL
family (LOXL2 and 4) also showed an increase in level as they were only found in the
TGFβ-1-treated replicates (Figure 1c). A one sample t-test analysis detected a significant
difference of the unnormalised values for LOXL2 from the expected value of 0. However,
the level of variation in the normalised data was too high to detect a significant increase.
LOXL 4 did not show a significant increase either, as the enzyme was absent from one of
the TGFβ-1 treated replicates. The complete list of ECM proteins found in this experiment
is given in Table A1.
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Figure 1. Proteomic analysis of cross-linking enzymes identified in dermal fibroblast ECM after 20 days of TGFβ-1
stimulation. A one-tailed, unpaired t-test was used to analyse the statistical significance of differences in protein abundance
between control (blue bars) and TGFβ-1 treated (orange bars) cells (n = 3). (a) unnormalised iBAQ values (LOXL2: p = 0.002;
TG2: p = 0.003); (b) normalised TG2 iBAQ values (LOXL1: p = 8.64 × 10−5; TG2: p = 0.003); (c) average peptide numbers
identified for each cross-linking enzyme and the corresponding standard deviations in control and TGFβ-1-treated ECM
preparations. Significant upregulations are marked with asterisks (two asterisks for p ≤ 0.01; four asterisks for p ≤ 0.0001).

2.2. Upregulation of LH2 in the ECM of Dermal Fibroblasts

The proteomics experiment did not identify any members of the lysyl hydroxylase
family. A possible reason might be their low abundance in the dermal fibroblast ECM
as detection of very low abundance proteins in a non-targeted experiment is typically
challenging. Ions with far lower signal intensities than other signals in an MS1 spectrum
are usually not selected for MS2 analysis and the corresponding peptide sequences are
not identified. We therefore used Western blot analysis for the detection of LH2. This
LH isozyme was of a particular interest, as its level had been shown to be elevated in
fibroblasts isolated from SSc patients [35] accompanied by an increased accumulation of the
corresponding pyridinoline cross-link products [36,37]. An increase in pyridinoline cross-
links is associated with impaired ECM degradation, as collagenous matrices containing
higher levels of these cross-links are more resistant to matrix remodelling by MMPs [38].
Hence, the LH2 enzyme appears to play an important role in fibrotic progression in SSc.
Although LH2 is typically found in the cytoplasm, it is also secreted to the extracellular
space [39]; thus, we expected to detect LH2 in the ECM preparation (pellet) and the cell
lysate (supernatant). Figure 2 depicts the Western blot result showing the LH2 enzyme was
indeed detected in both fractions. No change was apparent in cell lysate LH2 levels after
normalisation to the GAPDH signal (p = 0.13). In contrast, significant upregulation of LH2
was apparent in the ECM extract (p = 0.04). The presence of additional bands was probably
due to nonspecific binding of the primary antibody.
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with or without TGF-β1. This treatment time was selected as it was the longest time point 
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regulation by TGFβ-1 at this time point was confirmed in cell lysates (p = 0.02) and ECM 
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be too low to be quantified using a chromogenic substrate, we measured the chemilumi-
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Figure 2. LH2 Western blot analysis of the 20-day stimulation of cultured dermal fibroblasts with TGFβ-1. ECM preparations
from control or TGFβ-1-treated cultures, and cell lysate preparations from control and TGFβ-1-treated cultures were
immunoblotted for LH2 (a), where the bands matching the expected enzyme molecular weight (85 kDa) are indicated with
an arrow. The cell lysates were also immunoblotted for GAPDH (b); (n = 3).

2.3. Increased Transglutaminase Activity in the ECM upon TGFβ-1 Stimulation

Despite the clear enrichment of TG2 in the cell culture ECM, this was not sufficient
evidence for an increase in the cross-linking activity of this enzyme as most extracellular
TG2 is inactive. We therefore assayed transglutaminase activity using a protocol similar to
that published by Wang et al. [40]. In this assay we measured incorporation of an exogenous
TG2 substrate, biotin-cadaverine, into cell-culture ECM after 15 days of treatment with
or without TGF-β1. This treatment time was selected as it was the longest time point
before any cell death in 96-well plates was observed. Prior to the activity assay, TG2
upregulation by TGFβ-1 at this time point was confirmed in cell lysates (p = 0.02) and
ECM extracts (p = 0.003) using Western blot analysis (Figure 3a). The TG2 activity assay
quantified incorporation of biotin-cadaverine via subsequent incubation with streptavidin-
horseradish peroxidase (HRP). As we were only interested in the TG2 activity within the
ECM, we measured HRP levels after decellularisation. Cell lysates were removed carefully
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to minimise disruption of the ECM on the culture surface. As HRP levels proved to be too
low to be quantified using a chromogenic substrate, we measured the chemiluminescence
emitted by a luminol substrate. In addition to samples prepared from control and TGFβ-
1-treated cultures, we included two additional controls to determine the specificity of
the assay for TG2 activity. One (blank control) lacked the TG2 substrate, and the other
(negative control) included EDTA, which inhibits TG2 activity. The aim of this assay was to
subtract nonspecific signals, arising from background binding of the substrate or the HRP
conjugate to the ECM and not from TG2 activity, from the specific signal arising from bona
fide TG2 activity in the ECM. Any basal level of activity in the control could not be detected
possibly due to the relatively low signal-to-noise ratios (Figure 3c,d). The mean signal
intensity produced by control ECM was not significantly different to that of the negative
control (two-tailed two-sample t-test, p = 0.09). Consequently, any TG2 activity in control
cultures was too low to quantify. This finding is consistent with a previous report showing
that the majority of extracellular TG2 is inactive in the ECM of WI-38 fibroblasts cultured
under physiological conditions [41]. In contrast, a >10-fold higher signal was detected in
the TGFβ-1-treated cell culture ECM compared to the control cell culture ECM (p = 0.001).

2.4. Identification of Transglutaminase Cross-Linking Sites in TGFβ-1 Stimulated Dermal
Fibroblast ECM

As the above results confirmed there was increased transglutaminase abundance and
activity in dermal fibroblast ECM in response to sustained TGFβ-1 stimulation, we hypoth-
esised that this would have led to an increase in the level of pre-existing transglutaminase
cross-linked sites and the appearance of new sites in ECM proteins. Understanding such
differences in the ECM cross-linking pattern between the control and the fibrotic model
could help explain how increased cross-linking leads to the observed resistance of a fibrotic
ECM to remodelling. To identify transglutaminase cross-linked sites in cell culture ECM,
the ECM fraction prepared from dermal fibroblast cultures treated with TGFβ-1 for 30 days
was compared with the corresponding untreated control. For this comparative study
between the control and pro-fibrotic condition, treatment was extended to 30 days, as a
longer incubation time was thought to improve the likelihood of detecting a difference
in cross-linking pattern. Cross-linking sites were identified using MS/MS analysis of
tryptic digests of each ECM fraction. Searches of the resulting MS/MS raw data were then
performed using MassMatrix software, which is designed to identify cross-linked peptides
from a protein database based on their precursor mass and fragmentation spectrum [42]. A
cross-link identified in at least two of the three replicates prepared for each condition was
considered to be correct.

The search for cross-linked peptides against a whole human proteome database is
a very challenging task that has not been resolved [43]. Therefore, we restricted our
search to a database containing ECM proteins that are known to be TG2 targets, including
collagen type I, III and V [44–46], fibrinogen [47] and fibronectin [48]. Minimum score
thresholds were established based on typical MassMatrix scores obtained from a tryptic,
transglutaminase cross-linked control peptide (manuscript submitted). This threshold was
important for the selection of reliable identifications. Another criterion used for identifying
reliable matches was the number of MS2 spectra found for a cross-linked peptide. This was
set to two or higher, as we found using a model cross-linked peptide that false-positive
identifications were typically based on only one MS2 spectrum.

The five identified cross-linked peptides and their corresponding parent proteins are
listed in Table 1 and the MS2 spectrum of each peptide pair is shown in Figure 4. One
modification found consistently in these searches was the deamidation of proximal, non-
cross-linked glutamine residues to glutamic acid residues. According to previous studies,
alongside their cross-linking activity, transglutaminases are also able to catalyse glutamine
deamidation [49]. Thus, a deamidated glutamine proximal to a cross-link may provide
additional evidence for the location of that cross-link.
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Figure 4. MS2 fragmentation spectra of the cross-linked peptides identified in the ECM of dermal fibroblast cultures treated
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Table 1. Cross-linked peptides identified in the ECM of dermal fibroblast cultures treated with TGFβ-1 for 30 days.
Cross-linked glutamine (Q) and lysine (K) residues identified by MassMatrix are shown in red text. Hydroxyproline and
deamidated glutamine residues are labelled as oxP and daQ, respectively. Alongside the peptide sequences, the number of
replicates in which the peptides were found and the corresponding proteins are also given. The sequence number ranges
are given in brackets after each parent protein.

Sequence +
Modifications

Number of Positive Control vs. TGF
Replicates Cross-Linked Proteins

LGPQGAPGdaQR
KGR 2/3 vs. 3/3 Collagen alpha-2(V) (347–366) + multiple candidates

SdaQLQK
GKGR 0/3 vs. 2/3 Fibrinogen alpha (239–243) + three candidates

QGoxPSGASGER
VTPKEK 2/3 vs. 3/3 Collagen alpha-1(I) (985–994) + Fibronectin (1847–1852)

NNQK
GKGR 1/3 vs. 2/3 Fibronectin (2069–2072) + multiple candidates

GVQGoxPPGPAGPR
KK 1/3 vs. 3/3 Collagen alpha-1(I) (686–697) + multiple candidates

A qualitative comparison of the cross-links identified in the TGFβ-1 treated and
control replicates revealed that the cross-linked site in fibrinogen alpha was specific to
the TGFβ-1 treated samples (Table 1), suggesting that identifiable levels of this cross-link
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existed only as a result of TGFβ-1 stimulation. All other cross-linked peptides were found
in two or more of the control replicates.

Quantitatively, the detection frequency in replicates was consistently higher for all
cross-links in TGFβ-treated compared to control samples. To more closely assess whether
any of the cross-links present in the control and TGFβ-treated samples differed quanti-
tatively, precursor ion intensities were normalised to the intensity of the ECM protein
glia-derived nexin, which was selected because its intensity is not known to be affected by
TGF-β. A comparison of the normalised values showed that only the collagen alpha-2(V)
cross-link increased in response to TGFβ. The average values for the control and TGFβ-1
treated samples were 0.005 and 0.133, respectively. The corresponding MS2 spectra showed
that the majority of the highly abundant peaks had been assigned to a fragment belonging
to the identified cross-linked peptide (Figure 4), providing further evidence for a correct
identification. However, significance testing was unreliable, as the peptide was found in
only two replicates per condition.

As the peptide sequences (R/K)KK and (R/K)KGR can be found in many ECM
proteins, the identity of the protein or proteins that contained these cross-linking sites
could not be determined. However, amongst all ECM proteins, the (R/K)GKGR sequence is
found in only three proteins: collagen alpha-3(V), where it occurs twice as a proximal repeat;
the CUB and EGF-like domain-containing protein 3 (SCUBE3); and the latent transforming
growth factor beta binding protein 2 (LTBP-2). All other cross-linked sequences were found
to be unique to the protein database that we used for our search (Table 1).

3. Discussion

Fibrosis is a complex disorder whose molecular drivers may differ depending on the
affected tissue [2]. Thus, in order to discover key pathogenic mechanisms, each fibrotic
type must be studied individually. Similar to other fibrotic pathologies, more research is
required to better understand the underlying molecular events that lead to skin fibrosis in
SSc [12], which is crucial for the development of new effective anti-fibrotic strategies. In
this study, we present direct evidence that TGFβ-1 treatment of dermal fibroblasts triggers
changes in ECM composition and structure. Such findings promise to help elucidate the
role of TGFβ-1 signalling in the impaired ECM turnover observed during progression of
skin fibrosis in SSc.

Previous studies have shown that TGFβ-1 treatment leads to increased expression of
different cross-linking enzymes by different cell types. For example, TGFβ-1 treatment of
hepatocellular carcinoma cells and osteoarthritic fibroblasts leads to increased expression
of specific cross-linking enzymes from the LOXL and LH families [32,33], while similar
treatment of dermal fibroblasts increased the expression and activity of TG2 [29]. In
addition, increased LOXL and LH enzyme activity in response to TGFβ-1 has been shown
in an in vitro model of skin [31]. However, as these previous studies assayed total cell
extracts, changes in the ECM levels and activities of cross-linking enzymes were not
understood. Moreover, transglutaminases are known to catalyse a wide range of different
reactions in addition to their ECM cross-linking activity [50]. Accordingly, there was
hitherto no direct evidence that increased TGFβ-1 signalling leads to increased LOXL, LH
or transglutaminase abundance and activity in the ECM.

In addition to studies in which upregulation of different LOXL isoforms was thought
to contribute to fibrosis, reciprocal downregulation of LOXL isoforms can inhibit fibrosis.
For example, downregulation of the LOXL1 enzyme led to reduction of collagen and elastin
expression alongside decreased elastin cross-linking in the murine CCL4 model of liver
fibrosis [51]. Moreover, inhibition of LOXL2 activity by a monoclonal antibody resulted
in a significant drop in cross-linked collagen, alongside suppression of TGFβ signalling,
fibroblast activation and production of growth factors and cytokines in the bleomycin
model of lung fibrosis [52]. Furthermore, a LOXL4 knockdown in an in vitro model of skin
fibrosis suppressed TGFβ-1 induced collagen aggregation and cross-linking [53]. Taken
together, the results of these various studies suggest that treatment of our SSc cell culture
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model with TGFβ-1 would increase the expression of LOXL enzymes in a profibrotic
response.

While we expected TGFβ-1 to stimulate total ECM biosynthesis, our proteomics
results are consistent with the hypothesis that TGFβ-1 also triggers significant changes in
ECM composition. This was particularly evident from the increase that we found in the
normalised iBAQ values of TG2 and LOXL1, which suggested that enrichment of these
enzymes had taken place in the ECM. A similar ECM enrichment might also be true for
LH2, although LH2 normalisation was limited to loading equal amounts of ECM onto the
SDS-PAGE gel.

TG2 is a transglutaminase isoform that plays a crucial role in the development of
pulmonary and cardiac fibrosis [54,55], where it has been hypothesized to play a crucial
role in inhibiting collagen turnover as a result of its collagen cross-linking activity [54]. In
this regard, it has also been shown that increased TG2 activity leads to decreased collagen
digestibility by MMP-1 [56]. The increased transglutaminase activity that we identified in
TGFβ-1 treated ECM produced by primary dermal fibroblasts indicates that this process
is also relevant to skin fibrosis. Although it is widely known that TG2 is secreted and
becomes active mainly in the ECM [57], it is possible that other TG isoforms were also
activated. In this regard, TG1 is known to be active in the ECM of healthy skin [57] and
several ECM proteins have been identified as targets for this isoform including fibrinogen
α and β, as well as collagen type XII [58]. However, lower protein levels of other TG
isoforms compared to TG2 most probably precluded detection of these TG isoforms in our
proteomic analysis.

Our results showing an upregulation of TG2 combined with an increase in enzyme
activity led us to the hypothesis that significant changes in the cross-linking pattern could
be found in the ECM of TGFβ-1 stimulated fibroblasts. Little is known about the patterns
of cross-linking sites and how they are affected in response to pro-fibrotic agonists. Several
transglutaminase cross-linking experiments have been performed on isolated proteins, for
instance on collagen isolated from calf skin [59]. Although preliminary information about
enzymatic preference for specific protein regions can be gathered in this way, the isolation
procedure can lead to loss of binding partners and modification of protein conformation that
can alter the relative rates of cross-linking at different sites in a subsequent transglutaminase
cross-linking experiment. As a consequence, it is unclear whether or not the reported cross-
linking sites are relevant in vivo. Since the biological significance of the corresponding
discoveries is questionable, there was no available literature with which our identified
cross-links could be compared.

In our study, the proteins contributing four of the five cross-linked lysine sites could
not be identified, primarily because these short peptides were probably derived from
basic regions.

There are two points worth noting. First, that, while we did not identify the collagen
alpha-3(V) protein in the proteomics experiment, possibly due to a low abundance, the
GKGR, KK and KGR lysine-donor peptides can be found in the same region of this protein
(Figure 5). Further studies are needed to determine whether transglutaminase cross-linking
activity is high in this region of collagen alpha-3(V) relative to other regions of this and
other ECM proteins, at least as far as lysine residues are concerned.
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The location of cross-linking sites in this basic, non-helical region of the collagen alpha-
3(V) protein is consistent with a study of rhabdomyosarcoma cell cultures that detected
TG2 cross-linking activity only in the non-helical region of collagen V [45]. Furthermore,
a microbial transglutaminase activity assay using a peptide substrate library showed
that neighboring amino acid residues can play a crucial role in the rate of cross-link
formation [60]. Hydrophobic and basic amino acid residues showed a particularly strong
and positive influence on the rate of cross-link formation. Although the selectivity of
transglutaminases is not yet fully elucidated and while it is not possible to identify protein
substrates based on amino acid sequence alone, the high incidence of basic residues in
the collagen alpha-3(V) non-helical region is consistent with the current understanding of
substrate exposure and sequence preference.

The second point worth noting is that, amongst the three ECM proteins from which
the (R/K)GKGR sequence could be derived, only LTBP-2 was detected in the fibroblast
ECM proteome (average normalised abundance of 0.67). Latent transforming growth factor
beta binding protein 1 (LTBP-1) is known to be cross-linked by TG2 as a part of the TGFβ
activation mechanism [61], but it is not known whether other isoforms such as LTBP-2 are
also targets for TG2. If the LTBP-2 identification is correct, then our results suggest that it
can be cross-linked to fibronectin and fibrinogen alpha (Table 1). Studies on human lung
fibroblasts and primary osteoblasts have found that fibronectin associates with LTBP-1, 3
and 4 only in the initial days of cell culture; however, as the ECM matures during extended
culturing time (>10 days), LTBPs no longer colocalise with fibronectin [62,63]. These
studies did not investigate LTBP-2, although another study found that LTBP-2 assembles
into fibrillar structures in human fetal lung fibroblasts, similar to LTBP-1 [64].

In regard to the cross-linked glutamine peptides, previous studies have demonstrated
that fibronectin can be cross-linked to any of the collagen types included in our protein
database [65,66], although the cross-linking sites were not identified. The ECM cross-linking
sites between fibronectin and collagen I, and possibly collagen V, that we identified using
MassMatrix are consistent with these earlier studies. A previous study has demonstrated
the formation of high molecular weight polymers of fibrinogen and type III procollagen by
transglutaminase treatment [67], and further work is needed to identify the protein cross-
linked to fibrinogen alpha in our ECM preparation. As of yet, no evidence is presented
about the biological function of the cross-links between these proteins or their contribution
to fibrotic progression.

Regarding the MassMatrix search of TGFβ-1-treated fibroblasts, the cross-link that
was found in fibrinogen alpha was specific to samples treated with TGFβ-1. However, the
exposure of our model to TGFβ-1 was short compared to the time for disease in patients to
progress from increased ECM to fibrosis. In addition, multiple additional factors potentially
affect cross linking in human disease, including other profibrotic signalling pathways; ECM
remodeling in vivo; and ECM composition, stiffness and structure in a 3D context. To more
closely assess cross-linking changes in chronic disease, our approach can be extended to
cross-linking analysis of models with considerably longer exposure to pro-fibrotic cytokines
and a range of patients and healthy controls, which could lead to the discovery of additional
cross-linking sites relevant to skin fibrosis. In addition, further work is needed to establish
a reliable method for the quantitative comparison of cross-linking sites from MS-data. Such
advances would open a way to identifying the accumulation during disease progression of
the specific cross-linking sites that are primarily responsible for the inhibition of matrix
remodelling.

4. Materials and Methods

All materials were purchased from Sigma unless otherwise stated.

4.1. Cell Culture

Primary dermal fibroblasts obtained with informed consent from a 41-year-old female
donor (passages 2–5) were cultured in Dulbecco’s Modified Eagle Medium (Fisher Scientific
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U.K., Ltd., Loughborough, UK containing 10% FBS (Labtech International Ltd., East Sussex,
UK), 100 U/mL penicillin, 0.1 mg/mL streptomycin. Cell cultures were allowed to reach
100% confluence, serum starved for 48 h, and then treated with 4 ng/mL TGFβ-1 (R&D
Systems, Abingdon, UK) in serum-free medium. The medium was replaced with fresh
medium containing TGFβ-1 every 2 days. Corresponding control cultures incubated with-
out TGFβ-1 were prepared in parallel. For the proteomics and Western blot experiments,
cells were grown in 75 cm2 flasks and TGFβ-1 stimulation was performed for a total of 20
and 30 days, respectively. Each sample was prepared using biological triplicates.

For transglutaminase activity assays, a suspension of the human dermal fibroblasts in
medium containing 10% (v/v) FBS was pipetted into white 96-well, optical-bottom plates
(Nunc MicroWellTM, Merck Chemicals Limited, Dorset, UK). Approximately 4000 cells
were seeded in each well and grown to 100% confluence. After serum starvation for 72 h,
the medium was replaced with either serum-free medium containing TGFβ-1 or serum-free
medium and incubated for a further 15 days. Parallel cell cultures were grown in 25 cm2 cell
flasks (conditions as above) for Western blotting experiments. Each sample was prepared
using biological triplicates.

4.2. ECM Preparation, Digestion and Fractionation

The medium was removed from each cell culture flask, followed by four washes with
4 mL PBS buffer at 20 ◦C. Cell cultures were then shaken in 1 mL decellularisation buffer
(25 mM Na2HPO4, 0.1 M Na2CO3, 1% (w/v) Tween 20, 0.5% (w/v) sodium deoxycholate,
20 mM EDTA, protease inhibitor cocktail (cOmplete™, Roche, Burgess Hill, UK) at 1:1000,
pH 11) for 1.5 h at 20 ◦C and 160 rpm. The decellularised samples and supernatants
were scraped from the flasks, transferred to tubes and centrifuged for 5 min at 12,000 rpm.
Supernatants were carefully removed to fresh tubes, and the remaining pellets were washed
three times with sample buffer (5 mM sodium acetate, 2.5 mM CaCl2, 25 mM NaCl, pH 6.8).
Lipid and detergent extraction was performed by incubation in 200 µL 80% (v/v) ice-cold
acetone at −20 ◦C overnight. Samples were then centrifuged (10 min, 15,000 × g) and the
supernatants removed, followed by a second 80%-acetone extraction for 1 h at −20 ◦C. The
pellet was then washed once with 100 µL MS-grade water and with 100 µL sample buffer.

Proteins were deglycosylated with chondroitinase ABC (0.05 U), heparitinase II (Ams-
bio, Abingdon, UK, 0.05 U) and keratanase (0.125 U) for 16 h at 37 ◦C and 1000 rpm. After
the addition of 0.05 volumes of 200 mM ammonium hydrogen carbonate (pH 8), samples
were incubated with PNGase F (New England Biolabs UK Ltd., Hitchin, UK, 1250 U)
for 4 h at 37 ◦C and 1000 rpm. Reduction and alkylation were performed using 10 mM
dithiothreitol for 2 h at 37 ◦C and 1000 rpm, followed by 25 mM iodoacetamide for 30 min
at 20 ◦C in the dark. Proteins were digested using 1 µg Lys-C (Wako, Hampshire, UK) by
incubation for 2 h at 37 ◦C and 1000 rpm, followed by addition of 3 µg trypsin (Promega
UK Ltd., Southampton, UK) and incubation overnight at 37 ◦C and 1000 rpm, and then a
further addition of 1.5 µg trypsin and incubation for 2 h at 37 ◦C and 1000 rpm.

The resulting peptides were fractionated using liquid-phase isoelectric focusing (Agi-
lent 3100 OFFGEL Fractionator, Cheadle, UK). A pH gradient from 3 to 10 was employed,
from which 12 fractions per replicate were obtained. OFFGEL fractionation was performed
as described by the manufacturer using the following parameters: 4500 V, 200 mW, and
50 µA maximum current for 22 kVh. After focusing was complete, liquid-phase fractions
were removed to clean tubes. Peptides remaining in each well were then extracted using
0.1% formic acid for 1 h and added to the corresponding tubes. Each fraction was purified
using a stage tip (C18, binding capacity: 50 µg) [68] prior to LC-MS analysis. Purified
fractions were dissolved in 25 µL 0.1% (v/v) formic acid followed by centrifugation for
3 min at 16,000 × g. Supernatants were carefully recovered to fresh tubes.

4.3. Mass Spectrometry

Not more than 2 µg sample, estimated using A280 (ε = 1), was used for each LC-
MS/MS run. Using a NanoAcquity™ ultra performance LC (Waters, Elstree, UK), each



Int. J. Mol. Sci. 2021, 22, 984 15 of 26

sample was loaded onto a pre-column (NanoAcquity™ 10K 2G V/M trap column, C18,
5 µm, 180 µm × 20 mm) and peptides were separated using an inline separating column
(Nikkyo Technos Co. Ltd., Tokyo, Japan, C18, 5 µm, 100 µm × 150 mm) at a flow rate of
0.4 µL/min. Separations were performed at 20 ◦C and the pressure range was 900–1000 psi.
Peptide elution was achieved using the following gradient: 1% B (0–2 min), 1%–6% B
(2–6 min), 6%–31% B (6–79 min), 31%–60% B (79–92 min), 60%–90% B (92–93 min), 90%
B (93–98 min), 1% B (98–120 min). The composition of solvent A was aqueous 0.1% (v/v)
formic acid and the composition of solvent B was 0.1% (v/v) formic acid in acetonitrile. The
LC-MS/MS analysis of each set of replicates was followed by washing with the following
solutions: 0.1% (v/v) trifluoroacetic acid (5 µL), 10% (v/v) formic acid (10 µL), 0.1% (v/v)
trifluoroacetic acid (10 µL), 1% (v/v) NH3 in 50% (v/v) can (10 µL), 80% (v/v) methanol
(10 µL), 80% (v/canACN (10 µL) as described by Fang et al. [69]. Peptide identification was
achieved using an inline LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific,
Dartford, UK). The 20 most abundant precursor ions from each MS scan were isolated for
MS/MS analysis and fragmented via collision-induced dissociation using helium gas. The
m/z scan range was 400 to 2000 Da.

Mass spectrometry data were analysed using MaxQuant software (version 1.5.5.1) [70].
MS and MS/MS spectra were compared with theoretical spectra generated from tryptic
in silico digests of protein sequences of the whole human proteome database (source:
Uniprot, downloaded on 19.07.2016, proteome ID: UP000005640) with no more than two
missed cleavages. The following amino acid modifications that may occur naturally or arise
during sample preparation were included in the search: cysteine carbamidomethylation
(fixed modification); and N-terminal carbamylation, asparagine deamidation, N-terminal
glutamine cyclisation, methionine oxidation, proline oxidation, and N-terminal acetylation
(variable modifications). Protein quantification was performed by calculating the iBAQ
value of each protein, which is proportional to its molar amount [71].

ECM proteins were identified using the human matrisome database developed by
Naba et al. [72] (downloaded in 2018). This part of the analysis was performed using
Perseus software [73]. In brief, ECM proteins present in each list of protein identifications
were identified and annotated based on their common protein and gene names in the
matrisome database. Unannotated, non-matrisomal proteins were then eliminated from
each list.

4.4. Western Blotting

Aliquots (300 µL) of the decellularised (ECM) sample and supernatant (cell lysate)
scraped from each flask in the 15- and 20-day TGFβ-1 stimulation experiments and their
corresponding controls (see previous section) were centrifuged for 5 min at 12,000 rpm. An
amount of 200 µL of each supernatant (cell lysate) was transferred to a fresh tube and 500 µL
H2O was added to the pellet (ECM) followed by vortexing and repeated centrifugation. The
wash supernatants were aspirated and the washing procedure was repeated twice. After
the last washing step, supernatants were aspirated until approximately 20 µL remained in
each tube. An amount of 10 µL of 3 × SDS-PAGE sample buffer was added to give final
concentrations of 2.5% SDS and 62.5 mM Tris-HCl (pH 7.2). Samples were mixed, incubated
at 95 ◦C for 5 min, and centrifuged at 16,000× g for 3 min. The protein concentration in each
ECM extract and cell lysate was estimated using the bicinchoninic acid (BCA) assay (Fisher
Scientific, Loughborough, UK) by measuring the absorbance at 562 nm on a FLUOstar
Omega plate reader (BMG LABTECH Ltd., Aylesbury, UK). Aliquots containing 2 µg of
ECM protein and 13 µg of cell lysate protein were used for Western blot analysis.

Proteins were separated using SDS-PAGE (4%–15% TGXTM Precast Protein Gel, Bio-
Rad Laboratories Ltd., Watford, UK) and transferred to a polyvinylidene fluoride (PVDF)
membrane using an iBlot® Dry Blotting System (Thermo Fisher Scientific, Dartford, UK) at
10 V for 9 min. Membranes were conditioned with Tris-buffered saline-Tween (TBST, 20 mM
Tris-HCl, 150 mM NaCl, 0.1% Tween-20) buffer for 5 min, blocked with 5% milk powder in
TBST for 1 h at room temperature, and washed three times with TBST (5 min each).
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Membranes were probed with either anti-lysyl-hydroxylase-2 rabbit antibody (21214-
1-AP, Proteintech, Manchester, UK) diluted 1:1000, or anti-TG2 rabbit antibody (15100-1-AP,
Proteintech, Manchester, UK) diluted 1:500, in 5% milk powder in TBST at 4 ◦C overnight.
Membranes were washed 3 times with TBST or 0.45 mM Tween-20 in PBS, and incubated
with horseradish-peroxidase (HRP)-linked anti-rabbit-IgG antibody (1:2000, 7074, Cell
Signalling Technology, Leiden, The Nederlands) in TBST or 0.45 mM Tween-20 in PBS.
Membranes were washed again three times, followed by chemiluminescence detection
using a luminol reagent (GE Healthcare UK Ltd., Littlechalfont, UK) and a FluorChemM
detector (ProteinSimple, Oxford, UK).

To detect the loading control protein, membranes were then washed four times
with TBST and incubated with stripping buffer (2% SDS, 62.5 mM Tris-HCl, 0.11 M 2-
mercaptoethanol) for 30 min at 50 ◦C, followed by 6 washes with TBST and reblocking.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) detection was achieved using an
anti-GAPDH rabbit antibody (10494-1-AP, Proteintech, Manchester, UK) at a dilution of
1:2000.

Quantification of blot images was achieved using ImageJ software [74]. Unnormalised
signal intensities were used for the analysis of TG2 in ECM extracts, but all other values
were first normalised to the corresponding GAPDH intensity.

4.5. Transglutaminase Activity Assay

Transglutaminase activity was quantified using a similar procedure to that described
by Wang et al. [40]. The medium was removed from cell cultures and replaced with serum-
free medium (blank); serum-free medium containing 10 mM EDTA (negative control);
or serum-free medium containing 250 µM biotin-cadaverine (Thermo Fisher Scientific,
Dartford, UK) and 1 mM DTT (control and TGFβ-1 stimulated samples). Each condition
was measured using eight biological replicates. Cells were incubated at 37 ◦C for 2 h, and
media were then replaced with 2 mM EDTA in PBS buffer. Cultures were decellularised
with PBS buffer containing 0.1% (w/v) deoxycholate and 2 mM EDTA (5 min at room
temperature with gentle rocking). The decellularisation buffer was removed and plates
were washed three times with TBST (5 min, room temperature, with gentle rocking).
Samples were then incubated with HRP-conjugated streptavidin (Thermo Fisher Scientific,
Dartford, UK) diluted 1:1000 in TBST for 1 h at 37 ◦C. Plates were again washed three times
with TBST, and detection was performed by adding a luminol reagent (GE Healthcare UK
Ltd., Littlechalfont, UK). Chemiluminescence was detected at 440 nm (max. absorbance of
luminol: 428 nm) using a FLUOstar Omega plate reader with a gain setting of 4000.

4.6. Statistical Analysis

The total (unnormalised) amount of each identified ECM protein was determined by
calculating the iBAQ values using the MaxQuant software. Scale-to-interval normalisation
was performed via linear transformation of the iBAQ values across the whole sample
dataset, so that the lowest value in each dataset was normalised to 0 and the highest value
to 1. To analyse the statistical significance of the normalised and unnormalised protein
amounts between control and TGFβ-1 treated samples, a two-sample one-tailed t-test was
used (p < 0.05). The same statistical test was performed to assess the significance in the
Western blot and transglutaminase activity assay data.

4.7. Identification of Transglutaminase Cross-Linked Peptides

A search for transglutaminase cross-linked peptides within the LC-MS/MS data ob-
tained from the 30-day TGFβ-1 treatment experiment was performed using MassMatrix
software [42]. A human database was constructed containing the following ECM proteins:
collagen alpha-1(I), collagen alpha-2(I), collagen alpha-1(III), collagen alpha-1(V), collagen
alpha-2(V), collagen alpha-3(V), fibrinogen (α, β and γ) and fibronectin (Uniprot, down-
loaded 19.04.2019, accession numbers: P02452, P08123, P02461, P20908, P05997, P25940,
P02671, P02675, P02679 and P02751, respectively). The allowed variable modifications were



Int. J. Mol. Sci. 2021, 22, 984 17 of 26

glutamine deamidation, methionine oxidation, proline oxidation; and the only allowed
fixed modification was cysteine carbamidomethylation. The selected protease was trypsin
with a maximum of two missed cleavages per peptide. A decoy search was performed
using a database containing the reversed protein sequences. The minimum and maximum
peptide lengths were set to 6 and 40 amino acids, respectively. The minimum output
pp and pp2 values were 5 and the minimum pptag value was 1.3. The precursor and
fragment mass tolerance were set to ±20 ppm and ±0.8 Da, respectively. Searches for
transglutaminase cross-links were performed by manually adding to the software database
a new cross-link between a lysine and a glutamine residue with loss of a water molecule
(mass shift of −17.03 Da), corresponding to the transglutaminase cross-linking reaction.
The search was performed using the Exploratory Search mode with the maximum number
of cross-links per peptide set to 1. The results employed the inbuilt false discovery rate
of 0%.

5. Conclusions

Our results suggest that TGFβ-1 signalling initiates changes in the ECM proteome of
dermal fibroblasts that would lead to increased cross-linking. This information could help
elucidate key mechanisms that trigger impaired ECM remodelling during the progression
of skin fibrosis in SSc.
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ACN Acetonitrile
BCA Bicinchoninic acid
CTGF Connective-tissue growth factor
EDTA Ethylenediaminetetraacetic acid
ECM Extracellular matrix
FBS Fetal bovine serum
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
HRP Horseradish peroxidase
iBAQ Intensity-based absolute quantification
LH Lysyl hydroxylase
LH2b Lysyl hydroxylase 2b
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LOX Lysyl oxidase
LOXL Lysyl oxidase like enzyme
LTBP-2 Latent transforming growth factor beta binding protein 2
LTQ Linear Trap Quadrupole
MMPs Matrix metalloproteinases
MS Mass spectrometry
SCUBE3 CUB and EGF-like domain-containing protein 3
SDS-PAGE Sodium dodecyl sulphate–polyacrylamide gel electrophoresis
SSc Systemic Sclerosis
TG2 Transglutaminase 2
TGFβ Transforming growth factor β
TIMPs Tissue inhibitors of matalloproteinases
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Figure A1. Time course of unnormalized cross-linking enzyme levels in the ECM during sustained stimulation of dermal 
fibroblasts with TGFβ-1. The selected protein levels were obtained from a pilot time course experiment that analysed the 
ECM proteome during sustained TGFβ-1 stimulation of dermal fibroblasts (n = 1). The blue and the orange bars represent 
the protein amounts in the control and in the TGFβ-treated samples, respectively. 
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Figure A1. Time course of unnormalized cross-linking enzyme levels in the ECM during sustained stimulation of dermal
fibroblasts with TGFβ-1. The selected protein levels were obtained from a pilot time course experiment that analysed the
ECM proteome during sustained TGFβ-1 stimulation of dermal fibroblasts (n = 1). The blue and the orange bars represent
the protein amounts in the control and in the TGFβ-treated samples, respectively.
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Figure A2. Scale-to-interval normalised protein levels obtained from the time course proteomics experiment with the 
TGFβ-1 stimulation of dermal fibroblasts (n = 1). The blue and the orange bars represent the protein amounts in the control 
and in the TGFβ treated samples, respectively.
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Figure A2. Scale-to-interval normalised protein levels obtained from the time course proteomics experiment with the
TGFβ-1 stimulation of dermal fibroblasts (n = 1). The blue and the orange bars represent the protein amounts in the control
and in the TGFβ treated samples, respectively.
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Table A1. ECM protein identifications found in the control and TGFβ-1 treated cultured dermal fibroblasts. Each condition was measured in a triplicate. Control samples are labelled as
CON (1–3) and TFGβ-1 treated samples as TGF (1–3). Unnormalizedsed iBAQ values were given for each replicate. NaN indicated a lack of a quantitative value. SC: sequence coverage.

Protein Name iBAQ
CON1

iBAQ
CON2

iBAQ
CON3

iBAQ
TGF1

iBAQ
TGF2

iBAQ
TGF3

SC CON1
[%]

SC CON2
[%]

SC CON3
[%]

SC TGF1
[%]

SC TGF2
[%]

SC TGF3
[%]

Adipocyte enhancer-binding
protein 1 1 NaN NaN NaN NaN 0 1.5 0 1.5 0 0 1.5

Agrin 0 0.849247 1 NaN NaN NaN 0.8 1.9 0.8 0 0 0
EGF-containing fibulin-like

extracellular matrix protein 2 NaN NaN NaN 0 1 0.810311 0 0 0 3.4 6.3 6.1

Elastin;Elastin NaN NaN NaN 0.286799 1 0 0 0 0 19.65 19.65 19.65
EMILIN-1 0.115654 0.152129 0 0.734356 0.850363 1 43.7 45.4 32.5 48.8 55.3 53.8
EMILIN-2 0.860327 0.892166 0.377583 0 0.465499 1 10.8 11.5 8.1 10.4 9.9 13.3
Fibulin-1 0.253635 0 0.580116 0.644558 0.754007 1 1.4 1.4 4 3 11.1 13.5
Fibulin-2 0 0.116275 0.172669 0.900709 0.971836 1 17.1 15.4 13.3 31.1 31.1 31.7
Fibulin-5 NaN NaN NaN 0 0.352224 1 0 0 0 13.6 13.6 15.4
Fibrillin-1 0.0154067 0.0429166 0 0.902653 0.940008 1 28 23.5 19.7 46.2 50.1 49.9
Fibrillin-2 NaN 0.317021 0 0.643773 0.583496 1 1.1 1.7 1.3 2.5 5.1 6.5

Fibronectin 0.40146 0.439422 0.432182 0.137668 0 1 32.4 32.3 27.4 41.75 48.7 46.85
Fibronectin type III

domain-containing protein 1 NaN NaN NaN NaN NaN NaN 0 0 0 0 0 1.6

Growth arrest-specific protein 6 1 0 0.916071 NaN NaN NaN 3.2 3.2 5.5 0 0 0
Hemicentin-1 0 NaN NaN 0.905493 0.954514 1 0.2 0 0 21.1 22.6 23.7

Insulin-like growth factor-binding
protein 3 0.459578 0.656975 0 0.505392 0.562787 1 9.6 12.7 3.8 14.8 17.9 21.6

Insulin-like growth factor-binding
protein 5 1 0.883961 0.724625 NaN NaN 0 9.6 9.6 5.9 0 0 3.7

Latent-transforming growth factor
beta-binding protein 1 0.202136 0.359605 0 0.790978 0.892035 1 8.1 8 3.4 24.3 29.1 30.1

Latent-transforming growth factor
beta-binding protein 2 0.208461 0.140977 0 0.972301 0.992045 1 5.7 3.4 2.6 28.4 33.5 32.7

Latent-transforming growth factor
beta-binding protein 3 NaN NaN NaN 0 0.449629 1 0 0 0 11.1 15 17.3

Latent-transforming growth factor
beta-binding protein 4 NaN 0 NaN 0.641584 0.851347 1 0 0.8 0 13.5 17 18.3

Microfibrillar-associated protein 1 0 NaN NaN NaN NaN 1 3.2 0 0 0 0 1.8
Microfibrillar-associated protein 2 0 0.292269 0.293736 1 0.971713 0.994121 6.5 6.5 6.5 26.8 32.7 26.8

Microfibril-associated
glycoprotein 4 0 0.0284112 NaN 0.869865 0.865148 1 3.5 3.5 0 11.8 11.8 11.8
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Table A1. Cont.

Protein Name iBAQ
CON1

iBAQ
CON2

iBAQ
CON3

iBAQ
TGF1

iBAQ
TGF2

iBAQ
TGF3

SC CON1
[%]

SC CON2
[%]

SC CON3
[%]

SC TGF1
[%]

SC TGF2
[%]

SC TGF3
[%]

Microfibrillar-associated protein 5 NaN NaN NaN 0 0.123682 1 0 0 0 12.7 22.5 17.9
Lactadherin;Lactadherin short

form;Medin NaN NaN NaN NaN 0 1 0 0 0 0 3 6.9

Matrix-remodeling-associated
protein 5 0.265231 0.237657 0 0.951634 0.983351 1 5.5 6.5 3.7 19.4 24.2 24

Peroxidasin homolog NaN NaN NaN NaN 0 1 0 0 0 0 0.7 1.6
Slit homolog 3 protein 1 0 NaN NaN 0.262486 0.565335 3.4 2.6 0 0 1.9 4.4

Sushi repeat-containing protein
SRPX 1 0.580604 0 NaN NaN NaN 12.7 8.4 5.8 0 0 0

Transforming growth
factor-beta-induced protein ig-h3 0.277653 0.251036 0 0.736813 1 0.836761 11.1 14.2 7.2 17.7 18.6 22.1

Thrombospondin-2 0.20701 0.160562 0.997099 NaN 0 1 3.6 3 4.4 1.2 2.8 7.3
Thrombospondin type-1

domain-containing protein 4 0.925152 1 0.748005 0 0.192278 0.560158 7 6.2 6.2 0.8 1.9 3.3

Tenascin 0.359682 0.0710852 0 0.134537 0.630745 1 28.2 27.4 20.7 26 32.6 31.6
WNT1-inducible-signaling

pathway protein 2 0.328324 0 NaN 0.644353 0.715237 1 11.2 11.2 0 28.4 28.4 35.6

Collagen alpha-1(X) chain NaN NaN NaN 0.922067 0 1 0 0 0 4.1 4.1 7.2
Collagen alpha-1(XII) chain 0 0.0099652 0.349142 0.409522 0.915152 1 9.2 10.7 8.1 14.3 16.5 21.1
Collagen alpha-1(XVI) chain 0.310458 0.560303 0 0.782662 0.904317 1 3.8 3 2.5 7.1 12.4 11.2

Collagen alpha-1(I) chain 0.115595 0.10037 0 0.933093 0.939866 1 21 22.4 14 52.8 56.7 63.3
Collagen alpha-2(I) chain 0.0285143 0.188383 0 0.920196 0.928148 1 13.3 23.4 12.2 51.2 53.3 53.9

Collagen alpha-1(XXVI) chain NaN NaN NaN NaN NaN NaN 0 0 0 0 5.5 0
Collagen alpha-1(II)

chain;Collagen alpha-1(II)
chain;Chondrocalcin

0 0.160143 NaN 0.92121 0.809417 1 2.2 1.8 0.6 2.8 2.8 2.8

Collagen alpha-1(III) chain 0.16931 0.36796 0 0.782915 0.856186 1 5.7 12.1 4.2 26.2 31.1 32.1
Collagen alpha-5(IV)

chain;Collagen alpha-1(IV)
chain;Arresten

0.604016 0.258302 0.0358365 1 0.738402 0 1.5 1.5 1.5 1.5 2.4 0.8

Collagen alpha-5(IV)
chain;Collagen alpha-1(IV)

chain;Arresten
0.604016 0.258302 0.0358365 1 0.738402 0 1.5 1.5 1.5 1.5 2.4 0.8

Collagen alpha-1(VI) chain 0 1 0.184443 0.35573 0.341195 0.822912 24.5 22.1 18.9 21.2 22.6 25.8
Collagen alpha-2(VI)

chain;Collagen alpha-2(VI) chain 0.5444 0.493064 0.408584 0 0.988366 1 17.95 18.35 15 19.3 18 23.25
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Collagen alpha-3(VI) chain 0.750767 0.93077 0.0585566 0 0.262145 1 29.6 31.5 26.4 28.6 31.7 32.9
Collagen alpha-1(VIII)

chain;Vastatin NaN NaN NaN 0.0646571 0 1 0 0 0 1.6 3.6 4.7

Decorin 0.992316 0.909385 1 NaN NaN 0 20.6 20.6 17 0 0 3.1
Hyaluronan and proteoglycan

link protein 1 NaN NaN NaN 0 0.491223 1 0 0 0 6.8 12.4 12.1

Hyaluronan and proteoglycan
link protein 3 NaN NaN NaN 0 0.720248 1 0 0 0 14.4 17.8 17.8

Basement membrane-specific
heparan sulfate proteoglycan core

protein
0.11765 0.0904432 0 0.950786 0.975319 1 16.8 16.5 12.4 35 39.3 36.1

Prolargin 1 0.660654 NaN NaN 0.062651 0 3.1 7.1 0 0 7.1 9.7
Versican core protein 0.267768 0.257144 0 0.899795 0.937324 1 5.1 3.7 3.9 6.9 6.7 7.4

Annexin A1 0.70613 1 0.49788 0 0.568718 0.556051 20.8 22.3 20.5 9.2 22.3 24.3
Annexin A11 0.767247 1 0.223398 NaN 0.426464 0 5.1 7.2 2.8 0 5.1 2.3

Annexin A2;Putative annexin
A2-like protein 1 0.946846 0.927107 0 0.244919 0.322865 40.4 44.8 32.7 32.7 51.3 47.8

Annexin A4 0.995732 0.827506 1 NaN NaN 0 8 9.3 4.6 0 0 4.6
Annexin A5 1 0.749356 0.0625602 0 0.613195 0.606328 15.3 15.3 11.9 11.9 14.1 17.8
Annexin A6 1 0.765789 0.39174 0 0.382075 0.613858 11.9 10.5 8.7 3.9 5.9 12.2
Gremlin-1 NaN NaN NaN 0.783996 0 1 0 0 0 20.1 20.1 31
Galectin-1 0 0.36431 0.299705 0.774156 0.832971 1 64.4 64.4 48.1 64.4 64.4 64.4
Galectin-3 0.237048 0.174598 0 0.917139 0.942787 1 4.4 4.4 4.4 12.8 20 20

Galectin-9; Galectin-9B;
Galectin-9C 1 0 NaN NaN NaN NaN 4.5 7.1 0 0 0 0

Galectin-9; Galectin-9B;
Galectin-9C 1 0 NaN NaN NaN NaN 4.5 7.1 0 0 0 0

Galectin-9; Galectin-9B;
Galectin-9C 1 0 NaN NaN NaN NaN 4.5 7.1 0 0 0 0

Protein ERGIC-53 1 0.512287 NaN NaN NaN 0 3.7 3.7 0 0 0 2.2
Mucin-19 NaN NaN NaN NaN NaN NaN 0 0 0 0 0 0.2
Plexin-B2 1 NaN NaN NaN NaN 0 2.1 0 0 0 0 0.6

ADAMTS-like protein 1 0.766302 0.55558 0 0.116392 0.66495 1 11.5 11.7 6.4 8 10.2 12.3
ADAMTS-like protein 4 0.676056 1 NaN NaN NaN 0 8 6.8 0 0 0 1.2

Bone morphogenetic protein 1 1 0.826869 NaN 0 0.543237 NaN 1.1 2.6 0 1.1 1.1 0
CD109 antigen 1 0 NaN NaN NaN NaN 2.6 4.5 0 0 0 0

Cystatin-B 0 1 NaN NaN NaN NaN 12.2 12.2 0 0 0 0
Cathepsin B; Cathepsin B light
chain; Cathepsin B heavy chain 0.148728 0.245001 0 0.285292 0.858847 1 17.7 18 12.7 17.7 17.7 17.7
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Cathepsin D; Cathepsin D light
chain; Cathepsin D heavy chain 0.363876 1 0.231608 0 0.299292 0.368465 2.4 7.3 2.4 2.4 4.4 2.4

Cathepsin K 0.772021 0.939017 0.8059 0 0.690235 1 13.7 9.7 9.7 10.6 10.6 13.7
Cathepsin L1; Cathepsin L1 heavy

chain; Cathepsin L1 light chain 1 0.909934 0.334742 NaN 0 0.951483 8.4 4.2 4.2 0 4.2 4.2

Cathepsin Z 0 NaN NaN NaN NaN 1 3.6 0 0 0 0 7.6
Serine protease HTRA1 1 0.248257 0.409394 0 0.186891 0.453529 10.8 10.8 10.8 10.8 10.8 10.8
Prolyl 3-hydroxylase 1 0.683384 1 0.0888374 NaN 0 0.847978 1.7 3.6 1.7 0 1.9 5.5

Lysyl oxidase homolog 1 0.0453346 0 NaN 0.903068 0.882868 1 2.1 2.1 0 8.4 12.4 14.3
Lysyl oxidase homolog 2 NaN NaN NaN 0 0.639446 1 0 0 0 5.8 14.2 12.7
Lysyl oxidase homolog 4 NaN NaN NaN NaN 0 1 0 0 0 0 3.6 6.6

Prolyl 4-hydroxylase subunit
alpha-1 0.971071 0.667432 0.0592428 0 0.682343 1 7.4 8.1 5.4 2.7 5.4 12

Prolyl 4-hydroxylase subunit
alpha-2 0.699376 0.419752 0 0.405582 0.975961 1 7.9 4.1 2.3 6 11.8 8.1

Plasminogen activator inhibitor 1 0 0.247373 NaN 0.277359 0.466168 1 2.5 2.5 0 2.5 2.5 4.5
Glia-derived nexin 1 0.870394 0.835954 0 0.068513 0.355583 35.3 38.3 26.2 14.1 23.2 13.1

Serpin H1 0.892049 0.484085 0.314938 0 0.770553 1 17.5 20.1 10.8 14.4 20.1 20.1
Protein-glutamine

gamma-glutamyltransferase 2 0.411128 0.333155 0 0.907844 0.91668 1 5.5 9 4.4 25.6 24.2 28.2

Metalloproteinase inhibitor 3 0.5414 0.284992 0 1 0.929214 0.985722 22.7 7.6 15.2 28.4 28.4 28.4
Cytokine receptor-like factor 1 NaN NaN NaN 0 0.789145 1 0 0 0 2.8 2.8 6.2
Stromal cell-derived factor 1;

SDF-1-beta(3-72);
SDF-1-alpha(3-67)

0.895899 1 0.853639 NaN 0 NaN 15.7 24.7 15.7 0 15.7 0

Fibroblast growth factor 2 0.701135 0.992271 1 0 NaN 0.406645 3.5 9 8.7 3.5 0 5.9
Midkine 1 0.784082 0.704327 NaN 0 NaN 11.5 11.5 11.5 0 11.5 0

Multiple epidermal growth
factor-like domains protein 6 NaN NaN NaN 0 0.210579 1 0 0 0 24.55 25.75 28.8

Protein S100-A10 NaN 0.490581 1 0 NaN NaN 0 10.3 10.3 10.3 0 0
Protein S100-A11; Protein

S100-A11, N-terminally processed 0.641105 0.109244 0 NaN NaN 1 8.6 17.1 8.6 0 0 17.1

Protein S100-A4 1 0.857707 0.172154 NaN 0 NaN 7.9 18.8 7.9 0 7.9 0
Protein S100-A6 1 0.849022 0.648654 NaN 0 0.350636 16.7 16.7 16.7 0 8.9 8.9

Transforming growth factor
beta-1; Latency-associated peptide NaN NaN NaN 0 1 0.537694 0 0 0 5.9 5.9 5.9

Protein Wnt-5a; Protein Wnt-5b 0.62955 0.202226 0 0.626353 0.712664 1 3.3 3.3 3 6.3 6.3 6
Protein Wnt-5a; Protein Wnt-5b 0.62955 0.202226 0 0.626353 0.712664 1 3.3 3.3 3 6.3 6.3 6
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