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Abstract
Lung fibrosis is characterized by excessive deposition of extracellular matrix (ECM), in particular collagens, by
fibroblasts in the interstitium. Transforming growth factor-β1 (TGF-β1) alters the expression of many extracellular
matrix (ECM) components produced by fibroblasts, but such changes in ECMcomposition aswell asmodulation of
collagen post-translational modification (PTM) levels have not been comprehensively investigated. Here, we
performed mass spectrometry (MS)-based proteomics analyses to assess changes in the ECM deposited by
cultured lung fibroblasts from idiopathic pulmonary fibrosis (IPF) patients upon stimulation with transforming growth
factor β1 (TGF-β1). In addition to the ECM changes commonly associated with lung fibrosis, MS-based label-free
quantification revealed profound effects on enzymes involved in ECM crosslinking and turnover as well as multiple
positive and negative feedback mechanisms of TGF-β1 signaling. Notably, the ECM changes observed in this in
vitromodel correlated significantly with ECM changes observed in patient samples. Because collagens are subject
to multiple PTMs with major implications in disease, we implemented a new bioinformatic platform to analyze MS
data that allows for the comprehensive mapping and site-specific quantitation of collagen PTMs in crude ECM
preparations. These analyses yielded a comprehensive map of prolyl and lysyl hydroxylations as well as lysyl
glycosylations for 15 collagen chains. In addition, site-specific PTM analysis revealed novel sites of prolyl-3-
hydroxylation and lysyl glycosylation in type I collagen. Interestingly, the results show, for the first time, that TGF-β1
can modulate prolyl-3-hydroxylation and glycosylation in a site-specific manner. Taken together, this proof of
concept study not only reveals unanticipated TGF-β1 mediated regulation of collagen PTMs and other ECM
components but also lays the foundation for dissecting their key roles in health and disease.
The proteomic data has been deposited to the ProteomeXchange Consortium via the MassIVE partner

repository with the data set identifier MSV000082958.
© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Fibrosis is a major cause of mortality and morbidity
and has been estimated to contribute to at least one
third of all deaths worldwide and even 45% of deaths
in the developed world [1,2]. Idiopathic pulmonary
fibrosis (IPF) is one of the most progressive types of
organ fibrosis, with a five-year survival rate of 30–
50%, poorly understood etiology, and few treatment
options [3].
Organ fibrosis is thought to be initiated by repeated

or chronic epithelial injury. The current belief is that
damaged epithelial cells induce an aberrant and
unresolved wound repair process by activating
fibroblasts via various profibrotic cues. Upon injury,
epithelial cells activate the profibrotic cytokine
transforming growth factor β (TGF-β) from latent
complexes in the extracellular matrix (ECM) [4–6]
and release TGF-β-containing exosomes [7]. TGF-β
is well-established as a central driver of fibrogenesis
through induction of expression anddepositionofmajor
ECMcomponents like type I collagenand fibronectin by
fibroblasts [1,8–10]. Furthermore, fibrotic ECM as
synthesized by IPF fibroblasts provides profibrotic
cues resulting in even more ECM synthesis, i.e. a
positive feedback loop that may underlie the highly
progressivecharacter of thedisease [11–15].However,
to the best of our knowledge, no study has taken an
unbiased, global proteomic approach to comprehen-
sively quantify the changes in ECM proteins and their
modifications synthesized by IPF fibroblasts upon
TGF-β1 stimulation.
Constituting between 30% and 70% of ECM

protein in all tissue types, collagen clearly is one of
the main components of the ECM [16]. Collagen
biosynthesis and deposition is highly upregulated in
fibrotic disease, leading to impaired ECM homeo-
stasis and scar formation [17–19]. Importantly, all
collagens are subject to various intracellular post-
translational modifications (PTMs) as well as extra-
cellular maturation steps [20,21]. Evidence has
emerged that strongly argues for an important
impact of collagen PTMs on protein-protein or
protein-cell interactions [22–28], which can be highly
relevant for disease. For instance, collagen prolyl-3-
hydroxylation, a comparatively rare collagen PTM,
has been shown to affect binding to the proteoglycan
decorin, an extracellular regulator of TGF-β activity
in the context of osteogenesis imperfecta [27].
Causal associations have been established for
prolyl-3-hydroxylase 1 (P3H1, LEPRE1) gene mu-
tations with osteogenesis imperfecta [29,30], for
prolyl-3-hydroxylase 2 (P3H2, LEPREL1) gene
mutations with myopia and several other eye defects
[31,32], and for prolyl-3-hydroxylase 3 (P3H3,
LEPREL2) gene mutations with Ehlers-Dalnos syn-
drome type VIA [33]. Although collagen PTMs have
been studied by targeted mass spectrometry as well
as computational prediction methods [34,35], they
have neither been described in depth, nor in the
context of lung fibrosis [36,37]. Therefore, strategies
enabling global assessment and characterization of
collagen PTMs are likely to provide important insight
about their biological function.
In this work, we used mass spectrometry-based

quantitative analysis together with immunoblotting
and quantitative real time-PCR (qRT-PCR) to fully
characterize and validate TGF-β1 mediated chang-
es in ECM proteins deposited by IPF patient-derived
lung fibroblasts. In addition, we developed a new MS
data analysis workflow that enabled global identifi-
cation and label-free quantitation of site-specific
changes of hydroxylation and glycosylation of
collagens in response to TGF-β1 treatment. The
findings validate many of the known pleiotropic
functions that characterize TGF-β1 as a profibrotic
cytokine, and reveal an unanticipated role of TGF-β1
in site-specific regulation of collagen PTMs that may
favor ECM accumulation and alter cell-matrix inter-
actions in lung fibrosis.
2. Results and discussion

2.1. Primary human lung fibroblast culture is
suitable to explore TGF-β1-mediated changes in
ECM

In previous studies, we have established a reliable
in vitro system of lung fibrosis that allows for the
study of ECM composition and collagen biosynthe-
sis and secretion [9,38,39]. To this end, primary
human lung fibroblasts, for example fibroblasts
isolated from IPF patients, are cultured in presence
of 2-phosphoascorbate to allow for maximal collagen
production [9,39] in absence and presence of
concentrations of TGF-β1 (2 ng/ml) that mimic a
profibrotic environment. Notably, our previous stud-
ies using identical experimental conditions have
shown that control and IPF fibroblasts respond
similarly to TGF-β1 stimulation as judged by
expression of collagens, collagen biosynthetic en-
zymes, other ECM proteins, and collagen secretion
[9,38,39]. As the availability of fibroblasts derived
from healthy donors is limited, we have chosen to
quantify ECM changes induced by TGF-β1 stimula-
tion of IPF fibroblasts. As we previously showed
[9,39], TGF-β1 consistently induced myofibroblast
differentiation, type I collagen and fibronectin syn-
thesis in these cells (Suppl. Fig. S1A–D). At the
same time TGF-β1 downregulated miR-29b, a
central negative regulator of ECM expression
(Suppl. Fig. S1E) [11,12,40,41]. Collectively, these
results suggested that this cell culture system is
suitable to explore TGF-β1-mediated changes in
ECM and collagen PTMs in a global proteomic
approach.
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2.2. ECM composition changed upon treatment
of IPF fibroblasts with TGF-β1

ECM enrichment was achieved by detergent-based
decellularization of control and TGF-β1 stimulated
fibroblast monolayer cultures. The insoluble pellet
was solubilized in guanidine-containing buffer before
reduction, alkylation, and digestion of protein sam-
ples. Pept ides were analyzed by l iquid-
chromatography/tandem mass spectrometry (LC-
MS/MS) followed by label-free quantitative analysis
of MS data to reveal changes in fibroblast ECM upon
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In total, we consistently detected 149 matrisomal

proteins synthesized by IPF fibroblasts. Of these,
115 proteins were quantified with at least two unique
peptides, including 58 core matrisome proteins and
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some classification developed by Naba et al. [42]
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various enrichment protocols, including acetone-
precipitation of cell culture supernatants [43] or
decellularization of cell culture dishes [44–46],
sometimes followed by resolubilization with 8 M
urea [45] or on-plate enzymatic digestion [46]. In
summary, the proteomics analyses suggest that our
detergent-based ECM enrichment procedure (Fig. 1)
yields excellent coverage of ECM and ECM-
associated proteins (Fig. 2A).
The proportion of matrisome proteins in compar-

ison to the overall detected protein number, was 7%
in terms of individual protein identifications (IDs).
However, the proportion rose to 32% when based on
summed protein abundances, indicating a significant
enrichment of ECM proteins (Fig. 2A). As it has been
observed in other studies using detergent-mediated
decellularization, cytoplasmic proteins constituted
the main part of identified proteins [47]. The
predominant presence of cytoskeletal proteins
such as myosin and actin suggests that chaotropic
action of detergents is not strong enough to disrupt
the interactions between the ECM and cellular
proteins including plasma membrane integrins and
associated cytoskeletal proteins.
Matrisome-associated proteins including ECM

regulators such as collagen biosynthetic enzymes
as prolyl-4- and lysyl hydroxylases (e.g. P4HA1,
COL6A1

 TGF-β1  -    +    -    +

ACTB

LAMB2

LAMA4

ACTB

SE

PLOD2

TGF-β1  -     +    -    + T

C

A           B

COL6
A1

COL6
A2

COL6
A3

LA
MA4

LA
MB2

THSD4
CTSK

HTRA1
GPC1

GDF15
0.0

0.5

1.0

1.5

2.0

Tr
an

sc
rip

t F
ol

d 
C

ha
ng

e

* **

*

*

Fig. 4. Transcriptional and post-translational regulation of E
fibroblasts. Fold-change derived from qRT-PCR analyses of
increased (B) by label-free proteomics profiling of ECM derive
represents the fold-change in TGF-β1-treated samples. Data
GraphPad Prism 5. Significant changes are denoted by single
determined by the two-tailed paired t-test. (C) Western blot ana
in cell lysates (≈intracellular) from control and TGF-β1-treated I
lines are shown.
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culture of fibroblasts. A recent study comparing ECM
produced by mesenchymal stem cells and fibro-
blasts in vitro, in which decellularization was
followed by ECM protein solubilization with 8 M
urea, identified 38 to 45 core matrisome proteins and
16 to 26 matrisome-associated proteins [45], sug-
gesting that our ECM isolation protocol is sufficiently
mild and sensitive to allow for the identification of
ECM resident proteins even those weakly bound to
the ECM core proteins.
To characterize the differences between ECM

proteins derived from TGF-β1 treated and control
ECM samples, we performed principal component
analysis (PCA). Fig. 2B shows that principal com-
ponent 1 (PC1, x-axis), which separates untreated
from TGF-β1-treated samples and thus reflects a
TGF-β1 signature, was by far the largest source of
variability in the data. PC1 accounted for 87% of data
variation, when all proteins, and even for 97%, when
only ECM proteins were included into the analysis.
This observation underlines the particular impor-
tance of TGF-β1 in the context of ECM protein
expression and demonstrates that the TGF-β1 effect
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largely overruled other sources of variability, imply-
ing that for example donor-derived variability played
a negligible role in this data set. In agreement, ECM
proteins known to be induced by TGF-β1 in lung
fibroblasts, including representatives of core matri-
some and matrisome-associated proteins, were
consistently upregulated in our study, as e.g. both
collagen type I chains (COL1A1, COL1A2) [9,48],
fibronectin 1 (FN1) [9], the proteoglycan biglycan
(BGN) [49–51], as well as intra- and extracellular
ECM regulators like collagen lysyl hydroxylases
(PLOD1, PLOD2, PLOD3) [52,53], plasminogen
activator inhibitor 1 (PAI1, gene name SERPINE1)
[9], and latent-transforming growth factor β -binding
protein 2 (LTBP2) [54] (Fig. 3).

2.3. TGF-β1 stimulation modulated IPF fibroblast
expression of several collagens, but maintained
collagen heterotrimer chain stoichiometries

Primary IPF fibroblasts expressed all major fibrillar
collagen alpha chains, namely type I (COL1A1,
COL1A2), type II (COL2A1), type III (COL3A1), and
type V (COL5A1, COL5A2, COL5A3, Fig. 3). Consis-
tent with being a minor component of collagen fibrils,
type V collagen was considerably less abundant than
type I and type III collagens (Fig. 3A) [55]. Except for
type II collagen, all of these have been reported to be
expressed and upregulated by TGF-β1 in lung
fibroblasts, including our own studies [9,39,48,56,57].
In contrast, collagen type II is considered a classical
cartilage collagen and has not previously been
described to be expressed by lung fibroblasts [58].
Furthermore, of all fibrillar collagens, we only observed
consistent and significant upregulation of both type I
collagen alpha chains (COL1A1 and COL1A2), where-
as type III collagen (COL3A1) and the type V collagen
alpha chains (COL5A1 and COL5A2) were only
upregulated in three or two of the four primary fibroblast
lines, respectively (Fig. 3B). At first sight, this is in
contrast to our previously published results on type III
and V collagen expression and secretion, but may
simply reflect lower statistical power of the current
analysis, as we have usedmore fibroblast lines (n = 8)
in our previous studies [9,39]. However, it is also
conceivable, that upregulation of collagen types III and
V protein expression and secretion may not always
result in higher deposition of these collagens in the
ECM.
Also the beaded-filament-forming type VI collagen

belonged to the collagens with highest abundance
(Fig. 3A). Type VI collagen is currently emerging as
an important regulator of fibroblast migration [38,59].
Interestingly, contrary to type I collagen, both
COL6A1 and COL6A3 were significantly downregu-
lated in response to TGF-β1 and COL6A2 showed a
similar trend (p = 0.063, Fig. 3B). This is in agree-
ment with our recent study [38] as well as studies on
normal skin development and fibrosis which showed
that expression of type VI collagen was not
coordinated with expression of type I collagen [60].
Our study suggests that TGF-β1 may be the
regulatory factor underlying this phenomenon.
Two fibril-associated collagens with interrupted

triple helices (FACITs) were detected in IPF fibro-
blasts, namely type XII (COL12A1) and type XVI
collagen (COL16A1). Collagens belonging to
FACITs have been described to play important
roles in tissue plasticity by binding to the surface of
fibrillar collagens, to proteoglycans, and to integrins
among other ECM proteins [61–67]. In agreement,
type XII collagen has been observed to localize to
fibrotic regions in skin and lung, including in IPF
[68,69]. However, while TGF-β has been described
to upregulate COL12A1 expression in cultured
equine tenocytes [70], we did not observe significant
regulation in our approach. For COL16A1, moderate
to two-fold upregulation by TGF-β1 was evident for
three out of four fibroblast lines, just failing signifi-
cance (p = 0.065). Positive correlations between
TGF-β levels and COL16A1 expression in human
left ventricle tissue samples from dilated cardiomy-
opathy patients have been reported, providing
indirect support of TGF-β-induced expression of
COL16A1 [71]. Furthermore, in the context of
inflammatory bowel disease, COL16A1 synthesis is
elevated in myofibroblasts and likely increases focal
adhesion stability [72]. Our results indicate, that type
XVI collagen may also be involved in lung fibroblast
migration and tissue remodeling.
While expression of fibrillar and fibril-associated

collagens is well-described for lung fibroblasts, the
expression of network-forming collagens, with colla-
gen IV being the most prominent representative, is
typically attributed to epithelial cells [73–75]. Here,
we show that the α1 and α2 chains of collagen IV are
expressed in relatively high abundance by IPF
fibroblasts, but not significantly altered in response
to TGF-β1 (Fig. 3A, B). In contrast, a much less well-
studied network-forming collagen, namely collagen
VIII, was moderately expressed, but significantly
upregulated by TGF-β1 (Fig. 3A, B). Collagen VIII is
described as a major component of subendothelial
membranes [76,77], but recently, Seet et al. reported
that COL8A1 expression is increased in a mouse
model of conjunctival fibrosis where collagen VIII
colocalizes with type I collagen in scar tissue [78].
Interestingly, the study by Seet et al. evidenced an
increase of both collagen VIII chains (COL8A1 and
COL8A2) on transcript, but not on protein level, and
concluded that collagen VIII may be strongly
regulated at the post-translational level. Here, we
detected only COL8A1 in the ECM and observed
similar upregulation at transcript and protein level
(Figs. 3B, 4C), demonstrating that COL8A1 is not
strongly regulated at the post-translational level in
lung fibroblasts treated with TGF-β1 in vitro. How-
ever, as Seet et al. suggested, collagen VIII may still



Table 1. Collagen chain stoichiometries for type I, IV, V,
and VI collagens.

Collagen type Detected chains Control TGF-β1

I COL1A1 - α1(I) 1 1
COL1A2 - α2(I) 0.62 ± 0.22 0.56 ± 0.15

IV COL4A1 - α1(IV) 1 1
COL4A2 - α2(IV) 0.56 ± 0.22 0.48 ± 0.20

V COL5A1 - α1(V) 1 1
COL5A2 - α2(V) 1.77 ± 0.57 1.74 ± 0.25
COL5A3 - α3(V) 0.04 ± 0.02 0.02 ± 0.01

VI COL6A1 - α1(VI) 1 1
COL6A2 - α2(VI) 0.64 ± 0.29 0.67 ± 0.19
COL6A3 - α3(VI) 0.84 ± 0.37 0.89 ± 0.25
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be degraded in the ECM by neutrophil elastase in
vivo. To our knowledge, upregulation of COL8A1
by TGF-β1 has not been described previously for
fibroblasts, but TGF-β1 has been reported to
upregulate COL8A1 in a renal carcinoma cell line
[79] and there is supporting circumstantial evi-
dence in the context of dilated cardiomyopathy
[71].
Also COL18A1, a ubiquitous basement membrane

component expressed by many cell types, was
detected at relatively high abundance in IPF
fibroblast ECM, while we detected type VII
(COL7A1) and type XV (COL15A1) collagens at
comparatively low abundance (Fig. 3A), the latter a
close structural homologue of type XVIII collagen. To
our knowledge, the function of these three collagens
in the lung is unknown and their expression by lung
fibroblasts has not been described previously.
Increased levels of COL18A1, including increased
plasma levels of endostatin, a proteolytically derived
fragment with anti-angiogenic properties, has been
linked to kidney fibrosis, both in patient samples as
well as in experimental models of kidney disease
[80–87]. COL15A1 plays an important role in the
organization of fibrillar matrices in the heart [88] and
is enriched in interstitial renal fibrosis [89] and the
bleomycin-induced model of lung fibrosis [90]. Type
VII collagen is established as the major component
of anchoring fibrils of the dermal-epidermal adhesion
in skin [91,92] and is upregulated in skin of systemic
sclerosis patients [93]. COL7A1 and COL15A1 have
been reported to be expressed and upregulated by
TGF-β1 in human dermal fibroblasts [94,95]. Here,
we observed increased levels of COL7A1 and
COL15A1 in response to TGF-β1 in the ECM of
three out of four IPF-patient derived fibroblast lines,
indicating individual differences between patients. In
contrast, levels of COL18A1 were largely unchanged
(Fig. 3B).
Type I collagen typically consists of two α1(I)

chains and one α2(I) chains, but also the homo-
trimeric form, which is resistant to collagenase-
mediated degradation [96–98], has been described
in the context of several pathologies including
fibrosis [99–101]. Therefore, we assessed collagen
chain stoichiometries for type I collagen as well as
type IV, V, VI, and VIII collagen, for which the final
triple helix can be assembled from two to six different
chains. Judging from abundance of these collagens
and what is deposited for their heterotrimerization
pattern in the UniProt database, our results suggest
that the following major collagen trimers are formed
by lung fibroblasts: α12α2(I), α12α2(IV), α12α2(V),
α1α2α3(VI), α13(VIII). In order to assess whether
collagen trimerization is changed upon TGF-β1
treatment, we determined chain stoichiometries for
these collagens under both conditions relative to the
respective α1 chain and found that these were
largely unchanged (Table 1).
Chain stoichiometries for type I and IV collagens
were in good agreement with the major hetero-
trimeric form α12α2(I) and α12α2(IV), respectively
(Table 1). Surprisingly, for type V collagen we
detected more α2 chain relative to α1 chain, which
indicates that either other heterotrimeric forms exist
than the known α12α2(V) and α1α2α3(V) triple
helical molecules [102,103] or that the α2(V) chain
engages in hitherto undescribed heterotypic colla-
gen molecules, as has been described for α1(XI) and
α2(V) [104]. COL11A1, however, was only detected
with one unique peptide (and therefore not included
in our analysis), which indicates that α1(XI) is too
low-abundant to interact with all α2(V) not engaged
with α1(V). For type VI collagen, notably, the
comparably low levels of the α2(VI) chain do not
agree well with α1α2α3(VI) as the only heterotrimeric
form and argue for the additional existence of an
α12α3(VI) form and/or of non-triple-helical α1(VI)
collagen, which has been described recently [105].

2.4. IPF fibroblasts express a specific selection
of laminin chains, which are decreased in
response to TGF-β1

Laminins, in particular the chains LAMA4 (α4),
LAMA5 (α5), LAMB1 (β1), LAMB2 (β2), and LAMC1
(ɣ1), were abundantly expressed by IPF fibroblasts
(Fig. 3C). We predicted the possible heterotrimeric
laminin assemblies present in the ECM synthesized
by pulmonary fibroblasts using the normalized
relative abundance of identified laminin chains
depicted in Fig. 3C. Thus, out of the 16 laminin
heterotrimers isolated or experimentally predicted
thus far [106], our data suggests the following
laminin heterotrimers (given in order of decreasing
abundance): α4β1ɣ1 (411), α4β2ɣ1 (421), α5β1ɣ1
(511); α5β2ɣ1 (521). As α4 is detected at much
higher abundance than α5, we conclude that the α4-
containing heterotrimers represent by far the major
laminin molecules in IPF fibroblast-derived ECM.
Laminins are large molecular weight ECM glycopro-
teins that are one of the main components of
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basement membranes where they serve as ligands
to cellular receptors, a cell-matrix interaction impor-
tant for signaling and anchoring of cells [106]. Even
though laminins are typically considered to be
almost exclusively expressed by epithelial cells, the
contributions of other cell types to the pool of laminin
chains within the basement membrane have been
poorly described. However, consistent with our
findings, previous studies have suggested that
pulmonary fibroblasts synthesize laminins
[107,108]. The synthesis of basement membrane
proteins by non-epithelial cells does not seem to be
restricted to the lung since studies using skin, gut,
and cornea fibroblasts have also shown the synthe-
sis of collagen IV and laminins contributing to
basement membrane assembly [109–112].
Interestingly, we observedmoderate (up to−1.4-fold)

but consistent downregulation by TGF-β1 of all four
major laminins, which reached significance for LAMA4
and LAMB2, but just failed to do so for LAMC1 (p =
0.0929) and LAMB1 (p = 0.0628, Fig. 3B). Notably,
laminin, in contrast to fibronectin and type I collagen,
has been shown to suppress TGF-β1-induced myofi-
broblast differentiation in 2D culture [113]. Downregu-
lation of laminin levels may thus represent a
contributing mechanism by which TGF-β1 drives
myofibroblast differentiation.

2.5. TGF-β1 regulates ECM proteins both tran-
scriptionally as well as post-translationally

For a number of selected targets, including repre-
sentatives of all matrisome compartments, we
assessed whether TGF-β1-mediated changes were
consistent at both transcript and soluble protein
(≈intracellular) levels (Fig. 4). Expression of most
regulated matrisome proteins was altered similarly on
transcript and soluble protein levels. Regarding the
downregulated proteins, two exceptions clearly stood
out, namely COL6A3 and LAMB2. Both proteins are
components of heterotrimeric protein complexes,
namely type VI collagen (mostly α1α2α3) and laminins
(e.g. α4β2ɣ1 and α5β2ɣ1), and at least one other
component of the same heterotrimer was downregu-
lated on transcript level. For type VI collagen, the 3
chains (COL6A1, COL6A2, and COL6A1) were
decreased in our proteomics studies (Fig. 3B). We
validated the result for COL6A1 by Western blot (Fig.
4B). However, qRT-PCR data showed a different
pattern where COL6A1 and COL6A2 were downreg-
ulated, but in contrast COL6A3 was upregulated (Fig.
4A). The inconsistency between proteomics and qRT-
PCR data suggests that type VI collagen synthesis is
regulated post-transcriptionally. Interestingly, studies in
micehaveshown that deletionof thegeneencoding the
α1(VI) chain (COL6A1) results in complete absence of
extracellular type VI collagen, suggesting that regula-
tion of type VI collagen chain expression is not
coordinated at the transcript level, but rather at the
level of triple helix formation and secretion, which
depends on the presence of the α1(VI) chain and the
correct chain stoichiometry. Similarly, downregulation
of only one laminin chain transcript (LAMA4 coding for
the alpha-4 chain, Fig. 4A) of the three necessary for
the heterotrimer leads to overall lower laminin levels in
the soluble protein fraction (Fig. 4A, LAMA4 and
LAMB2) and in the ECM (Fig. 3B). Surprisingly, the
LAMB2 transcript was upregulated, suggesting that
regulation of laminin expression by TGF-β1 is not
coordinated on transcript level. As to the upregulated
proteins, all of the selected targets except for Galectin 1
(LGALS1), were consistently upregulated on transcript
and protein level, with biglycan (BGN) and semaphorin
7A (SEMA7A) showing the highest level of regulation
(Fig. 4B, C).

2.6. TGF-β1 altered the expression of novel and
known ECM-associated proteins including sev-
eral crosslinking enzymes

Several of the matrisome proteins identified in this
study have been previously described as TGF-β1
targets in human lung fibroblasts, e.g. COL1A1,
COL1A2, tenascin C (TNC), fibronectin (FN1), lysyl
hydroxylase 1 (PLOD1), lysyl oxidase like-2
(LOXL2), the proteoglycans BGN, VCAN, HSPG2
(also termed perlecan) and fibroblast growth factor 2
(FGF2), validating the overall proteomics approach
[9,39,48,56,57,114–118]. However, in addition to
COL2A1, COL8A1, and COL16A1 discussed above,
our proteomics study identified other novel TGF-β1
targets in the lung fibroblast ECM. For instance, the
ECM-affiliated protein ANXA11 has to our knowl-
edge not been described as a TGF-β1 target.
Furthermore, we find that TGF-β1 increases

expression of more proteins involved in enzymatic
collagen crosslinking than previously described,
including lysyl oxidases LOXL2 and LOXL4, lysyl
hydroxylases PLOD1, PLOD2, and PLOD3, and,
finally transglutaminase 2 (TGM2) in primary human
lung fibroblasts. LOXL2 has been described as TGF-
β1 target in the context of glaucoma and hepatocel-
lular carcinoma [119,120] and is upregulated in liver
[121], heart [122], kidney [123,124] and lung fibrosis
[125,126]. Our findings suggest that increased
extracellular LOXL2 in lung fibrosis may be derived
from lung fibroblasts stimulated by TGF-β1 (Fig. 3B).
Surprisingly, we did not detect LOXL1. Judging from
the mouse homologues LOXL1 and LOXL2, these
lysyl oxidases have very similar detergent solubility
profiles [90] and hence, if LOXL1 was expressed by
lung fibroblasts on our model, we should have
readily detected it with our ECM enrichment protocol.
Therefore, this may indicate that increased levels of
LOXL1 in IPF, as recently reported by Tjin et al.
[127], are generated by another cell type than lung
fibroblasts. LOXL4, in contrast, is a comparatively
unexplored member of the lysyl oxidase family.
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Evidence from the literature suggests that LOXL4
contributes to ECM remodeling in cancer and wound
healing [128,129] and upregulation of LOXL4 by
TGF-β1 has been reported in trabecular meshwork
and aortic endothelial cells [120,130]. Here, we
provide the first evidence, that LOXL4 also may play
a role in fibrotic lung remodeling.
Hydroxylation of lysine residues in collagen chains

occurs in the endoplasmic reticulum and is catalyzed
by lysyl hydroxylases (LH, also referred to as
procollagen-lysine,2-oxoglutarate 5-dioxygenase,
PLOD). Hydroxylysines (HyK) play an important role
in collagen secretion and assembly as they are
substrates for further modification including O-
glycosylation and lysyl oxidase (LOX)-mediated cross-
linking.Notably, the chemical nature ofmature collagen
crosslinks (lysyl pyrrole, hydroxylysyl pyrrole, hydro-
xylysyl pyridinoline, or lysylpyridinoline) is determined
by the extent of hydroxylation of the lysines involved in
crosslinking [131]. Interestingly, PLOD2 (LH2) is
increased in cancer-associated fibroblasts which
leads to increased hydroxylation of key lysine residues
leading to the formation of more stable pyridinoline-
derived crosslinkswhich are thought to contribute to the
increased stiffness of tumor stroma [132]. All three LH
(PLOD1, PLOD2, and PLOD3), have been reported to
be upregulated in fibroblasts by TGF-β1 on transcript
level before [115], a finding which we confirm for
PLOD2 (Fig. 4B) and extend for all three LH on protein
level (Figs. 3B, 4C).
Finally, we observed that TGM2 is significantly

upregulated by TGF-β1 in primary IPF fibroblasts.
TGM2 catalyzes the reaction between glutamyl and
lysyl residues of substrate proteins both in the cytosol
and in the extracellular space, leading to intracellular or
extracellular crosslinkingof proteins viaγ-glutamyl-lysyl
crosslinks. In the extracellular space, in contrast to lysyl
oxidase activity, TGM2-mediated crosslinking is not
restricted to collagens, but has been reported for
fibronectin, integrins, and heparan sulfate-bearing
proteoglycans such as syndecan-4. Except for a recent
study which showed that TGM2 is elevated in chronic
obstructive pulmonary disease (COPD) [133], TGM2
has not received much attention in the context of lung
pathology. Nevertheless, evidence from other organs
suggest an important role in fibrosis: For instance,
recently Wen Z. et al. found that TGM2 regulates liver
fibrosis via positive feedback regulation of TLR4
signaling [134] and it has been reported that TGF-β1
increases TGM2 in apoptotic mouse thymocytes [135],
in keratinocytes and in oral fibroblasts [136].

2.7. TGF-β1 induced matrisome changes indicate
both positive and negative feedback mechanisms
and highlight the dynamics and complexity of ECM
turnover

Highlighting the dynamic nature of TGF-β1 effects
on human lung fibroblasts, our results suggest
several positive and negative feedback effects on
TGF-β1 activity. For instance, upregulation of
THBS1 and downregulation of HTRA1 are likely to
potentiate TGF-β1 effects: THBS-1 is responsible for
much of the activation of latent TGF-β1 in vivo
[137,138], and the serine protease HTRA1 inhibits
TGF-β1 signaling by cleavage of its receptors
[139,140]. In contrast, the drastic upregulation
(N10-fold) of latent-transforming growth factor β-
binding protein 2 (LTBP2) clearly represents a
negative feedback mechanism to increase scaveng-
ing of endogenously produced TGF-β1 in presence
of abundant active extracellular TGF-β1. Also
downregulation of thrombin (F2), which has been
shown to stimulate TGF-β secretion in cultured
human epithelial cells [141], may contribute to
decreased synthesis of endogenous TGF-β1.
In addition to increased crosslinking of collagen

and other ECM proteins discussed above, changes
in expression levels of several ECM-degrading
proteins indicate a profound effect of TGF-β1 on
ECM turnover. For instance, we show that cathepsin
K, the most efficient protease for the degradation of
fibrillar collagen [142,143], is significantly decreased
by TGF-β1 in human lung fibroblasts (Figs. 3, 4).
Furthermore, increased SERPINE1 (plasminogen
activator inhibitor 1, PAI-1) blocks plasmin-
dependent activation of MMPs and thus protects
ECM proteins from proteolytic degradation [144].
Matrix metalloproteinase 2 (MMP2), also increased in
our study, degrades elastin and the collagen types IV
andV, all threeECMproteins abundantly expressed by
human lung fibroblasts in the present study (Fig. 3)
[145]. In contrast, MMP14, which was significantly
decreased, degrades fibronectin (FN1), tenascin C
(TNC), perlecan (HSPG2), type I and type III collagen
[146], again all ECM proteins detected in abundance in
our approach. In addition, simultaneous upregulation of
TIMP3, a matrix metalloproteinase inhibitor, adds
another level of complexity to altered fibroblast ECM
turnover in response to TGF-β1. Overall, the results
indicate that TGF-β1 drives a substantial part of the
impaired protease/anti-protease balance in pulmonary
fibrosis [147].

2.8. ECM changes in the described in vitromodel
show significant correlation with ECM changes
in human lung fibrosis

A recent study by Rosmark et al. elegantly
demonstrated that lung fibroblast production of
some ECM proteins, in particular proteoglycans,
differs when cells are cultured on native decellular-
ized tissue scaffolds as compared to conventional
monolayer culture [148]. Even if the aim of this study
was not to explore ECM changes in the context of
fibrosis, the reported findings point out that the use of
a two-dimensional fibroblast culture model may not
recapitulate all ECM changes observed in vivo in the
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context of a native scaffold. Therefore, we investi-
gated this issue by performing a correlation analysis
of ECM changes between our in vitro results from
cultured fibroblasts and publicly available data set
from human lung fibrosis reported by Schiller et al.
[149]. In the latter, a proteomic approach was used to
compare several subtypes of interstitial lung disease
(ILD) including IPF to healthy control tissue. Similar
to our study, all samples used in this report
represented end-stage lung fibrosis and had also
been obtained from the CPC bioArchive. The
authors used quantitative detergent-based solubility
profiling to fractionate proteins according to their
solubility. Hence, for correlation, we directly com-
pared our guanidine-solubilized data set with the
corresponding insoluble protein data set enriched for
ECM components and found a moderate (Spearman
r = 0.38), but significant correlation (Fig. 5). Notably,
for decorin (DCN) and versican (VCAN), two
proteoglycans expression of which was found to
depend on native scaffolds [148], the observed
effects in our TGF-β1-driven in vitro model of lung
fibrosis reflected the changes in clinical lung fibrosis
well (DCN expression not significantly altered,
VCAN expression significantly increased, see
Suppl. Table S3). These results confirm our ap-
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proach based on the concept that TGF-β1-driven
changes of fibroblast-produced ECM describe a
significant part of overall ECM changes in lung
fibrosis. Nevertheless, we found a number of
proteins without correlation or even anti-correlation
(Fig. 5). There may be several reasons for the
observed outliers. First, addition of TGF-β1 alone
may not be sufficient to induce some of the ECM
components in lung fibroblasts. For instance,
COL5A1 and COL5A2 are not significantly changed
in our in vitro model, but substantially altered in ILD.
As it has been shown that collagen V secretion is
additionally regulated by platelet-derived growth
factor (PDGF) signaling, lack of PDGF in our culture
system may explain some of the discrepancies
observed [150]. Second, in human ILD, other cell
types than fibroblasts may be responsible for the
observed ECM changes. For example, in the normal
lung, fibulin-2 (FBLN2) and lactadherin (MFGE8) are
both mainly expressed by epithelial cells [151,152].
Third, the discrepancies may also result from the
different extraction protocols for ECM components.
However, similar correlation analysis between ECM
data from the murine model for lung fibrosis [90] and
human lung fibrosis [149] showed that there was no
significant correlation between these two in vivo
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derived data sets, even though the ECM extraction
protocols used were identical (Supplementary Fig.
S2B). Notably, these results also demonstrate that,
in terms of ECM changes, our in vitro model
correlates better with human lung fibrosis data than
the most commonly used mouse model.
The ECM data derived from the mouse model of

bleomycin-induced lung fibrosis neither correlated
significantly with our in vitro model, nor with human
Table 2. Mass spectrometry-based identification of site-spec
identified in the ECM of human lung fibroblast.

Collagen
chain

3-HyP Sites (Gly-HyP-HyP) Glucosylgalacto
hydroxylysine

COL1A1 P426, P555, P567, P690, P771,P885,
P894, P897, P1119, P1122, P1164, P1179

K265, K277, K448, K52

K862

COL1A2 P101, P419, P593, P782, P797, P806,
P809, P902

K189

COL2A1 P1096 –
COL3A1 P940, P1147, P1162 K584, K662, K740, K74

K932

COL4A1 P372, P478, P647, P786, P803, P1424,
P1436

K295, K298, K322, K34

K497, K527

COL4A2 P197, P424, P733 K225, K409, K453, K45

K1106, K1175, K1247,
COL5A1 P500, P516, P575, P599, P761, P770,

P779, P833, P992, P995, P1322
K582, K774, K1038,
K1311

COL5A2 P136, P409, P442, P448, P658, P919,
P1177, P1198

K320, K386, K554, K78

COL5A3 P576, P1113 K502, K1132

COL6A1 P582, P588 K546

COL6A2 – K545

COL6A3 – K2052, K2103, K2170

K2212

COL12A1 P2775, P2831, P2837, P2855, P2858,
P2976, P3022, P3025

–

COL16A1 P1402 K658, K1116

COL18A1 P862, P868, P871, P907, P910 –
ILD (Supplementary Fig. S2). It is highly likely that
this reflects the transient nature of bleomycin-
induced lung fibrosis in the mouse where the fibrotic
response peaks two weeks after administration of
bleomycin followed by at least partial resolution of
fibrosis within the subsequent six weeks [9,90].
Interestingly, many striking discrepancies observed
in the mouse model correspond to ECM regulators
like metalloproteinases (MMP14, ADAMTS1),
ific hydroxylation and glycosylation of different collagens

syl- Galactosyl-
hydroxylysine

Hydroxylysine

0, K586, K277, K448,
K520, K586

K265, K277, K286, K352, K397, K442, K505,
K538, K586, K742, K781, K826, K862, K934

– K189, K198, K354, K498, K621, K846

– K608, K848

3, K779, – K108, K251, K350, K461, K503, K584, K629,
K779, K860, K923

3, K361, – –

6, K883,
K1373

– K597, K907

K1074, – K963, K1125, K1326, K1473

5 – K431, K860

– –
– –
– –

, K2209, – K2121

– –

– K1245

– –
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cathepsins (CTSA, CTSB, CTSD) and extracellular
sulfatase SULF1 (Supplementary Fig. S2). Expres-
sion of these ECM components may therefore
protect from further progression or contribute to
resolution of lung fibrosis in the mouse model.

2.9. Global PTM characterization of ECM col-
lagens identifies novel prolyl-3-hydroxylation
and lysyl glycosylation sites

Collagen PTMs such as lysine and proline hydrox-
ylation as well as lysine glycosylation have been
shown to play an important role in fibril assembly,
cell-matrix interactions and tissue development.
Collagen PTM characterization by common mass
spectrometry-based proteomics workflows is chal-
lenging because enzymatic digestion generates long
peptide sequences harboring a high number of
different PTMs present at different levels of occu-
pancy. We have previously developed an optimized
bioinformatics platform to characterize PTMs of
purified collagen IV [21]. However, characterization
and quantitation of collagen PTMs in rather crude
ECM preparations (without any biochemical purifica-
tion) has remained a daunting task. Here, we have
implemented an optimized high-resolution global MS
workflow to characterize the PTMs of all the different
collagens present in ECM produced by the primary
cultures of lung fibroblasts isolated from IPF patients
(Figs. 1, 6).
For the initial global characterization of site-

specific hydroxylation and glycosylation of proline
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and lysines in the different collagen types identified in
the tryptic digests of the ECM produced by IPF
fibroblasts, we took advantage of the unique ‘motif
search feature’ embedded within MyriMatch to search
the MS data generated by the Q-Exactive HF mass
spectrometer [21]. We have identified a total of 18
different collagen chains from the lung fibroblast ECM
(Fig. 3). Table 2 summarizes all the identified sites of
modification in 15 different alpha chains (out of 18)
including 69 3-HyP, 42 HyK, 49 glucosylgalactosyl-
hydroxylysine (GG-HyK) and 4 galactosyl-
hydroxylysine (G-HyK) sites. Notably, site-specific
PTMs were identified in COL1A1 as well as COL5A3
which differ in as much as 3 order of magnitude,
showcasing the wide dynamic range capabilities and
high sensitivity of our workflow (Fig. 3A and Table 2).
Although collagen V is a minor component of

heterotypical collagen fibrils, comprehensive maps
Fig. 8. Quantitation of site-specific hydroxylation occupancy
lung fibroblasts. (A, B) MS/MS spectra of peptide 764GLTG
unmodified (m/z 803.9086+2) or 3-hydroxylated (m/z 811.9047
chromatograms for the 3-HyP771-containing peptide 764GLTG
control and TGF-β1 treated human fibroblasts. (D) Determina
from the relative abundances of unmodified and 3-hydroxylate
and TGF-β1 samples. MS1 area for 3-HyP771 modified peptide
the summed area of all the unmodified and modified peptide “7

(%) of 3-HyP771 in COL1A1 was increased about 3.7 fold in TG
represents the measurement of 3-HyP771 occupancy in each
mean ± SEM (n = 3 in each group) using GraphPad Prism 5. T
β1 treated samples was significant (*p b 0.05, two-tailed unpa
of proline and lysine hydroxylation have been
generated by mass spectrometry analyses of puri-
fied bovine COL5A1 and COL5A2 chains [153]. As
shown in Table 2, our analyses not only identified a
large number of prolyl-3-hydroxylation sites in
human COL5A1 and COL5A2 chains, but also new
3-hydroxyproline (3-HyP576, 3-HyP1113) and
glucosyl-galactosyl-hydroxylysine (GG-HyK502 and
GG-HyK1132) sites in COL5A3.
We also identified 3 sites (P940, P1147, and P1162)

of prolyl-3-hydroxylation in COL3A1. Interestingly, 3-
hydroxylation of evolutionarily conserved P1162 was
previously reported in many mammals, but not in
human COL3A1 [154]. We detected 3-HyP in this
site, indicating not only superior sensitivity of our
mass spectrometry method but also evidencing that
prolyl-3-hydroxylation of this site is evolutionarily
conserved.
of P771 in COL1A1 from control and TGF-β1 treated human
PIGPP+16GPAGAP+16GDK+16

781 in which Pro771 is either
+2). (C) Skyline MS1 quantitation showing the extracted ion
PIGP+16P+16GPAGAP+16GDK+16

781 from the ECM digest of
tion of 3-hydroxylation occupancy (%) for P771 calculated
d peptides obtained by Skyline MS1 quantitation of control
was normalized by dividing the area of modified peptide to
64GLTGPIGPPGPAGAPGDK781” species. The occupancy
F-β1 treated fibroblast ECM (Table 3). Each dot and square
control and TGF-β treated samples. Data is plotted as
he increased hydroxylation occupancy for Pro771 in TGF-
ired ‘t’-test).



Table 3. Quantitative occupancy (%) of 3-hydroxyproline
(3-HyP) sites identified in COL1A1 from lung fibroblast
ECM. Results are expressed as mean ± SEM (n = 3 in
each group). Significant statistical differences were
estimated by two-tailed unpaired ‘t’-test (*p b 0.05,
ns N 0.05).

COL1A1
3-HyP site1

Occupancy (%) of 3-HyP sites

Control TGF-β1

P426 1.5 ± 0.5 2.8 ± 0.8ns

P555,567 3.0 ± 1.5 1.6 ± 0.19ns

P690 1.6 ± 0.6 1.2 ± 0.08ns

P771 1.9 ± 1.1 7.2 ± 0.5*
P885,894,897 0.6 ± 0.4 0.8 ± 0.4ns

P1119,1122 9.4 ± 4.9 11.9 ± 1.2ns

P1164 42.7 ± 11 41.4 ± 2.2ns

1 Numbering of collagen alpha 1 chain (I) corresponds to that of
the translated protein product starting from the signal peptide.
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Although collagen IV is not the major collagen type
expressed by lung fibroblasts, our analyses yielded
similar results for sites of 3-HyP and GG-HyK to
those reported in our previous studies with the
purified proteins [21]. Furthermore, many other new
sites of prolyl-3-hydroxylation were identified for
COL6A1, COL12A1, COL16A1 and COL18A1
(Table 2), indicating that our analyses of ECM
preparations present an advantage because these
insoluble collagens are not easy to purify and thus
unlikely to be analyzed by common proteomics
platforms. Taken together, these results show that
our proteomics platform enabled the simultaneous
identification and mapping of site-specific PTM in
many different collagens found in fibroblast ECM.

2.10. Comprehensivemapping of PTMs inCOL1A1
from the ECM produced by IPF fibroblasts

To evaluate the sensitivity and specificity of our
global MS workflow for mapping and quantifying
collagens PTMs from the unfractionated ECM, we
focussed on COL1A1 as a model protein because it
is the most abundant component of lung fibroblast
ECM. In addition, type I collagen, purified from
different tissues and species, has been extensively
characterized by classical biochemical and mass
spectrometry methods [33,154–159]. In Fig. 7 we
present a comprehensive map of prolyl/lysyl-
hydroxylation and lysyl-glycosylation of COL1A1
produced by our global analysis of ECM generated
by primary human lung fibroblasts. Our optimized
bioinformatics workflow resulted in ~85% sequence
coverage for processed COL1A1 molecule. Interest-
ingly, a few peptides from the N- and C-terminal
propeptides were also detected (Fig. 7), evidencing the
dynamics of the collagen fibril assembly process. A
total of 109 4-HyP sites were mapped to the Yaa
position of the classical 4-hydroxylation motif (Gly-
Xaa-HyP) within COL1A1. In sum, our results indicate
that about 95% of the proline residues present in the
Yaa position of “Gly-Xaa-Yaa” motif in processed
COL1A1 molecule are 4-hydroxylated, as evidenced
by previous Edman microsequencing analyses [160].
Although the total number of prolyl-4-hydroxylation
sites in control (n = 106) and TGF-β1 treated (n =
106) lung fibroblasts was identical, a small number of
these (b3%) were mapped to specific sites within the
COL1A1 of each sample group.
In addition to 4-HyP, we also investigated the

occurrence of 3-HyP sites which have also been
considered to provide structural stability to collagen
molecules and affect binding affinities to other ECM
proteins [22,27,28]. We identified a total of 12
hydroxylated prolines (P426, P555, P567, P690, P771,
P885, P894, P897, P1119, P1122, P1164, P1179) in the
Xaa position of the classical (Gly-HyP-HyP) motif
(Fig. 8A and B, Supplementary Figs. S3–S9). We
assigned these as 3-hydroxyprolines (3-HyP) as
previous experimental evidence has shown that they
are hydroxylated in the third position of the 5-
membered nitrogen containing ring [160]. Interest-
ingly, nine (P426, P555, P567, P690, P771, P894, P897,
P1119, P1122) of these 3-HyP sites (manually
inspected as shown in Supplementary Figs. S3–
S9), have not been reported for human COL1A1.
Our analyses detected hydroxylation of P885 (re-
ferred to as P707 for processed COL1A1), P1164

(referred to as P986 for processed COL1A1) and the
C-terminal (GPP)n cluster to be 3-hydroxylated in
COL1A1 [155,156,161]. The signal to noise ratio of
the mass spectra corresponding to this modified
peptide was very low and we have identified only
P1179 to be 3-hydroxylated in the entire (GPP)n
cluster. It has been shown that the occurrence of 3-
prolyl hydroxylation in the COL1A1 (GPP)n cluster is
tissue specific [155] and it seems that COL1A1
produced by human fibroblasts lacks or displays a
very low level of 3-prolyl-hydroxylation in this cluster.

2.11. Site-specific quantitation of prolyl-3-
hydroxylation and lysine glycosylation in COL1A1

Recent studies have shown that mutations in
members of the prolyl 3-hydroxylase family such as
LEPRE1 (P3H1) and LEPREL2 (P3H3) are associ-
ated with osteogenesis imperfecta which results in
absence of 3-prolyl-hydroxylation at a single site
(P1164) of COL1A1 [30,162]. Thus, quantifying the
occupancy (fraction of COL1A1 molecules contain-
ing 3-HyP at a specific site) of different 3-HyP sites
holds premier importance in health and disease.
Here, we have optimized and validated an MS1

based quantitative pipeline for the relative quanti-
tation of post-translationally modified peptides
between two or more different conditions across



Fig. 9. Skyline quantitation of micro-heterogeneity of the K277 site in COL1A1 from human lung fibroblasts. (A)
Chromatographic elution profiles of unmodified (K), hydroxylysine (HyK), galactosyl-hydroxylysine (G-HyK), and
glucosylgalactosyl-hydroxylysine (GG-HyK) modified (K277) peptide in human COL1A1 from lung fibroblast ECM digests.
(B) Graphical representation of Skyline quantitation of micro-heterogenic distribution of unmodified K277 (black), HyK277

(maroon), G-HyK277 (blue) and GG-HyK277 (green) species in COL1A1 from the ECM digest of control and TGF-β1 treated
human fibroblasts. The different colors in bar represent the occupancy of different forms at K277 site in COL1A1 with
mean ± SEM (n = 3 in each group) (see Table 4).
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different samples (Fig. 5). The results showed that
with the exception of one 3-HyP site, overall
occupancies are b10% and did not change signif-
icantly upon TGF-β1 treatment (Table 3). Notably,
the occupancy of 3-HyP771 site significantly in-
creased 3.7 fold in the TGF-β1 treated samples
(Fig. 9, Table 3). While the biological significance of
this finding remains unclear, it is conceivable that
increased prolyl-3-hydroxylation of this site may
contribute to proteolytic resistance of collagen
fibrils. In analogy to the mechanism of triple-helix
stabilization by 4-HyP [34], the additional hydroxyl
group in 3-HyP771 may favor the formation of a
water bridge with a carbonyl group of an adjacent
triple-helixal molecule. Furthermore, increased 3-
hydroxylation of Pro771 may also alter specific
collagen interactions with other ECM proteins or
collagen receptors on adherent cells. Interestingly,
although the 3-HyP1164 site (referred to as P986 for
processed COL1A1) has been previously shown to
be fully hydroxylated in COL1A1 from mouse skin
fibroblasts [162], our results indicate that this 3-HyP
site is hydroxylated at a level of ~43% in both
control and TGF-β1 treated human lung fibroblast
ECM, suggesting that the occupancy of this site
could vary in a tissue- as well as species-specific
manner.
In addition to 3-HyP found within the classical “Gly-

3HyP-4HyP” motif, we also identified 37 prolyl-
hydroxylation sites at the ‘Xaa’ position of “Gly-
HyP-[Ala/Met/Ser/Gln/Lys/Thr/Iso]” motif in
COL1A1. Some of these exemptions including
“Gly-HyP-[Ala/Val/Gln/HyK]” have already been re-
ported by mass spectrometry studies of type II, IV
and V collagens [21,153,163]. Our results expand
the list of exemptions to the classical Gly-3HyP-
4HyP motif and further confirm that hydroxylation of
Pro residues in the Xaa position is not as restricted to



Table 4. Quantitative micro-heterogenic occupancy (%) of O-glycosylated lysine sites identified in COL1A1 from lung
fibroblast ECM. Results are expressed as mean ± SEM (n = 3 in each group). Statistically significant differences were
estimated by two-tailed unpaired ‘t’-test (*p b 0.05, ns N 0.05). N/D, not detected; HyK, hydroxylysine; G-HyK,
galactosylhydroxy-lysine; GG-HyK, glucosylgalactosylhydroxylysine.

COL1A1
Lysine site1

Modification Micro-heterogeneity (%)

Control TGF-β1

K277 K 39.7 ± 8.2 29.8 ± 3.4ns

HyK 17.9 ± 1.1 12.1 ± 2.2ns

G-HyK 16.7 ± 0.8 14.2 ± 3.9ns

GG-HyK 25.5 ± 7.2 43.7 ± 6.6ns

K448 K N/D N/D
HyK N/D N/D

G-HyK 30.5 ± 11.6 31 ± 0.8ns

GG-HyK 69.5 ± 11.5 69 ± 0.8ns

K520 K N/D N/D
HyK N/D N/D

G-HyK 56.5 ± 21 34 ± 9.5ns

GG-HyK 43.5 ± 21 66 ± 9.5ns

K586 K 28 ± 9.3 13.6 ± 7.1ns

HyK 3.6 ± 1.1 1.1 ± 0.17 ns

G-HyK 29.4 ± 7.4 29.5 ± 6.7ns

GG-HyK 38.9 ± 12.5 55.7 ± 13.3ns

1 Numbering of collagen alpha 1 chain (I) corresponds to that of the translated protein product starting from the signal peptide.
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the presence of a 4HyP in the Yaa position as
previously thought.
Glycosylation has been shown to be important for

many structural and functional properties of collagen
molecules including stability, proteolytic degradation
[157], fibril formation [164], affinity to cell-surface
receptors [165–167], and collagen crosslinking
[24,158,159]. We have successfully employed our
global PTM analyses platform to quantify microhet-
erogeneity of the O-glycosylation sites in COL1A1.
For the purpose of our analyses, we define
microheterogeneity as the distribution of occupancy
between the different possible modification states of
lysine residues including unmodified lysine (K),
hydroxylated lysine (HyK), galactosyl-hydroxylysine
(G-HyK) and glucosylgalactosyl-hydroxylysine (GG-
HyK) at any given specific site. Overall our analyses
revealed a total of 14 HyK sites, 9 of which did not
carry any of the 2 possible glycosylation moieties
(Table 2). We also identified a total of 6 O-
glycosylation sites in COL1A1, where 4 of these
(K277, K448, K520, K586) were heterogenous contain-
ing either galactosyl or glucosylgalactosyl moieties
(Table 4, Supplementary Figs. S10–S19).
Since our proteomic analyses showed upregula-

tion of PLOD1, PLOD2 and PLOD3 in primary lung
fibroblasts upon TGF-β treatment, we investigated
the microheterogeneity of the glycosylation sites in
COL1A1, by integrating Skyline MS1 level quantita-
tion to our database search results obtained with
MyriMatch (Table 4). Fig. 8 shows an example of the
chromatographic elution profile of the different
peptides taken into account to determine microhet-
erogeneity at K277 site. As expected the hydroxyly-
sine containing peptide 269GFSGLDGAHyK277

elutes almost 2 min before the unmodified version
of the peptide (269GFSGLDGAK277). Similarly, the
glycosylated forms of HyK277 (G-HyK and GG-HyK)
are not cleaved by trypsin and thus are found in
l o n g e r p e p t i d e s e q u e n c e (
269GFSGLDGAKGDAGPAGPK286). As expected
the peptide containing GG-HyK277 elutes from the
C18 column before the G-HyK277 containing pep-
tide. Using Skyline to quantify the areas of each
peptide, we determined the microheterogeneity of
K277 in both control and TGF-β1 treated samples.
Interestingly, our analyses revealed a reduction in
hydroxylation and galactosylation of K277 levels
upon TGF-β1 treatment, which correlates with a
corresponding increase of glucosylation of K277

(GG-K277). Using this strategy, we also found K448

and K520 to be completely (100%) glycosylated. The
microheterogenic distribution of glucosylation of
K520 and K586 showed an increasing trend upon
TGF-β1 treatment, but they were not statistically
significant (Table 4). Such microheterogenic differ-
ences for these specific sites may play important role
in the progression and development of fibrosis.

2.12. Conclusions

In conclusion, we report the first comprehensive
proteomic analysis of TGF-β1-induced changes in
lung fibroblast-synthesized ECM. The results corre-
late significantly with ECM changes found in human
lung fibrosis and reveal profound and highly dynamic
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effects of TGF-β1 on ECM composition and structure.
Analysis of collagen PTMs in crude ECM preparations
from cultured fibroblasts serves as a proof of concept
demonstrating that our proteomics platform is sensitive,
specific and yields comparable or better results than
those obtained with purified collagen preparations. In
addition, our results from global identification and
quantification of collagen revealed novel sites of prolyl
hydroxylation and lysyl glycosylation. The occupancy
of one of these sites was shown to be regulated by
TGF-β1 and it will be interesting to investigate the
impact of this modification in the rate of collagen
deposition in fibrosis. Because purification of collagens
is not required, our platform will facilitate the quantita-
tion of site specific collagen modifications to address
key questions about their role in development and
progression of fibrotic disease.
3. Experimental procedures

3.1. Human lung material, isolation and culture
of primary human lung fibroblasts

The study was carried out with four biological
replicates. Primary human lung fibroblasts (phLF)
were isolated from human lung explant material,
representing end-stage disease, of four IPF patients
obtained from the BioArchive CPC-M for lung
diseases at the Comprehensive Pneumology Center
(CPC Munich, Germany). Patients' characteristics
were as follows: Three men, one woman; mean age,
55 ± 7; mean forced expiratory volume in 1 s
(FEV1), 2.0 ± 0.9 l; mean forced vital capacity
(FVC), 56 ± 21% FVCpredicted; mean diffusing ca-
pacity of the lungs for carbon monoxide (DLCO),
2.5 ± 0.3 mmol CO∗min−1∗kPa−1. The study was
approved by the local ethics committee of the
Ludwig-Maximilians University of Munich, Germany,
and all participants had given written informed
consent. Isolation and culture of phLF was per-
formed as described previously [9,39].

3.2. Treatment of phLF with TGF-β1

Cellswereseededatadensityof 20,000–25,000 cells/
cm2. Twenty-four hours later starvation in Dulbecco's
modified Eaglemedium/F-12 including 0.5% fetal bovine
serum and 0.1 mM 2-phospho-L-ascorbic acid was
performed for 24 h. Then, cells were treated with 2 ng/
ml TGF-β1 (R&D Systems, Minneapolis, MN) in
starvation medium for another 48 h, followed by
harvesting for RNA and protein analysis. Unless stated
otherwise, all data is derived from four independent
experiments using independently derived fibroblast lines.
We chose a TGF-β1 concentration of 2 ng/ml

because our previous studies demonstrated that this
concentration is suitable to mimic a myofibroblast
phenotype in vitro [9,38,39]. Indeed, 2 ng/ml TGF-β1
reproducibly and robustly induces a myofibroblast
phenotype and increases collagen synthesis and
secretion in primary human lung fibroblasts (see
Supplementary Fig. 1A–D).

3.3. RNA isolation and Real-Time Quantitative
Reverse-Transcriptase PCR (qRT-PCR) analysis

RNA isolation and qRT-PCR analysis was per-
formed as described previously [9,39]. Primers were
obtained from MWG Eurofins (Ebersberg, Germany)
and are given in Supplementary Table S1.

3.4. Western blot analyses

Western Blot analysis were performed essentially
as described previously [9,39]: Cells were scraped
into Radio-Immunoprecipitation Assay (RIPA) buffer
(50 mM Tris HCl pH 7.4, 150 mM NaCl, 1% Triton
X100, 0.5% sodium deoxycholate, 1 mM EDTA,
0.1% SDS) containing a protease inhibitor and a
phosphatase inhibitor cocktail (both Roche), incu-
bated 30 min, followed by centrifugation for 20 min
at 13,000 rpm and 4 °C to clarify the lysates and
obtain the ECM pellet used for proteomics analyses.
Protein concentration of the supernatant was deter-
mined using the Pierce BCA Protein Assay (Thermo
Fisher Scientific; Waltham, USA). Samples were
denatured in Laemmli buffer (65 mM Tris-HCl
pH 6.8, 10% glycerol, 2% SDS, 0.01% bromophenol
blue, 100 mM DTT) and proteins resolved by SDS-
PAGE. Proteins were then transferred to polyvinyli-
dene difluoride (PVDF) membranes. Nonspecific
binding to membrane was blocked with 5% milk in
TBS-T (0.1% Tween 20, TBS). Membranes were
shortly rinsed and washed three times for 5 min in
TBS-T and incubated with primary antibody (see
Supplementary Table S2 for details on the specific
antibodies) overnight at 4 °C. After washing with
TBS-T, membranes were incubated with secondary
antibody for 1 h at room temperature. Blots were
rinsed with TBS-T and visualized with the enhanced
chemiluminescence (ECL) system (Thermo Fisher
Scientific, Waltham, MA, USA) and analyzed with
the ChemiDocXRS+ imaging system (Bio-Rad,
Munich, Germany).
Primary antibodies used in this study are given in

Supplementary Table S2. HRP-linked and fluorescent
labeled secondary antibodieswere purchased fromGE
Healthcare Life Sciences (Freiburg, Germany).

3.5. Denaturation, reduction and alkylation of
ECM proteins

For each of the four IPF fibroblast lines used, the
ECM pellets from three confluent wells of 6-well
culture plates were solubilized in 6 M guanidinium-
hydrochloride, 100 mM Tris/HCl, pH 8.5 and
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denatured by heating at 100 °C for 10 min, disulfide
bridges in ECM proteins were reduced by adding
dithiothreitol to a final concentration of 25 mM and
incubation at 56 °C for 30 min. Sulfhydryl groups
were alkylated by adding iodoacetamide to a final
concentration of 50 mM and incubated for 45 min at
RT in the dark. Alkylated ECM proteins were
precipitated with 9 parts of ice-cold ethanol at
−20 °C overnight. Precipitated ECM proteins were
collected by centrifugation for 30 min at 4 °C. ECM
pellet was resuspended in 50 mM ammonium
bicarbonate, pH 7.8 before proteolytic digestions.

3.6. LysC-trypsin digestion

ECM proteins were digested in-solution with LysC
(Wako Chemicals, USA) at 1:20 ratio for 4 h at 37 °C
prior to addition of trypsin (Promega) at 1:20 ratio at
37 °C for overnight (18 h). After that, additional trypsin
was added at 1:50 ratio and further incubated at 37 °C
for 4 h. Trypsin was deactivated by heating at 100 °C
for 10 min. Samples were acidified with trifluoroacetic
acid and stored at −20 °C before mass spectrometry
analyses.

3.7. Mass spectrometry

LC-MS/MS analysis was performed as described
previously on a Q-Exactive HF mass spectrometer
online coupled to an Ultimate 3000 nano-RSLC
(Thermo Scientific) [168]. Briefly, approximately
0.5 μg of ECM protein sample was loaded onto the
trap column and after 5 min eluted and separated on
the C18 analytical column (custom made Acquity
UPLC M-class HSST3 column, 1.8 μm particles,
25 cm length, Waters) by a 90 min non-linear
acetonitrile gradient. MS spectra were recorded at
a resolution of 60,000 with an automatic gain control
(AGC) target of 3 × 106 and a maximum injection
time of 50 ms from 300 to 1500 m/z. From the MS
scan, the 10 most abundant peptide ions were
selected for fragmentation via higher-energy colli-
sional dissociation with a normalized collision energy
of 27, an isolation window of 1.6 m/z, and a dynamic
exclusion of 30 s. MS/MS spectra were recorded at a
resolution of 15,000 with an AGC target of 105 and a
maximum injection time of 50 ms. Intensity threshold
was set to 1 × 104 and unassigned charges, and
ions with charges of +1 and N+8 were excluded.

3.8. Label-free proteomic analysis

The acquired spectra were loaded to the Progen-
esis QI proteomics software (version 3.0, Nonlinear
Dynamics) for label-free peptide quantification and
analyzed as described previously [168–170]. Total
ion current (TIC) were used to normalize control
versus TGF-β1-treated data sets reflecting the
general difference in ECM deposition per cell line.
On average, the normalization values used were
1.29 ± 0.08, indicating that in total there is only
about 29% more ECM deposition with TGF-β1 and
analyzing the raw abundances yielded similar
results (not shown). Peptide identification was
done with the Mascot search engine (version
2.5.1) in the Swissprot human protein database
(Release 2017_02, 11,329,970 residues, 20,194
sequences). Search parameters usedwere: 10 ppm
peptidemass tolerance and 20 mmu fragment mass
tolerance, one missed cleavage allowed, carba-
midomethylation of cysteine was set as fixed
modification, methionine and proline oxidation and
asparagine or glutamine deamidation were allowed
as variable modifications. A Mascot-integrated
decoy database search calculated a false discovery
rate of 0.47% when the search was performed using
Mascot percolator score and a significance thresh-
old of 0.05. Peptide assignments were reimported
into the Progenesis QI software, and the abun-
dances of all unique peptides allocated to each
protein were summed up. Resulting normalized
protein abundances were used for calculation of
fold-changes and a repeated-measures ANOVA.

3.9. Protein classification

Protein classification was done with Matrisome
annotator for ECM proteins [171] and with DAVID for
non-ECM proteins [172].

3.10. Stoichiometry calculations

Stoichiometries of collagen chains were calculated
using the iBAQ method by dividing summed normal-
ized intensities per protein per sample by the number
of observable peptides for each protein [173–175].

3.11. Correlation analysis with in vivo lung fibrosis
data sets

Protein abundance ratios and significance values of
the insoluble fractions for the mouse model of
bleomycin-induced lung fibrosis (day 14) were extract-
ed from Schiller et al. [90]. For correlation with human
lung fibrosis, protein abundance values from Schiller et
al. [149] (interstitial lung disease patients vs. healthy
controls) were used for calculation of fold changes and
significancevaluesbyunpaired t-test after imputationof
missing values in Perseus software [176]. Ratios
calculated with imputed values are given in Supple-
mentary Table S3, but the corresponding log2 ratios
were omitted from the correlation analysis to avoid
imputation-based errors.

3.12. Analysis of collagen PTMs

Thermo (.raw) files were independently searched
by MyriMatch algorithm (located at: https://svn.



20
code.sf.net/p/proteowizard/code/trunk/pwiz/
pwiz_tools/Bumbershoot/myrimatch/doc/index.
html) [177] as described previously [21]. Files were
initially searched against a human database (Uni-
prot, 20,232 entries), which also included the
reverse sequences for each protein to compute
the false discovery rate with a maximum of two
missed cleavages with a minimum peptide length of
5 residues and a maximum length of 35 residues.
The search was configured to identify peptides with
fixed carbamidomethylation of cysteine (+57.021)
and variable oxidation of methionine (+15.9949).
Precursor and fragment mass tolerances were set
to 10 and 20 ppm, respectively. The .pepXML files
obtained from each search were imported into
IDPicker (version 3.1) for the parsimonious group-
ing of identified proteins at a 0% protein global FDR
[178]. A subset fasta database was exported from
the identified proteins through IDPicker. The .raw
files were further searched against this subset
FASTA database allowing for a maximum of three
missed cleavages and expanding the search space
with the addition of dynamic modifications (proline
hydroxylation, lysine glycosylation, etc.) up to 10
per peptide. We employed a very unique feature of
MyriMatch, which allows the use of a limited set of
regular expressions to consider dynamic PTMs
linked to primary structure peptide motifs found in
collagens. We have considered ‘Yaa’ to be a 4-HyP
site in the ‘Gly-Xaa-Yaa’ collagenous sequence.
Only in the presence of 4-HyP site in ‘Yaa’ position,
it is likely that prolyl 3-hydroxylation can occur at the
‘Xaa’ position. For lysine hydroxylation and subse-
quent glycosylation ‘Gly-Xaa-K’ motif was consid-
ered. To estimate FDRs, each sequence of the
database was reversed and concatenated to the
database and b1% FDR was considered for PSM,
peptide and protein inferences using IDPicker.
Candidate peptides were required to feature trypsin
cleavages at both ends. Resulting PSMs were
manually inspected, and MS2 spectra were exam-
ined to confirm correct assignment of PTMs. In
addition, known peptides of COL1A1 containing
tissue specific 3-HyP cluster near the c-terminal
were searched using slight changes in the search
strategy by increasing the maximum peptide length
from 35 to 50 and including maximum 15 dynamic
modifications per peptide. Because the length of
tryptic peptides generated in this region were N35
and possibly harbor N10 PTMs, further search
space expansion strategy was undertaken.

3.13. In-house pipeline for relative quantitation
of collagen PTMs

To quantitate the post-translationally modified
peptides from COL1A1 we have plugged in open-
source softwares for proteomics analyses with our
in-house PTM detection workflow. PeptideProphet, a
part of the trans-proteomic tandem pipeline, was
used to assign peptide to spectrum matches (PSM)
and correlating probability scores of post transla-
tionally modified peptides identified with the Myr-
iMatch search algorithm. To do this, initially the
MyriMatch output file extension was renamed from “.
pepXML” to “.pep.XML” for proper compatibility with
the PeptideProphet software. As the MyriMatch
search was performed against a database con-
cocted with reverse decoy sequences, accurate
mass and non-parametric modeling was employed.
The resulting .pep.XML file and converted .mzXML
from Thermo MS .RAW files were used for construc-
tion of the spectral library in Skyline (Daily-64 bit,
4.1.1.18118) with a cut-off score of 0.95 using DDA
with MS1 filtering workflow. Full-scan settings were
configured using the Orbitrap mass analyzer with a
resolving power of 60,000 at 400 m/z including 3
isotope peaks with precursor charge ranging from +2
to +7. Only scans with 1 min of MS/MS ID's were
used for retention time filtering. Maximum of two
missed cleavages were considered in the peptide
settings tab of Skyline before importing the raw MS/
MS data files in .mzXML format (Fig. 7). Tryptic
peptides containing proline or lysine residues, their
unmodified, hydroxylated and/or glycosylated forms
were identified by IDPicker with manual inspection of
the MS/MS spectra. Skyline was used for targeted
extraction of 3-HyP and/or the various forms of
glycosylated hydroxylysine containing peptide spe-
cies. MS1 peak area was computed from Skyline for
different peptide species containing the site of
modification. The relative quantitation (% occupancy
of 3-HyP sites and micro- heterogeneity of glycosyl-
ated lysine sites) were calculated by dividing the total
ion current calculated for each species by the sum of
the ion current of all observed species containing
that particular modified site [179]. Comparison of
different 3-HyP and glycosylated lysine sites occur-
ring in COL1A1 between control and TGF-β1 treated
samples was performed using two-tailed unpaired ‘t’
test by GraphPad Prism 5.
Supplementary data to this article can be found

online at https://doi.org/10.1016/j.mbplus.2019.04.
002.
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