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Abstract
Collagen deposition is a key process during idiopathic pulmonary fibrosis; however, little is
known about the dynamics of collagen formation during disease development. Tissue
samples of early stages of human disease are not readily available and it is difficult to
identify changes in collagen content, since standard collagen analyses do not distinguish
between ‘old’ and ‘new’ collagen. Therefore, the current study aimed to (i) investigate the
dynamics of new collagen formation in mice using bleomycin‐induced lung fibrosis in which
newly synthesized collagen was labelled with deuterated water and (ii) use this information
to identify genes and processes correlated with new collagen formation.
Lung fibrosis was induced in female C57Bl/6 mice by bleomycin instillation. Animals
were sacrificed at 1 to 5 weeks after fibrosis induction. Collagen synthesized during the
week before sacrifice was labelled with deuterium by providing mice with deuterated
drinking water. After sacrifice, we collected lung tissue for microarray analysis,
determination of new collagen formation, and histology. Furthermore, we measured in vitro
the expression of selected genes after transforming growth factor (TGF)β1‐induced
myofibroblast differentiation.
Deuterated water labelling showed a strong increase in new collagen formation
already during the first week after fibrosis induction and a complete return to baseline at
five weeks. Correlation of new collagen formation data with gene expression data allowed
us to create a gene expression signature of fibrosis within the lung and revealed fibrosis‐
specific processes, amongst which proliferation. This was confirmed by measuring cell
proliferation and collagen synthesis simultaneously using deuterated water incorporation
in a separate experiment. Furthermore, new collagen formation strongly correlated with
gene expression of e.g. elastin, Wnt‐1 inducible signalling pathway protein 1, tenascin C,
lysyl oxidase, and type V collagen. Gene expression of these genes was upregulated in vitro
in fibroblasts stimulated with TGFβ1.
Together, these data demonstrate, using a novel combination of technologies, that
the core process of fibrosis, i.e. the formation of new collagen, correlates not only with a
wide range of genes involved in general extracellular matrix production and modification
but also with cell proliferation. The observation that the large majority of the genes which
correlated with new collagen formation also were upregulated during TGFβ1‐induced
myofibroblast differentiation provides further evidence for their involvement in fibrosis.
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Introduction
Idiopathic pulmonary fibrosis (IPF) is a devastating fibrosing lung disease and is
characterized by excessive matrix deposition, destroying both tissue architecture and
function. The incidence of IPF is estimated to be 5 to 10 in 100,000 (Fernandez Perez et al.,
2010); most patients die within 2 to 5 years after diagnosis. This is related to the fact that
IPF is often diagnosed quite late, due to the overcapacity of the lung tissue. Only once
extensive damage to the lung tissue has taken place, symptoms such as shortness of breath
occur leading to diagnosis. Because of this late diagnosis, the aetiology of IPF is largely
unknown and little information is available about the early phases in the development of
lung fibrosis. To gain more insight into these early phases of fibrosis development, research
heavily relies on animal models (Chua et al., 2005).
The most extensively used model to study lung fibrosis uses intratracheal instillation
of bleomycin into the lungs of mice as an inducer (Chua et al., 2005; Moeller et al., 2008).
The proposed mechanism is that bleomycin‐induced generation of reactive oxygen species
results in extensive epithelial necropsy. This damage induces an inflammatory response
with a peak around one week after bleomycin instillation, followed by a phase in which
extensive fibrotic remodelling occurs (Chaudhary et al., 2006; Moeller et al., 2008). To
elucidate which genes and processes are involved in the development of fibrosis, microarray
analyses have been used (Hannivoort et al., 2012; Kaminski et al., 2000). These type of
studies have shown that during the development of bleomycin‐induced lung fibrosis, many
changes in gene expression patterns occur. However, as with all animal models, it is difficult
to distinguish which processes are important for fibrosis development in general and which
represent model‐specific changes. Therefore, the challenge is how to identify the fibrosis‐
specific pathways from the total changes in gene expression.
Collagen deposition is the hallmark of fibrosis. In the bleomycin model total collagen
content of the lung, measured by the amount of hydroxyproline (Hyp), is a standard
outcome parameter used to evaluate fibrosis (Chua et al., 2005). However, this parameter
is sometimes less than optimal since healthy lung already contains substantial amounts of
collagen, making it difficult to identify subtle but important changes in collagen deposition
early in the process of fibrosis. Therefore, in the current study we focused on the formation
of newly synthesized collagen during the 7 days prior to sacrifice by deuterated water
labelling. The deuterated water is incorporated into all proteins produced during this period
and after sacrifice the amount of labelled hydroxyproline is a parameter of newly deposited
collagen (Gardner et al., 2007).
Many processes have been described to be upregulated during experimental lung
fibrosis, such as activation of macrophages and neutrophils (Moeller et al., 2008),
inflammatory cytokine production (Moeller et al., 2008), transforming growth factor
(TGF)β‐signalling (Degryse et al., 2011), and epithelial‐to‐mesenchymal transition (Tanjore
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et al., 2009). The contribution of these processes is to the fibrotic process occurring in the
lung is still unclear. Therefore, we aimed in this study to identify which genes and processes
specifically relate to the collagen deposition during bleomycin‐induced lung fibrosis by
combining new collagen formation with gene expression data at different time points after
bleomycin treatment. Our results indicate a strong correlation of new collagen formation
with processes such as cell proliferation and extracellular matrix production and with
specific genes. We provided further evidence for involvement of these genes in lung fibrosis
by showing increased expression after TGFβ1‐induced myofibroblast differentiation in vitro.
This provides new leads towards the understanding of the aetiology of lung fibrosis.
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Experimental Procedures
Animal procedures
All animal procedures were approved by TNO Animal Welfare Committee (#2738). Female
C57Bl/6J mice (Charles River Laboratories, Germany) 10 to 12 weeks of age received
intratracheal instillation of 30 μl bleomycin (Pharmachemie BV, Haarlem, The Netherlands;
1.25 U/ml in PBS). To label new collagen, at 7 days before sacrifice, the mice received 35 μl
deuterated water (D2O) / gram body weight (i.p.) and normal drinking water was replaced
with 8% deuterated water designed to result in a final body water enrichment of
approximately 5% deuterium in the animal. This low percentage of deuterated water was
used to prevent any interacting effects of the deuterated water on the bleomycin‐induced
lung fibrosis, as observed by Gaeng and colleagues (Gaeng et al., 1995). Water was
refreshed every second day.
Mice were sacrificed by CO2 asphyxiation at 1 (n=8), 2 (n=8), 3 (n=8), 4 (n=6) or 5 (n=7)
weeks after bleomycin treatment. Untreated animals were used as control (t = 0 wk, n=7).
After sacrifice, the left lung lobe was fixed with 10% formalin and processed for histology;
the cranial lung lobe was stored at ‐80°C until determination of D2O incorporation in Hyp
while the caudal lobe was snap‐frozen in liquid nitrogen for microarray analysis.
In a separate set of experiments, mice were sacrificed at 2 weeks after intratracheal
instillation of bleomycin (Sigma Aldrich, St. Louis, MO, USA; 1.5 U/kg) (n=13 and 15) or saline
(n=4 and 5). Data represent two experiments. These mice received deuterated water during
the 14 days before sacrifice. Lung tissue was snap frozen and analysed for cell proliferation
and collagen deposition determination by deuterated water labelling.
Histology
Formalin‐fixed tissues were embedded in paraffin, sectioned in 5 μm sections, and stained
with Masson’s Trichrome staining. Severity of fibrosis was determined using a modified
Ashcroft score (Hübner et al., 2008).
Kinetic analysis
Deuterated water incorporation into hydroxyproline and DNA were analysed as described
earlier (Gardner et al., 2007; Neese et al., 2002, 2001; Varady et al., 2007).
For hydroxyproline kinetic analysis, tissue was homogenized in normal abundance
water and the homogenate was subjected to two rounds of acetone precipitation at ‐20°C
to obtain the total tissue protein for Hyp assessment. The proteins were hydrolyzed using
HCl, dried under vacuum and suspended in a solution of 50% acetonitrile, 50 mM K2HPO4
and pentafluorobenzyl bromide before incubation. Derivatives were extracted by ethyl
acetate, and the top layer was removed and dried by vacuum centrifugation. In order to
acetylate the hydroxyl moiety of Hyp, samples were incubated with a solution of
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acetonitrile, N‐Methyl‐N[tert‐butyldimethyl‐dilyl]trifluoroacetamide and methylimidizole.
This material was extracted in petroleum ether and dried with Na2SO4. The derivatized Hyp
was analysed by gas chromatography‐mass spectrometry (GC‐MS), performed in the
negative chemical ionization mode. Selected ion monitoring was performed on ions with
mass‐to‐charge ratios (m/z) 425 and 426, which include all of the carbon‐hydrogen bonds
from Hyp.
For cell proliferation kinetics, DNA was isolated from lung tissue using the DNeasy kit
(Qiagen, Valencia, CA). Purified DNA was hydrolyzed to free deoxyribonucleosides and the
deoxyribose moiety of purine deoxyribonucleosides derivatized to pentane tetra‐acetate
for analysis by GC‐MS, as described elsewhere (Neese et al., 2002, 2001; Varady et al.,
2007).
2
H2O enrichment in plasma was determined using a previously described method
(Previs et al., 1996). Briefly, body water was evaporated from plasma by overnight
incubation at 80˚C. Samples were then mixed in 10M NaOH and acetone followed by a
second overnight incubation. This material was extracted in hexane and dried with Na2SO4
prior to GC‐MS analysis.Gas chromatography was performed utilizing a DB‐17 GC column.
Mass spectrometry was performed in NCI mode with helium as the carrier gas, and m/z
ratios 435‐436, corresponding to the M0 and M1 mass isotopomers of pentane tetra‐
acetate, were analyzed by SIM.
Incorporation of 2H into Hyp or DNA was calculated as the molar fraction of molecules
with one excess mass unit above the natural abundance fraction (EM1). Fractional turnover
was calculated as the ratio of the measured EM1 to the asymptotic value of EM1,
representing the maximal EM1 in a population of fully turned‐over cells or proteins possible
at the water enrichment present.
Microarray analysis
Total RNA was isolated by homogenization of lung specimens in Trizol, followed by a DNAse
treatment (Qiagen, Hilden, Germany) and use of the RNeasy Mini Kit for RNA extraction
(Qiagen). RNA quality control was performed with Agilent Bioanalyser (Agilent
Technologies, Santa Clara, CA, USA). The Illumina TotalPrep RNA Amplification Kit (Ambion,
Huntington, UK) was used to synthesize biotin labeled cRNA starting with 500 ng total RNA.
Aliquots of each sample were hybridized to an Illumina MouseRef‐8 V2 expression bead‐
chip (Illumina Inc., San Diego CA, USA).
Gene expression data were extracted using BeadStudio. Background subtracted data
were submitted to quantile normalization in GeneSpring and were log2 transformed. Next
a filter was applied to remove genes that were not detected (retaining genes with p value >
0.99 in at least 4 samples), resulting in a filtered set of 13481 probes for further analysis. All
remaining values below 2.32 (5 on non‐log scale) were floored to 2.32. Gene expression
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changes were calculated as 2log ratios compared to mean expression in control mice (t = 0
week).
Gene expression data were analyzed by Tox‐profiler software version December 2009
(Boorsma et al., 2005), a tool that uses the t‐test to score changes in the average activity of
predefined groups of genes. The gene groups are defined based on GO categorization.
MetaCore
version
6.9
(GeneGo/Thomson
Reuters,
USA;
http://www.genego.com/metacore.php) was used for pathway analysis.
The data discussed in this chapter have been deposited in NCBI's Gene Expression
Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number
GSE37635 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE37635).
Table 1: Gene product, Gene, GenBank ID, and Assay‐on‐DemandTM used in this study.
Gene product

Gene

GenBank ID

Assay‐on‐DemandTM

α‐smooth muscle actin
α1 chain type I collagen
α1 chain type V collagen
baculoviral IAP repeat containing 5
cyclin B1
cytidine 5'‐triphosphate synthase
elastin
lipoma HMGIC fusion partner‐like 2
lysyl oxidase
matrix metallopeptidase 14
regulator of calcineurin 1
tenascin C
thrombospondin 2
Wnt‐1 inducible signaling pathway protein

ACTA2
COL1A1
COL5A1
BIRC5
CCNB1
CTPS
ELN
LHFPL2
LOX
MMP14
RCAN1
TNC
THBS2
WISP1

NM_001613.2
NM_000088.3
NM_000093.3
NM_001012271.1
NM_031966.3
NM_016748.2
NM_000501.2
NM_005779.2
NM_002317.5
NM_004995.2
NM_004414.5
NM_002160.3
NM_003247.2
NM_003882.3

Hs00426835_g1
Hs01076777_m1
Hs00609088_m1
Hs03043575_m1
Hs01030097_m1
Hs01041858_m1
Hs00355783_m1
Hs00299613_m1
Hs00184700_m1
Hs01037009_g1
Hs01120954_m1
Hs01115665_m1
Hs01568063_m1
Hs00365573_m1

In vitro TGFβ1‐stimulated myofibroblast differentiation.
mRNA expression of genes highly correlated with new collagen formation was measured
after TGFβ1‐stimulated myofibroblast differentiation. In short, normal human lung
fibroblasts (NHLF) were obtained from Lonza Walkersville, Inc. (Walkersville, MD, USA) and
cultured in Dulbecco's minimal essential medium (D‐MEM; Invitrogen, Paisley, UK)
supplemented with 10% fetal clone serum (FCS; HyClone, South Logan, UT, USA) and 1%
antibiotic‐antimycotic solution (100 U/ml penicillin, 100 µg/ml streptomycin, and 250 ng/ml
amphotericin B (PSA), Sigma‐Aldrich, St. Louis, MO, USA) in an incubator set at 37 °C, 95%
humidity, and 5% CO2. Cells from passage 6 were seeded in D‐MEM with 10% FCS and 1%
PSA at a density of 50,000 cells/cm2 in a 24 wells plate. After allowing the cells to attach for
24 h, medium was replaced by D‐MEM with 1% FCS and 1% PSA and 24 h later myofibroblast
differentiation was induced by replacing the medium with D‐MEM supplemented with 1%
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FCS and 1% PSA containing 0 to 20 ng/ml recombinant human TGFβ1 (PeproTech EC,
London, UK). Fibroblasts were cultured for 24 or 48 h in the presence or absence of TGFβ1
and mRNA samples were collected. mRNA was isolated using an RNeasy Mini Kit for RNA
extraction (Qiagen, Hilden, Germany). The mRNA concentration was measured using a
Nanodrop spectrophotometer (NanoDrop Technologies; Thermo‐Fischer Scientific,
Wilmington, DE, USA). mRNA was reverse‐transcribed to complementary DNA (cDNA) using
a High Capacity RNA‐to‐cDNA Kit (Applied Biosystems, Foster City, CA, USA). mRNA
expression of ACTA2, COL1A1, ELN, WISP1, RCAN1, LHFPL2, TNC, MMP14, CTPS, LOX,
THBS2, COL5A1, BIRC5, and CCNB1 and the housekeeping gene GAPDH was analyzed by
Real‐Time PCR performed on a 7500 Fast Real‐Time PCR system (Applied Biosystems).
GAPDH mRNA expression was determined using TaqMan® Rodent GAPDH Control Reagents
(Applied Biosystems). All other genes were analyzed using unique TaqMan® Assays‐on‐
DemandTM Gene Expression kits (Table 1; Applied Biosystems) specific for human.
Statistics
Statistical analyses were performed using SPSS (version 20, IBM Corporation, Armonk, NY,
USA). Differences between animal groups were evaluated using one‐way ANOVA with
Dunnett’s multiple comparisons test as a posthoc test to determine which groups were
significant from the control group. Differences in gene expression in the in vitro studies were
evaluated using two‐way ANOVA with Bonferroni‐adjusted t‐tests as posthoc test to
determine the effect of TGFβ1.
Using Microsoft Office Excel (2007, Microsoft Corporation, Redmond, WA, USA)
Pearson’s correlation coefficient was calculated over all data points of all time points to
correlate new collagen formation to single gene data, to scores for GO gene groups, and, in
a separate experiment, to cell proliferation as measured by deuterated water incorporation
in DNA.
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Results
Fibrosis induction
Light microscopic analysis and the use of the modified Ashcroft fibrosis score (Figure 1)
showed that fibrosis was strongly induced between week 0 and week 1, and remained high
for at least 5 weeks after fibrosis induction by bleomycin.

Figure 1: Fibrosis induction in mice treated with bleomycin.
Histological fibrosis score was determined from Masson’s trichrome stained paraffin sections
collected at 1 (n = 8), 2 (n = 8), 3 (n = 8), 4 (n = 6), and 5 (n = 7) weeks after intratracheal bleomycin
instillation or from untreated animals at time point 0 (n = 7) as control. Results are given as mean ±
SEM. *** p < 0.001.

New collagen formation
New collagen, determined as incorporation of deuterated water in Hyp, was significantly
increased (9.3%, p < 0.001) one week after bleomycin administration in comparison to the
level in control mice (1.1%) (Figure 2). The maximal formation of collagen was found two
weeks after the bleomycin administration, when 10.1% (p < 0.001) of the collagen contained
labelled Hyp. After this period the collagen deposition decreased steadily, leading
eventually to 2.4% new collagen five weeks after bleomycin exposure, which is similar to
control non‐bleomycin treated mice (t=0). These data indicate that new collagen is mainly
formed within the first weeks after bleomycin exposure.
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Figure 2: Kinetics of new collagen formation during bleomycin‐induced lung fibrosis in mice.
Percentage of Hyp containing deuterated water as a measure of collagen deposited in the last 7 days
before sacrifice at 1 (n = 8), 2 (n = 8), 3 (n = 8), 4 (n = 6), and 5 (n = 7) weeks after intratracheal
bleomycin instillation or from untreated animals at time point 0 (n = 7) as control. Results are given
as mean ± SEM. ** p < 0.01, *** p < 0.001.

Correlation between new collagen formation and gene expression
To study which processes are involved in collagen deposition in bleomycin‐induced lung
fibrosis, we correlated gene expression data from microarray analysis with the level of
newly synthesized collagen in the individual animals. The genes that are most highly
positively or negatively correlated with the deposition of collagen are shown in Table 2 and
Table 3.
Extracellular matrix‐related proteins were well represented in the group of genes
highly positively correlated with collagen deposition. In this group there are extracellular
matrix proteins such as elastin (r = 0.88), tenascin C (r = 0.85), and type V collagen (r = 0.81),
but also proteins related to the collagen deposition machinery, such as thrombospondin 2
(r = 0.83), playing a role in fibril formation and lysyl oxidase (r = 0.84), important for the
crosslinking of collagen. Furthermore, the collagen degrading enzyme MMP14 (r = 0.84) was
positively correlated with collagen deposition.
Besides genes clearly related to extracellular matrix remodelling, collagen deposition
also highly correlated with some genes not thought to be directly involved in extracellular
matrix remodelling (Table 2), such as Wisp1. In the group of genes which showed a high
negative correlation to collagen deposition, four genes encoding for ion channels were
found: Slc7a4, Atp6v1c2, Atp2a2, and Atp2a3.
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Table 2: Genes strongly positively correlated with new collagen formation.
Probe ID

Gene Symbol

Entrez Gene ID

Correlation to
collagen deposition

6960079
Eln
13717
0.88
130239
Wisp1
22402
0.85
3440615
Rcan1
54720
0.85
6200397
Lhfpl2
218454
0.85
270324
Tnc
21923
0.85
3520066
Mmp14
17387
0.84
3140220
Ctps
51797
0.84
5420333
Tnc
21923
0.84
1410543
Lox
16948
0.84
6180678
Gusb
110006
0.83
2450347
Serpina3n
20716
0.83
6180168
Thbs2
21826
0.83
7050538
Ccl9
20308
0.82
780475
Prc1
233406
0.82
3710403
P2ry6
233571
0.82
5550201
Kdelr3
105785
0.82
580332
C1qb
12260
0.81
4150386
Col5a1
12831
0.81
150019
Litaf
56722
0.81
5810538
Ccdc80
67896
0.81
1470553
Cpxm1
56264
0.81
3710170
C1qc
12262
0.81
3830678
Fcgr3
14131
0.81
1240446
Birc5
11799
0.81
7550156
Ccnb1
268697
0.81
7200519
Cenpa
12615
0.80
50609
Hn1l
52009
0.80
6560341
Cd68
12514
0.80
Expression data of the set of expressed probes (resulting from microarray analysis) were mouse‐per‐
mouse correlated with new collagen formation, using Pearson’s correlation coefficient. Genes with a
correlation >= 0.80 are shown.
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Table 3: Genes strongly negatively correlated with new collagen formation.
Probe ID

Gene Symbol

Entrez Gene ID

Correlation to
collagen deposition

3780193
Gsta3
14859
‐0.85
2480730
Snhg11
319317
‐0.84
3190646
Aox3
71724
‐0.84
1470154
Mb
17189
‐0.84
3520328
Glb1l2
244757
‐0.84
2490672
Cbr2
12409
‐0.83
940538
Slc7a4
224022
‐0.83
830598
Cbx7
52609
‐0.83
510093
Sfxn4
94281
‐0.83
6940762
Atp6v1c2
68775
‐0.82
770349
Atp2a2
11938
‐0.82
4890112
Tppp3
67971
‐0.81
7100731
Scgb3a2
117158
‐0.81
60288
Atp2a3
53313
‐0.81
1820286
Fmo3
14262
‐0.81
430427
Ckmt2
76722
‐0.80
6060086
Phactr1
218194
‐0.80
6040689
Cyp2f2
13107
‐0.80
Expression data of the set of expressed probes (resulting from microarray analysis) were mouse‐per‐
mouse correlated with new collagen formation, using Pearson’s correlation coefficient. Genes with a
correlation <= ‐0.80 are shown.

Gene expression of correlated genes after in vitro TGFβ1‐induced myofibroblast
differentiation.
Differentiation of normal human lung fibroblasts (NHLFs) to myofibroblasts by TGFβ1‐
stimulation increased gene expression of the established fibrosis markers α‐smooth muscle
actin (αSMA; ACTA2, Figure 3A) and type I collagen (COL1A1, Figure 3B) after 24 and 48 h.
Of the genes positively correlated with new collagen formation in bleomycin‐induced lung
fibrosis (Table 1), mRNA expression was upregulated by TGFβ1‐stimulation in the case of
elastin (ELN, Figure 3C), Wnt‐1 inducible signalling pathway protein 1 (WISP1, Figure 3D),
tenascin C (TNC, Figure 3G), cytidine 5'‐triphosphate synthase (CTPS, Figure 3I), lysyl oxidase
(LOX, Figure 3J), thrombospondin 2 (THBS2, Figure 3K), type V collagen (COL5A1, Figure 3L),
baculoviral IAP repeat containing 5 (BIRC5, Figure 3M), and cyclin B1 (CCNB1, Figure 3N).
mRNA expression of lipoma HMGIC fusion partner‐like 2 (LHFPL2, Figure 3F) and matrix
metallopeptidase 14 (MMP14, Figure 3H) was not regulated by TGFβ1 in NHLFs. For the
regulator of calcineurin 1 (RCAN1) a significant interaction effect was found, indicating that
the time influences the response of NHLFs to TGFβ1 as clearly visible in Figure 3E.
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Figure 3: Genes correlated with new collagen formation are also upregulated in TGFβ1‐stimulated
human lung fibroblasts.
Normal human lung fibroblasts were stimulated with 0 or 10 ng/ml TGFβ1 for 24 or 48 h. Results are
normalized for 0 ng/ml TGFβ1 at 24 h and given as mean ± SD (n = 3 for control, n = 6 for TGFβ1
stimulated cells). * p < 0.05, ** p < 0.01, *** p < 0.001, # significant interaction effect for time and
TGFβ1 stimulation (p = 0.0005).
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Functional grouping of genes
Pathway enrichment analysis was performed to determine which pathways are
overrepresented in the group of genes that are highly correlated with collagen deposition,
using the Metacore pathway analysis tool. As input, we selected genes with a correlation
coefficient higher than |0.75|, resulting in 142 positively and 68 negatively correlated
genes. As expected, the pathway that was most represented in this group of genes was ‘Cell
adhesion ‐ ECM remodelling’ (Table 4). In addition, ‘Cell Cycle’ processes were prominently
represented, which could indicate that cell proliferation is an important process
contributing to collagen deposition during fibrosis development.
Table 4: Metacore pathways highly represented in genes correlated with new collagen formation.
Top Metacore pathways with correlated genes
Cell adhesion ‐ ECM remodeling
Cell cycle ‐ The metaphase checkpoint
Cell cycle ‐ Role of Nek in cell cycle regulation
Cell cycle ‐ Role of APC in cell cycle regulation
Transport ‐ Clathrin‐coated vesicle cycle
Reproduction ‐ Progesterone‐mediated oocyte maturation
Immune response ‐ Oncostatin M signaling via JAK‐Stat in mouse cells
wtCFTR and delta508 traffic / Clathrin coated vesicles formation (norm and CF)
Immune response ‐ Oncostatin M signaling via JAK‐Stat in human cells
Cell adhesion ‐ Integrin‐mediated cell adhesion and migration
Cytoskeleton remodeling ‐ Regulation of actin cytoskeleton by Rho GTPases
Cell cycle ‐ Initiation of mitosis
Cell cycle ‐ Transition and termination of DNA replication
Cell cycle ‐ Role of SCF complex in cell cycle regulation
Cytoskeleton remodeling ‐ Cytoskeleton remodeling
Genes with a correlation coefficient higher than |0.75| were used as input for Metacore analysis.
ECM, extracellular matrix

Analysis with the Tox‐profiler software results in enrichment scores for GO gene groups for
individual mice. This allowed us to correlate gene group enrichment values to collagen
deposition as well, resulting in the list of gene groups depicted in Table 5. Of the 18 gene
groups with the highest Pearson’s correlation coefficients (> 0.7), 12 were related to cell
division, further suggesting a role for cell proliferation in collagen deposition in fibrosis.
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Table 5: Gene Ontology (GO) Gene sets strongly positively correlated with new collagen formation.
GO gene set

Correlation to
collagen deposition

cell division
0.77
extracellular matrix structural constituent
0.77
positive regulation of endocytosis
0.76
positive regulation of phagocytosis
0.76
cell cycle process
0.75
cell cycle
0.75
spindle
0.75
chromosome, pericentric region
0.74
regulation of endocytosis
0.74
heparin binding
0.72
mitosis
0.72
M phase
0.72
M phase of mitotic cell cycle
0.72
mitotic cell cycle
0.72
cell cycle phase
0.72
DNA replication initiation
0.71
chromosomal part
0.71
protease inhibitor activity
0.70
Enrichment scores for GO gene sets were calculated for each mouse using Tox‐profiler software and
values were correlated with new collagen formation.

Correlation between new collagen formation and cell proliferation
To validate the relationship between collagen deposition and cell division, we determined
the hypothesized combined presence of cell proliferation and collagen deposition using the
deuterated water in a separate experiment. In this experiment deuterated water
incorporation into collagen and deoxyribose was determined at the two week time point
after bleomycin induction to analyse collagen deposition as well as newly synthesized DNA,
as a measure for cell proliferation. New collagen formation and cell proliferation measured
in the same lung sample showed a significant correlation (r = 0.93, p < 0.001, Figure 4).
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Figure 4: New collagen formation is correlated with cell proliferation, measured by deuterated
water incorporation into DNA.
Mice received deuterated water for a period of two weeks before sacrifice and were sacrificed two
weeks after bleomycin‐instillation (closed squares) or PBS‐instillation as control (open squares).
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Discussion
The aims of this study were to investigate the dynamics of collagen formation during
bleomycin‐induced lung fibrosis and identify genes and processes correlated with core
process of fibrosis: new collagen formation. To distinguish between newly formed collagen
and collagen already present before the induction of experimental lung fibrosis, newly
formed collagen was labelled using deuterated water. Correlation of new collagen
formation data with gene expression revealed fibrosis‐specific genes and processes.
New collagen formation analysis showed that collagen deposition had already strongly
increased during the first week after bleomycin induction and decreased after three weeks
to return to baseline levels after five weeks. The decrease in new collagen formation at the
later time‐points illustrates the transient nature of lung fibrosis induced by a single dose of
bleomycin (Chua et al., 2005; Moeller et al., 2008). In a number of studies, it has been
suggested that the main fibrotic phase during bleomycin‐induced fibrosis only starts after
the inflammatory phase in week 1 (Chaudhary et al., 2006; Moeller et al., 2008). Our data
suggests that collagen deposition starts earlier than reported before and that collagen
deposition and lung inflammation both occur during the early phase of bleomycin‐induced
lung fibrosis.
In response to bleomycin instillation into the lungs of mice, expression of a number of
genes has been described to change (Brass et al., 2008; Kaminski et al., 2000). We could
confirm the upregulation of osteopontin, tropoelastin, tenascin C, and heme‐oxygenase,
the four genes highest upregulated in the study of Kaminski and colleagues (Kaminski et al.,
2000). However, a problem potentially encountered when using experimental models to
elucidate disease‐specific pathways is that it is difficult to differentiate between disease‐
specific pathways and model‐specific pathways. For example, in our dataset an upregulation
of genes related to apoptosis was found in week 1 (data not shown). This probably is the
result of the reactive oxygen species produced by bleomycin. Although the resulting tissue
damage strongly contributes to the development of fibrosis in this model, this does not
necessarily mean that apoptosis is an important aspect of human lung fibrosis. To elucidate
which processes are specifically related to the fibrotic process we measured both deposition
of newly synthesized collagen and gene expression in each mouse in our study and
correlated these parameters to obtain a gene expression signature of fibrosis within the
lung: a list of genes and functional gene groups related to new collagen formation.
One interesting observation was the correlation between collagen deposition and cell
proliferation‐related gene groups in both our Metacore analysis and in the Gene Ontology
(GO) Gene sets analysis performed using the Tox‐profiler software. This was also
demonstrated independently by the observation that cell proliferation and collagen
synthesis, as measured by deuterated water incorporation, were significantly correlated.
This suggests that cell proliferation is related to collagen deposition during bleomycin‐
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induced lung fibrosis in mice. Whether this is also the case in patients with IPF is unknown
and has to be clarified. So far, only a few studies are published on this topic. It has been
hypothesized that cellularity is an important predictor for prognosis of patients with IPF
(Fulmer et al., 1979). Selman and colleagues (Zuo et al., 2002) compared microarray results
from patients with IPF to those of patients suffering from hypersensitivity pneumonitis.
Genes that were higher upregulated in IPF than in hypersensitivity pneumonitis could be
categorized as involved in development, extracellular structure and turnover, and,
interestingly, also cellular growth and differentiation, indicating that in the later phase of
fibrosis cellular growth is important in IPF. However, to what extent increased cell
proliferation is important in end stage human disease is unclear, since cellularity of lung
biopsies was found not to be predictive for survival of IPF patients (King Jr. et al., 2001).
In addition to functional gene groups, we also correlated expression of single genes to
collagen deposition. The gene most highly correlated with collagen deposition was elastin.
Upregulation of elastin has been shown in a different model for lung fibrosis using butylated
hydroxytoluene with 70% oxygen (Hoff et al., 1999). Furthermore, morphometric analysis
of elastin fibres in histological samples have also shown an increase of elastin in human IPF
patients (Cha et al., 2010), but to our knowledge our study is the first to show a clear
correlation between collagen deposition and elastin gene expression.
The correlation between type I collagen gene expression and collagen protein
deposition (r = 0.62) was not as high as for elastin. This might be related to the strong
dependence of the actual amount of collagen formation on the many post‐translational
modifications involved in collagen synthesis, including presence and activity of chaperone
proteins like hsp47, collagen modification enzymes, such as prolyl hydroxylases and lysyl
hydroxylases, and enzymes involved in collagen modification like lysyl oxidases.
Interestingly, several of these genes highly correlate with new collagen formation. For
example, thrombospondin 2, playing a role in fibril formation, and lysyl oxidase, important
for the crosslinking of collagen were highly correlated.
In addition to elastin, other extracellular matrix proteins correlating to new collagen
formation were tenascin C and type V collagen. Furthermore, other genes, not directly
related to collagen deposition, could be identified (see Table 1). One example is the Wisp1
gene, encoding for ‘Wnt‐1 inducible signalling pathway protein 1’. Wisp1 is upregulated in
IPF (Konigshoff et al., 2009) and systemic sclerosis (Lemaire et al., 2010), while neutralizing
antibodies for Wisp1 reduced bleomycin‐induced lung fibrosis (Konigshoff et al., 2009).
Furthermore, Wnt signalling is upregulated in systemic scleroderma patients (Lemaire et al.,
2010; Wei et al., 2012), wound healing (Cheon et al., 2002) and aging‐associated muscle
fibrosis (Brack et al., 2007). More recently, expression of survivin, encoded by ‘Birc5’, was
shown to be upregulated in IPF fibroblasts, compared to lung fibroblasts from healthy
controls (Sisson et al., 2012). These authors also report increased survivin expression in
response to TGFβ1 stimulation. Also one of the genes negatively correlated with collagen
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deposition, Scgb3a2, has been described recently to have a role in pulmonary fibrosis
(Kurotani et al., 2011). This gene encodes for member 2 of family 3A of the secretoglobins,
and was related to a suppression of TGFβ‐signalling resulting in less fibrosis in response to
bleomycin. These three examples of genes described to be related to bleomycin‐induced
fibrosis, indicate that with our approach of correlating gene expression to collagen
deposition it is possible to identify these fibrosis‐relevant genes. This implies that the genes
highly correlated with collagen deposition in our model are interesting targets for
mechanistic understanding and therapeutic possibilities for pulmonary fibrosis.
Among the negatively correlated genes, four genes encoding for ion channels were
present. Since ion channels are relatively abundant in epithelial cells, this suggests that
epithelial cell damage, resulting in a reduction of ion channel gene expression, is related to
fibrosis‐related new collagen formation. This confirms that epithelial cell damage is
important in fibrosis, as has been proposed in the literature (Selman and Pardo, 2002).
In our microarray we analyzed gene expression from total lung lysates. As a result, we
do not know which cell type is responsible for upregulation of a specific gene during
bleomycin‐induced lung fibrosis. Therefore, we investigated a possible role for lung
fibroblasts in the increased gene expression in vitro in human lung fibroblasts. We simulated
the fibrotic environment of fibroblasts by addition of TGFβ1. Of the 12 genes that were
positively correlated with new collagen formation in bleomycin‐induced lung fibrosis and
were analyzed in this model, 9 were upregulated by TGFβ1. Thus, lung fibroblasts under
fibrotic conditions express higher levels of these genes, which confirms a possible role for
fibroblasts in the upregulation of these genes in the in vivo model. Furthermore, the fact
that in the in vitro experiments human fibroblasts increased expression of these genes,
indicates that our results from the in vivo mouse model are relevant for human pulmonary
fibrosis.
In conclusion, our data indicate that determining collagen deposition by labelling with
deuterated water gives more detailed information about collagen deposition in a defined
time period during the development of lung fibrosis. We constructed a gene expression
signature of fibrosis within the lung and identified genes and pathways related to collagen
deposition during bleomycin‐induced lung fibrosis by combining new collagen formation
data with gene expression data. These data demonstrate that the core process of fibrosis,
i.e. the formation of new collagen, correlates not only with a wide range of genes involved
in general extracellular matrix production and modification but also with cell proliferation.
In addition, we identified other genes not directly involved in extracellular matrix
production that strongly correlated with new collagen formation. Upregulation after in vitro
TGFβ1‐induced myofibroblast differentiation provided further evidence for the involvement
of these correlating genes in the process of lung fibrosis, possibly leading us to future
therapeutic options for this devastating lung disease.
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