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Abstract

Idiopathic pulmonary fibrosis (IPF) is a progressive lung disease with a life expectancy of less
than 5 years post diagnosis for most patients. Poor molecular characterization of IPF has led to
insufficient understanding of the pathogenesis of the disease, resulting in lack of effective
therapies. In this study, we have integrated a label-free LC-MS based approach with systems
biology to identify signaling pathways and regulatory nodes within protein interaction networks
that govern phenotypic changes that may lead to IPF. Ingenuity Pathway Analysis of proteins
modulated in response to bleomycin treatment identified PI3K/Akt and Wnt signaling as the most
significant profibrotic pathways. Similar analysis of proteins modulated in response to vascular
endothelial growth factor (VEGF) inhibitor (CBO-P11) treatment identified natural killer cell
signaling and PTEN signaling as the most significant antifibrotic pathways. Mechanistic/
mammalian target of rapamycin (mTOR) and extracellular signal-regulated kinase (ERK) were
identified to be key mediators of pro- and antifibrotic response, where bleomycin (BLM)
treatment resulted in increased expression and VEGF inhibitor treatment attenuated expression of
MTOR and ERK. Using a BLM mouse model of pulmonary fibrosis and VEGF inhibitor CBO-
P11 as a therapeutic measure, we identified a comprehensive set of signaling pathways and
proteins that contribute to the pathogenesis of pulmonary fibrosis that can be targeted for therapy
against this fatal disease.
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1 Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive and invariably fatal disease of unknown
etiology that is limited to the lung. The disease carries a very poor prognosis, with most
patients dying within 5 years of diagnosis [1-3]. One of the factors contributing to the
challenges with treatment of IPF is its poor molecular characterization. Very few molecular
targets that directly contribute to the pathogenesis of the disease have been identified, and
there are no approved therapies for IPF [4—-6]. There is therefore a compelling need to
generate novel hypotheses that can be critical to the development of effective diagnostic and
therapeutic modalities for treatment of IPF. Delineating IPF-specific signaling pathways
using an unbiased global perspective will offer a higher probability of identifying
meaningful therapeutic targets, and provide a much deeper understanding of IPF
pathogenesis [7].

Although the application of high-throughput comparative proteomics, a robust yet sensitive
technique to study disease pathogenesis and biomarker discovery has been successfully
applied in cancer research, it has found strikingly limited utility in IPF research [8-13].
Given that all proteins interact with each other to form networks of signal transduction
pathways, analyzing high-throughput differential protein expression collectively using
systems biology tools is a more robust way of interpreting proteomic data. Such
methodology allows not only for the delineation of groups of differentially expressed
proteins that direct overall phenotypic change, but also for identification of highly connected
central nodes within these protein groups that dictate modulation of the identified groups of
key deregulated protein networks [14-16].

The purpose of this study was to use an untargeted protein based approach to gather an
unbiased and nonintuitive view of the important regulatory pathways that dictate bleomycin
(BLM) induced pulmonary fibrosis. The BLM mouse model for pulmonary fibrosis is well
characterized and widely used for understanding the pathogenesis of IPF [17]. Typical
features of human IPF including intra-alveolar buds, incorporation of collagen, and invasion
of alveolar space are recapitulated in the BLM mouse model [18]. Vascular endothelial
growth factor (VEGF), a proinflammatory cytokine and an important regulator of
angiogenesis has been shown to play an important role in lung injury and fibrosis [19].
Although inhibition of angiogenesis has been shown to attenuate fibrosis, the key VEGF-
related protein networks that mediate pulmonary fibrosis have not yet been elucidated [20].
We therefore used the VEGF inhibitor CBO-P11 as a therapeutic measure within our high-
throughput proteomic approach to delineate important angiogenesis-related pathways and
proteins in our BLM mouse model.

In this study, we provide evidence for a set of novel signal transduction pathways and
proteins that are deregulated in the pulmonary tissue of mice challenged with BLM. From a
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therapeutic perspective, we report several signaling pathways and molecules altered as a
result of intervention using CBO-P11, which may provide attractive targets for the treatment
of pulmonary fibrosis.

2 Materials and methods

2.1 Cell culture

The human lung fibroblast CRL-1490 cell line was obtained from ATCC. The cells were
maintained in Eagle's minimum essential medium (MEM) supplemented with 10% FBS, 100
U/mL penicillin, and 100 pug/mL streptomycin. They were cultured at 37°C in 5% CO»
incubator. The cells were passaged at preconfluent densities using a solution containing
0.05% trypsin and 0.5 mM EDTA.

2.2 Animal maintenance and study design

For the animal studies, 6- to 8-week old C57BL/6 mice were used (Jackson Laboratories,
Bar Harbor, ME). Mice were housed in a barrier facility with specific pathogen-free
conditions, and all experiments were performed using protocols approved by the Old
Dominion University (ODU) animal facility. Briefly, Mice were divided into groups of five
animals for each treatment group and anesthetized with isoflurane. BLM sulfate (1 U/kg
body weight (BW)) or equal volumes of saline as control was administered intranasally. In a
separate set, one group of BLM-treated mice was cotreated every other day by
intraperitoneal injection of VEGF inhibitor CBO-P11 (0.3 mg/kg BW), starting at day 0 and
continued until the mice were euthanized. All mice were euthanized at day 28, and the lungs
were perfused with 5 mL of cold saline through the left ventricle and surgically removed.
The left lungs were used to evaluate the fibrotic score by histological examination, and the
right lungs were homogenized to analyze protein expression levels.

2.3 Immunohistochemistry

Mice were euthanized and the left lung was fixed in 10% formalin overnight and embedded
in paraffin. Paraffin sections (3 um thick) were stained with H&E. The pathological grade of
fibrosis was evaluated under 4x magnification. Histological assessment of the extent and
severity of pulmonary fibrosis was independently determined by one pathologist and two
researchers in a blind study using the Ashcroft method [21] on sections of the left lung
stained with H&E.

2.4 Collagen detection assay

Soluble collagen levels were quantified by Sircol® Assay (Biocolor Ltd., Belfast, UK) as per
manufacturer's protocol. Briefly, mice lung homogenates were mixed with 1 mL Sircol dye
for 30 min then centrifuged to pellet collagen. The pellet was washed and resuspended in
alkyne solution and the absorption was measured at 550 nm (Synergy HI Hybrid Reader,
BioTek).

2.5 Protein extraction for label-free protein quantification

For mass spectrometric analysis, the tissue samples were recovered from cryopreservation,
weighed and placed in impact-resistant tubes containing 6.5 mm garnet and ceramic sphere
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matrix (MP Biomedical, Santa Ana, CA) with 1 mL of 8 M urea, 300 mM Tris-HCL, 10
mM DTT (pH8.5) per 100 mg tissue sample. The sample was subjected to mechanical
disruption in a FastPrep-24 instrument (MP Biomedical) for 20 s at a speed of 4 m/s twice,
the slurry was then centrifuged at 10 000 g for 10 min at 4°C and the supernatant transferred
to a new microcentrifuge tube. The protein concentration of the supernatant was determined
using a DTT compatible BCA assay (Thermo Fisher Scientific, San Jose, CA) and 100 pg of
extracted protein sample was run on a NUPAGE reducing gel (4-12% Bis-Tris Gel; Life
Technologies, Carlsbad, CA) with NuPAGE MOPS SDS 1 x buffer run at 200 V for about
10 min. After the protein band had migrated 3-5 mm, the gel was stained with Page Blue
(Bio-Rad, Hercules, CA) and the entire protein band cut out into 1-2 mm gel plugs. These
gel plugs were destained and washed three times in 50 MM NH4HCO3, 50% acetonitrile,
and 80% acetonitrile. The gel-bound proteins were reduced with 1 mL of 40 mM DTT for
25 min at 56°C. The plugs were rinsed with 1 mL of 50 mM NH4HCO3 buffer and the
reduced proteins alkylated with 1 mL of 50 mM iodoacetamide for 30 min at 25°C in the
dark with constant mixing. lodoacetamide was discarded and the gel bound proteins were
digested with 0.5 mL of trypsin (20 ng/uL; Promega, Madison, WI) in 50 mM NH4HCO3
buffer at 37°C with constant mixing for 12 h. After digestion, the tryptic fraction was
collected by washing the gel plugs with 50 mM NH4HCO3. The eluent containing the tryptic
peptides was dried using a Speed-Vac apparatus (Thermo Fisher Scientific) and stored at
4°C prior to mass spectrometric analysis.

2.6 MS analysis

The dried samples were dissolved with 20 pL of 0.1% formic acid/water, 2 uL of each
sample was then analyzed by LC/ESI-MS/MS on a Q-Exactive (Thermo Fisher Scientific)
mass spectrometer with an Easy NanoL.C-1000 system, using data-dependent acquisition
with dynamic exclusion (DE = 1) settings. The data-dependent acquisition settings used
were a top 12 higher energy collision induced dissociation for the Q-Exactive MS.
Resolving power for Q-Exactive was set at 70 000 for the full MS scan, and 17 500 for the
MS/MS scan at m/z 200. LC/ESI-MS/MS analyses were conducted using a C18 column (75
um x 150 mm). The mobile phases for the reverse phase chromatography were (A) 0.1%
formic acid/water and (B) 0.1% formic acid in acetonitrile. A four-step, linear gradient was
used for the LC separation (column preequilibration with 2% B for 10 min; 2-30% B in the
first 47 min, followed by 80% B in the next 1 min and holding at 80% B for 12 min).

2.7 Protein identification and database searching

A label-free precursor ion detection method (Proteome Discoverer, version 1.3, Thermo
Fisher Scientific) was used with specific retention times on precursors/fragments within 5
ppm mass accuracy. The Sequest algorithm was used to identify peptides from the resulting
MS/MS spectra by searching against the combined mouse protein database (a total of 25 320
sequences) extracted from Swissprot (version 57) using taxonomy “Mus musculus”.
Searching parameters for parent and fragment ion tolerances were set as 15 ppm and 60
mmu for the Q-Exactive MS. Other parameters used were a fixed modification of
carbamidomethylation—Cys, variable modifications of phosphorylation (S, T, Y), and
oxidation (Met). Trypsin was set as the protease with a maximum of two missed cleavages.
Only those proteins that had more than two peptides identified (or >50% of protein covered

Proteomics. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kulkarni et al. Page 5

by a single peptide) were included in the comparative quantitative analysis steps, and
resulted in a correct protein identification probability of p < 0.05. Peptides that have yet to
be definitively linked to a protein were excluded from further analysis.

2.8 Differential protein expression quantification

Three technical replicates for one mouse within each treatment groups (control, BLM, and
combination of VEGF inhibitor with BLM) were analyzed. A protein was classified as being
expressed if it was identified in all three technical replicates from individual mice. The AUC
for the respective deisotoped peptide and charge reduced multiple tryptic peptides was
calculated for each identified protein within technical replicates, which was then used to
calculate the mean AUC value for an expressed protein for each individual mice. In the
event that a protein was not detectable in a particular cohort, an AUC value of 1 was
assigned for that protein. Proteins were classified as being up- or downregulated comparing
the mean AUC for a protein from one treatment group to the mean AUC for the
corresponding protein in other treatment group. The Wilcoxon—-Mann-Whitney test was
used to identify proteins whose expression differed (by at least 1.5-fold) at the 5%
significance level.

2.9 Ingenuity Pathway Analysis

Differentially regulated proteins identified by MS were further analyzed using Ingenuity
Pathway Analysis (IPA; Ingenuity Systems, Mountain View, CA). IPA was used to interpret
the differentially expressed proteins in terms of an interaction network and predominant
canonical pathways [22]. The Ingenuity Pathways Knowledge Base (IKB) is a frequently
updated curated database that consists of interactions between different proteins culled from
scientific literature. IPA uses this database to construct protein interaction clusters that
involve direct and indirect interactions. The networks are displayed graphically as nodes
(proteins) and edges (the biological relationship between the proteins). A protein interaction
network was generated as follows. A dataset containing the up- and downregulated proteins,
called the focus proteins, for a particular comparison was uploaded into the IPA. These
focus proteins were overlaid onto a global molecular network developed from the
information in the IKB. Networks of these focus proteins were then algorithmically
generated by including as many focus proteins as possible and other nonfocus proteins from
the IKB that are needed to generate the network based on connectivity. Canonical pathways
are identified from the IPA library based on their significance to the dataset. The
significance of the association between the dataset and canonical pathway is measured in
two ways: (i) a ratio of the number of proteins in the dataset that map to the pathway divided
by the total number of proteins that exist in the canonical pathway and (ii) a p-value that is
obtained by comparing the number of genes/proteins of interest relative (i.e., focus genes) to
the total number of genes/proteins in all functional/pathway annotations stored in the IKB
(i.e., a right-tailed Fisher's exact test with the Benjamini-Hochberg correction for multiple
hypothesis testing).
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2.10 Immunoblotting

3 Results

Mouse lung homogenates were resolved on a 10% SDS-PAGE and transferred onto a
nitrocellulose membrane. The protein concentration was determined using a bicinchoninic
acid protein assay kit (Pierce Biotechnology, Rockford, IL), and equal amount of protein
was loaded per sample. The membrane was blocked with TBS-T (0.1% Tween-20 in TBS)
containing 5% dry milk, and incubated with primary antibody overnight at 4°C. After three
washes with TBS-T, the membrane was incubated with HRP-conjugated secondary antibody
for 1 h and then washed with TBS-T. Immunoreactive proteins were detected by
chemiluminescence (Supersignal® West Femto, Pierce, Rockford, IL). The following
antibodies were used: rabbit anti-p44/42 mitogen-activated protein kinase (MAPK) (Erk1/2)
antibody, rabbit anti-p-catenin antibody, rabbit anti-mTOR antibody, rabbit antivimentin
antibody, HRP-conjugated anti-rabbit 1gG antibody, HRP-conjugated anti-mouse 1gG
antibody (Cell Signaling Technology, Danvers, MA), and mouse anti-B-actin antibody
(Sigma Chemical Co., St. Louis, MO). Immunoreactive proteins were detected by
chemiluminescence (Supersignal® West Femto, Pierce, Rockford, IL) using MyECL Imager
(Thermo Scientific) and quantified by imaging densitometry, using ImageJ digitizing
software (NIH, Image analysis using Java). Mean densitometry data from independent
experiments were normalized to the control.

3.1 Effect of VEGF inhibitor (CBO-P11) on BLM-induced fibrotic response in mice

We characterized BLM-induced fibrotic response in mice and assessed the effect of VEGF
inhibitor CBO-P11. Lung histology data showed interstitial fibrosis of the alveolar wall in
mice receiving BLM (Fig. 1A). The extent of lung fibrosis was determined by quantitative
histology according to Ashcroft's method [21]. A significant reduction in BLM-induced
fibrosis was observed in mice cotreated with CBO-P11, bringing it down to control levels
(Fig. 1A and B). Analysis of total collagen content by Sircol® assay showed that BLM-
induced collagen production was significantly inhibited in mice cotreated with CBO-P11
(Fig. 1C). Figure 1D shows that collagen type 111, one of the most abundant collagen
proteins of the extracellular matrix (ECM), was induced by BLM treatment and this effect
was significantly inhibited in mice cotreated with CBO-P11.

3.2 Identification and assessment of differentially expressed proteins across treatment

groups

Differentially expressed proteins between the treatment groups (control, BLM, and BLM
+CBO-P11) were identified by performing chromatographic alignment of the peptides
separated on the 50 cm long column and parsing the respective peptide signals using SIEVE
2.0 software. For data analysis, a combination of several search engines including
SEQUEST and MASCOT, were employed for protein/peptide identification. Using a fold
change cut-off of 1.5 for differential expression of proteins, a total of 1729 common proteins
were identified that were deregulated between the control (PBS) and BLM-treated group, of
which 666 proteins were upregulated in the BLM-treated group and 616 were
downregulated in the BLM-treated group by at least 1.5-fold (Supporting Information Table
1). Likewise, comparison of the BLM alone group with the CBO-P11+BLM group yielded a
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total of 1241 differentially regulated proteins, of which 192 were upregulated in the CBO-
P11+BLM group and 666 were downregulated in the CBO-P11+BLM group (Supporting
Information Table 2).

The identified proteins represented broad functional and cellular compartmental classes
upon categorization using GO. Figure 2 shows proteins grouped according to their
subcellular localization (Fig. 2A), fold change (Fig. 2B), and biological function (Fig. 2C)
across the treatment groups. Functional enzymes represented the largest class of proteins
identified. Some enzymes such as exonuclease-1 and DNA polymerase, which are involved
in increased cell turnover, were found to be upregulated with BLM treatment. Transcription
regulators (eukaryotic translation initiation factor 2A) and transport proteins (stabilin-1)
were the other major group of proteins identified. Glycogen synthase kinase-3 (GSK-3p), a
kinase involved in positive regulation of wound healing was downregulated with BLM
treatment, and constituted a group of kinases that were identified to be differentially
regulated. Thus, our proteomic approach presented an unbiased view of dysregulated
proteins that were a part of a cross-section of various biological processes and subcellular
compartments. The differentially regulated proteins thus identified were subjected to IPA in
order to identify important protein-interaction networks and pathways.

3.3 Pathway analysis and network analysis using IPA

The upregulated and downregulated proteins in each comparison group were uploaded into
the IPA database to classify proteins according to the associated canonical pathways, and the
pathways that had maximum significance values were identified. The significance was
determined using Benjamini—Hochberg corrected Fisher's exact test to calculate the p-values
for protein datasets within the predetermined canonical pathways, and the ratio of the
number of molecules in the dataset associated with a particular pathway to the total number
of molecules in that pathway.

Pathways upregulated with BLM treatment included PI3K/Akt signaling (p < 0.0004; ratio =
0.099), epithelial adherens junction signaling, nitric oxide signaling, IL-4 signaling, and
endothelin-1 signaling (Fig. 3A). We have successfully validated the involvement of nitric
oxide signaling and PI3K/AKkt pathways in BLM-induced pulmonary fibrosis, which
recapitulates the robustness of our experimental approach in identifying pathways important
for the regulation of pulmonary fibrosis [23,24]. The BLM-induced upregulated proteins
associated with each of these pathways is shown in Table 1. The pathways associated with
proteins downregulated with BLM treatment included Wnt/Ca* pathway (p < 0.0001; ratio =
0.145), coagulation system, G2/M DNA damage checkpoint regulation, actin cytoskeleton
signaling, and integrin signaling (Fig. 3B). The BLM- induced downregulated proteins
associated with each of these pathways involved in exacerbating fibrosis are shown in Table
2.

To evaluate the mechanistic pathways by which VEGFinhibitor may attenuate fibrosis
progression, we compared the treatment groups CBO-P11+BLM versus BLM alone.
Pathways enriched with proteins upregulated by VEGF inhibitor treatment included natural
killer (NK) cell signaling (p < 0.015; ratio = 0.04), PTEN signaling, intrinsic prothrombin
activation, gap junction signaling, and SAPK/INK signaling (Fig. 4A). Proteins upregulated

Proteomics. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kulkarni et al.

Page 8

in response to VEGF inhibitor are shown in Table 3. Similarly, therapeutic pathways
enriched by the downregulation of proteins with VEGF inhibitor treatment included
epithelial adherens junction signaling (p < 8 x 1071 ratio = 0.16), tight junction signaling,
actin cytoskeleton signaling, integrin-linked kinase (ILK) signaling, and focal adhesion
kinase (FAK) signaling (Fig. 4B and Table 4).

The network that was generated using proteins upregulated with BLM treatment had
functions associated with cellular movement and dermatological diseases and disorder with
a p-value of 10736, with 28 molecules in the dataset being mapped onto the master gene
network (Fig. 5A). Similarly, the network generated using proteins downregulated with
VEGF inhibitor treatment had functions associated with cancer and organismal injury and
abnormalities, with a p-value of 1073% and 27 molecules of the dataset were mapped onto the
network (Fig. 5B). Analysis of the networks demonstrated the highly interconnected central
node was occupied by ERK, an integral component of the MAPK/ERK signaling cascade
that regulates cellular processes associated with fibrosis including growth, proliferation and
survival.

3.4 Target validation using Western blotting

Immunoblotting was used to validate the high-throughput differential protein expression
data and the IPA-inferred pathway and network analysis (Fig. 6). Involvement of mTOR,
vimentin, ERK, and B-catenin in BLM-induced pulmonary fibrosis and their regulation by
VEGFinhibitor CBO-P11 was validated in vitro using human lung fibroblast cell line and in
vivo using mouse model. mTOR, a putative fibrotic marker, was identified to be upregulated
3.9-fold with BLM treatment and downregulated 2.7-fold with VEGF inhibitor treatment
using the proteomics approach. Western blotting results confirmed mTOR upregulation in
response to BLM treatment and downregulation in response to VEGF inhibitor pretreatment
both in in vitro and in vivo samples (Fig. 6). Protein profiling also identified vimentin, an
important canonical marker of epithelial-mesenchymal transition (EMT) and hitherto not
widely associated with fibrosis, to be downregulated 2.6-fold in response to VEGF inhibitor
treatment, which was confirmed in vitro as well as in vivo using Western blotting (Fig. 6).
Additionally, upregulation of vimentin was also observed with BLM treatment, although
protein profiling did not identify vimentin in this comparison group. Probing for -catenin,
the driver of the canonical Wnt cascade, showed upregulation in response to BLM treatment
and downregulation with VEGF inhibitor treatment in human lung fibroblast and mouse
lung homogenate samples, validating the involvement of Wnt/Ca* pathway (Fig. 6).
Likewise, immunoblotting for ERK validated the protein interaction networks where ERK
featured as a central node. BLM upregulated ERK expression and pretreatment with VEGF
inhibitor reversed the effect in in vitro and in vivo samples (Fig. 6).

4 Discussion

In this study, we have identified a cohort of deregulated proteins and pathways that are
involved in the BLM mouse model of pulmonary fibrosis using a combination of high-
throughput proteomics and systems biology. More importantly, using the VEGF inhibitor
CBO-P11 as a potential therapeutic agent, we have identified a set of important proteins and
pathways that can serve as possible therapeutic targets against this chronic and progressive
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disease. Using our proteomics and systems biology findings, we validated the involvement
of mTOR and ERK in pulmonary fibrosis. Some of the key pathways and dysregulated
proteins within those modulated pathways that were found to be involved in the progression
and attenuation of fibrosis in our study have been discussed below.

4.1 Profibrotic pathways involved in BLM-induced pulmonary fibrosis

4.1.1 PI3K/Akt signaling—The role of PI3K/Akt signaling pathway (Fig. 3A), associated
with proteins upregulated with BLM treatment in this study, has been earlier reported by our
group in BLM-induced fibrogenesis of human lung fibroblasts in vitro [23]. Furthermore,
we have confirmed the involvement of PI3K/Akt pathway in BLM-induced pulmonary
fibrosis in vivo [24]. NO was observed to play a key role in BLM-induced pulmonary
fibrosis through regulation of VEGF via the PI3K/Akt pathway. The PI3K/Akt pathway has
recently been shown to be a therapeutic target for systemic sclerosis, another fibrotic
disorder of dermal tissue, and in hepatic fibrosis [25,26]. mTOR, identified to be
upregulated with BLM treatment and associated with PI3K/Akt pathway, has been shown to
positively regulate the translational efficiency of epithelial cells, sustaining their
proliferation and thereby leading to pulmonary fibrosis [27]. Another study reported
elevated mTOR levels in lung tissues from patients with IPF exhibiting decreased
autophagy. Induction of autophagy using rapamycin, resulted in decreased mTOR levels,
increased autophagic flux and led to the abatement of IPF [28]. We demonstrate that
cotreatment with VEGF inhibitor leads to downregulation of BLM-induced mTOR
expression indicating that mTOR may play a key role in the inhibition of BLM-induced
fibrosis in mice treated with the VEGF inhibitor.

4.1.2 Epithelial adherens junction signaling—Epithelial injury is postulated to be
one of the primary causative factors in the pathogenesis of IPF. One study investigating the
role of adherens junctions in IPF identified that expression levels of both tight and adherens
junction proteins were elevated in the alveolar epithelium in IPF as compared to the normal
alveolar epithelium [29]. We identified increased flux of epithelial adherens junction
signaling (Fig. 3A) in BLM-induced lung injury with increased expression of Ras GTPase-
activating-like protein (IQGAP1) and Notchl. IQGAPL, a scaffold protein that regulates cell
migration and polarization, has been reported to be elevated in interstitial lung disease [30].
We observed that BLM caused upregulation of Notchl, a Notch family protein involved in
the regulation of several developmental processes including proliferation, differentiation,
and apoptosis [31]. Activation of Notch pathway has been reported to positively regulate
Hes-1, a downstream transcription factor, in patients with IPF [32]. Moreover, Notch-
regulated overexpression of Hes-1 has been shown to be involved in interstitial renal
fibrosis, and inactivation of Notch1 signaling leads to inhibition of Hes-1, thereby
ameliorating renal fibrosis [33]. The identification of the epithelial adherens junction
signaling as an enriched pathway highlights its value for therapeutic targeting based on
elevated levels of the aforementioned proteins that are directly involved in pulmonary
fibrosis.

4.1.3 Wnt/Ca* pathway—The canonical Wnt/B-catenin pathway (Fig. 3B) is a key
regulator of cellular differentiation, proliferation, and polarity. The Wnt/B-catenin pathway
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has been shown to be activated in BLM-induced lung fibrosis through upregulation of -
catenin and TGF-, and inhibition of this pathway by using SSRNA for -catenin
downregulated TGF-B, resulting in inhibition of pulmonary fibrosis [34,35]. A recent report
indicates that BLM treatment causes downregulation of glycogen synthase kinase-3 beta
(GSK-3p), a protein that positively regulates wound healing. GSK-3 § knockout mice has
been shown to exhibit increased collagen production, increased fibrogenesis, decreased
apoptosis and increased myofibroblast formation [36]. Downregulation of GSK-3p has been
associated with increased Whnt signaling, resulting in accumulation of p-catenin that binds
TCF/LEF transcription factors to induce target gene expression [37]. B-Catenin upregulation
observed in BLM-treated mouse tissue was completely ablated in the presence of VEGF
Inhibitor (Fig. 6) in our study, indicating the involvement of Wnt/Ca* pathway in BLM-
induced pulmonary fibrosis.

4.1.4 G2/M DNA damage checkpoint regulation—G2/M DNA damage checkpoint
was identified as a dysregulated mechanism in response to BLM treatment (Fig. 3B). Cell-
cycle deregulation in pathogenesis of fibrosis is poorly characterized, and the only study to
associate cell-cycle arrest in the G2/M phase with fibrogenesis was reported in acute kidney
injury [38]. The study found that G2/M arrest in renal cells activated JNK signaling, leading
to higher production of profibrotic cytokines. Bypassing G2/M arrest with a p53 inhibitor
rescued fibrosis in ischemic injured kidney [38]. To our knowledge, ours is the first report
positing a role for G2/M DNA damage checkpoint in the pathogenesis of pulmonary
fibrosis.

4.2 Antifibrotic pathways regulated in response to VEGF inhibitor treatment

4.2.1 NK cell signaling pathway—NK cell signaling, a pathway associated with
increased protein expression with VEGF inhibitor treatment (Fig. 4A), is an early stage
innate immune response involved in host defenses against pathogen invasion, tumorigenesis,
and fibrogenesis [39]. NK cell stimulated cytotoxicity mediated through STAT1 has been
shown to have an inhibitory effect on hepatic fibrosis [40]. On the other hand, antifibrotic
effects of NK cell signaling were suppressed during advanced liver fibrosis mediated
through increased expression of TGF-B and SOCS1 [41]. We observed increased expression
of INPP5D (SH2 containing inositol-5"-phosphatase-1 or SHIP-1) inlung homogenates of
mice treated with VEGF inhibitor. SHIP-1 is a negative regulator of cell proliferation and
survival, and SHIP-1-deficient mice have been reported to have decreased number of NK
cells [42]. The potential of SHIP-1 as a therapeutic target in BLM-induced pulmonary
fibrosis was recently demonstrated where AQX-1125, a SHIP-1 activator, inhibited
pulmonary fibrosis in a murine model [43]. We observed from proteomic analysis that
VEGF inhibitor treatment induced upregulation of SHIP-1, indicating a potential antifibrotic
response through increased flux of NK cell signaling pathway (Table 3).

4.2.2 PTEN signaling—PTEN, a negative regulator of angiogenesis and tumorigenesis, is
also known to play major roles in embryonic development, cell migration, and apoptosis
[44,45]. Loss of PTEN in acute renal injury is reported to cause a loss of differentiation,
growth arrest, vimentin upregulation, and profibrotic JNK activation causing renal fibrosis
[46]. PTEN deficiency has also been reported to be a contributing factor in dermal and
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pulmonary fibrosis [47,48]. It is reported that loss of PTEN and SHIP-1 interferes with the
levels of phosphatidylinositol (3,4,5)Ps, resulting in neutrophils losing their polarity upon
adhesion and impairing chemotaxis [49]. PTEN overexpression has been shown to inhibit
LPS-induced pulmonary fibrosis through inactivation of PI3K/Akt/GSK-3p, an effect that
was observed to be reversible with a selective PTEN inhibitor [50]. Proteomics findings
indicate VEGF inhibitor induced SHIP-1 overexpression, resulting in increased PTEN
signaling flux (Fig. 4A) thereby mediating an antifibrotic effect in response to BLM.

4.2.3 Epithelial adherens junction signaling—It was interesting to note that epithelial
adherens junction signaling was associated with the proteins upregulated with BLM
treatment as well as proteins that were downregulated with VEGF inhibitor treatment (Fig.
4B). IQGAPL, a protein that regulates cell migration and invasion was downregulated with
VEGEF inhibitor treatment in our dataset. Targeted knockdown of IQGAP1 has also been
shown to inhibit the progression of esophageal carcinogenesis, thereby demonstrating its
important role in regulating cell proliferation and migration [51]. We demonstrate CBO-P11
treatment downregulated Akt3, a protein found to be overexpressed in breast, prostate, and
ovarian cancers, and hypothesized to promote cell proliferation by accelerating G2/M
transition [52]. Akt3 is a prime therapeutic target in cancer therapy and Akt3 knockdown or
inhibition has been shown to induce apoptosis in tumor cells [53, 54]. The therapeutic
potential of Akt3 in fibrosis has been recently unraveled where miRNA29b was used to
knockdown Akt3, resulting in reduced collagen production and induced apoptosis in hepatic
fibrosis [55]. Ours is the first report where profibrotic and antifibrotic involvement of
epithelial adherens junction signaling involving its several mediators such as IQGAP1,
Notchl, and Akt3 has been reported in pulmonary fibrosis.

4.2.4 ILK signaling—ILK is a serine threonine protein kinase that is involved in
regulating integrin-mediated processes such as cell adhesion, proliferation, and extracellular
matrix deposition and is a mediator of EMT [56,57]. The only study exploring the role of
ILK in BLM-induced pulmonary fibrosis identified that although ILK expression was not
altered and did not directly regulate pulmonary fibrosis, it mediated its profibrotic effect
through the upregulation of vimentin [58]. Pharmacological inhibition of ILK signaling
attenuated renal fibrosis, which was mediated via inhibition of TGF-B-induced
phosphorylation of Akt and GSK-3p [59]. Vimentin, a protein downregulated with VEGF
inhibitor treatment in our study, has been shown to positively regulate fibrosis through
stabilization of collagen mRNAs [60].

4.3 Validation of proteomics and systems biology data

Several proteins were identified to be upregulated with BLM and downregulated with VEGF
inhibitor treatment including mTOR and IQGAP1 that could serve as putative diagnostic
and therapeutic markers of pulmonary fibrosis. Additionally, we identified oncogenes such
as RRAS2, AKT3, and vinculin that induced and abrogated fibrosis with BLM and CBO-
P11 treatment, respectively. IPF is a lethal lung disorder that is analogous to cancer in that it
results from genetic alterations, is a result of uncontrolled and aberrant cellular proliferation,
altered cell-cell communication, and tissue invasion, with the only exception that IPF is not
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known to metastasize [61]. These oncogenes, hitherto uncharacterized in IPF, are a novel
finding that could serve as additional targets for treating IPF.

A disruption of balance between the angiogenic and angiostatic factors regulating blood
vessel homeostasis is a factor attributed to this poorly characterized disease [62,63].
Vascular remodeling using an angiogenesis inhibitor has been successfully demonstrated to
attenuate fibrosis in vivo [64,65]. We hypothesized that since VEGF inhibitor as a
therapeutic agent would modulate the angiogenic pathway, it would be one of the enriched
pathways. The robustness and specificity of our approach was validated by the identification
of “inhibition of angiogenesis by thrombospondin-1” (p = 0.25; Supporting Information
Table 3), identified as enriched pathway associated with the proteins downregulated with
VEGF inhibitor treatment. Thrombospondin is reported to play a role in fibrosis through
activation of TGF- [66, 67]. The higher p-value associated with the pathway is a result of
only two focus genes along the pathway, HSPG2 and Akt3, exceeding the 1.5-fold change
threshold.

To further consolidate our work, we chose to validate our experimental and analytical
findings on three levels, which includes protein, network, and pathway level using Western
blotting. At the protein level, vimentin was identified to be downregulated with VEGF
inhibitor treatment, however it was not identified in the BLM-treated group. Vimentin, an
oncogene with limited evidence of its role in wound healing and remodeling, has not been
widely associated with fibrosis. Given vimentin's downregulation with VEGF inhibitor, we
hypothesized that vimentin is overexpressed with BLM treatment, suggesting its
involvement in fibrogenesis. Figure 6 validated this hypothesis, where vimentin
overexpression was observed with BLM treatment and its downregulation with VEGF
inhibitor treatment confirmed the proteomics findings. On a network level, ERK was
identified as the central node in the protein interaction networks, associated with the
networks showing both induction (Fig. 5A) as well as inhibition of fibrogenesis (Fig. 5B).
Though ERK downregulation was observed with VEGF inhibitor treatment and it was a
central focus protein in the antifibrotic network, its involvement as a nonfocus protein in the
BLM-induced profibrotic network remained unclear. Consistent with the recent evidence
that showed ERK activation in induction and its inhibition in amelioration of fibrosis, we
observed ERK upregulation with BLM treatment (Fig. 6) [68,69]. ERK upregulation
validated the profibrotic network generated using proteins upregulated with BLM treatment.
Lastly, as a means of pathway validation, we chose the Wnt pathway that showed an
increased flux with BLM. Sustained activation of Wnt/p-catenin pathway is required for the
pathogenesis of fibrotic disorders [70]. Though we identified an increased flux of Wnt
pathway on account of GSK-38 downregulation, -catenin, the key driver of Wnt pathway
was not identified as a focus protein. Therefore, we probed for p-catenin levels in BLM and
VEGF inhibitor treated mouse lung homogenates. We observed a significant increase in -
catenin levels (Fig. 6) following BLM treatment, which returned to basal levels following
VEGF inhibitor treatment, validating the involvement of Wnt pathway in driving fibrosis
and its potential as a possible therapeutic target for the treatment of IPF.
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4.4 Conclusion

Understanding the mechanisms that regulate transition from pulmonary injury to fibrosis is
critical, because it is difficult to switch off or reverse fibrosis once initiated. The novel
protein targets and pathways reported in this study with a pulmonary fibrosis model will not
only help delineate the etiology of IPF but also will help broaden the focus of therapeutic
targets. Further targeted studies designed to test the hypotheses involving the novel proteins
and pathways identified in this study will aid in better understanding of the pathogenesis of
pulmonary fibrosis and will pave way for the development of novel therapeutic strategies
against pulmonary fibrosis.
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Significance of the study

Idiopathic pulmonary fibrosis, an invariably fatal disease of an unknown etiology, has no
effective therapies due to the poor characterization of molecular targets that contribute to
the pathogenesis of the disease. Proteomics, an effective biomarker discovery tool
successfully applied in cancer research, has been strikingly underutilized in pulmonary
fibrosis. In this study, we have used an untargeted protein based approach togather
anunbiased and nonintuitive view of the important regulatory pathways that dictate
bleomycin (BLM) induced pulmonary fibrosis. The significance of this study not only
lies in the increased understanding of the modalities that dictate pathogenesis of
pulmonary fibrosis but also in the development of potential therapeutic and preventive
strategies for this fatal disease. In the longer term, the novel proteins and pathways
identified in this study may pave way for the development of novel therapeutic strategies
against pulmonary fibrosis.
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Figure 1.

Effect of VEGF inhibitor (CBO-P11) on BLM-induced fibrotic response in mice. Mice
treated with BLM (1 U/Kkg) in the presence or absence of CBO-P11 (0.3 mg/kg) or equal
volumes of saline as control were euthanized at 28 days. (A) Representative
immunohistochemical micrographs of treated mice lung tissue stained with H&E. (B)
Calculated fibrosis score based on the histopathological assessment of H&E-stained slides.
(C) Lung homogenate from treated mice was analyzed for soluble collagen levels by Sircol®
Assay. (D) Lung homogenate from treated mice was analyzed for collagen 111 levels by
Western blotting. Western blots were reprobed with p-actin antibody to confirm equal
loading of the samples. The immunoblot signals were quantified by densitometry. Plots are
mean £ S.E.M of five animals per group. *p < 0.05 versus nontreated control.
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Figure2.
Distribution of identified proteins according to (A) subcellular location, (B) Fold change,

and (C) biological process according to GO annotation terms.
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Figure 3.
Significant canonical pathways (p < 0.05) for proteins differentially expressed in control

versus BLM-treated mice. The negative of the logig(p-value; dashed line) and ratio (number
of focus molecules involved in the pathway/total number of molecules in the pathway; solid
line joined by circles) are plotted on the primary and secondary Y-axes, respectively. (A)
Canonical pathways resulting from proteins upregulated in BLM-treated mice as compared
to controls. (B) Canonical pathways resulting from proteins downregulated in BLM-treated
mice as compared to controls.
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Significant canonical pathways (p < 0.05) for proteins differentially expressed in BLM and
VEGF inhibitor cotreated mice as compared to BLM-treated mice. The negative of the logyg
(p-value; dashed line) and ratio (number of focus molecules involved in the pathway/total
number of molecules in the pathway; solid line joined by circles) are plotted on the primary
and secondary Y-axes, respectively. (A) Canonical pathways resulting from proteins
upregulated with VEGF inhibitor treatment as compared to BLM. (B) Canonical pathways
resulting from proteins downregulated with VEGF inhibitor treatment as compared to BLM.
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Figurebs.
Proteins differentially expressed were overlaid onto a global molecular network developed

from information contained in the IKB. Genes or gene products are represented as nodes,
and the biological relationship between two nodes is represented as an edge (line). Solid
lines indicate a direct relationship and dashed lines indicate an indirect relationship between
nodes. The gray nodes represent the proteins differentially expressed by greater than 1.5-
fold identified using proteomics profiling. White nodes represent the IKB molecules
associated with focus genes. Networks reflect (A) interaction network for proteins
upregulated with BLM treatment (function: cellular movement, dermatological diseases, and
disorder; p-value = 10736) (B) interaction network for proteins downregulated with VEGF
inhibitor treatment (function: cancer, organismal injury, and abnormalities; p-value = 1073%).
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Validation of proteomics and bioinformatics data. Human lung fibroblasts CRL 1490 were
treated with BLM (25 mU/mL) and BLM in combination with CBO-P11 (10 uM) for 24 h
following which cell lysate was collected. Mice treated with BLM (1 U/kg) in the presence
or absence of CBO-P11 (0.3 mg/kg every other day) or equal volumes of saline as control
were euthanized at 28 days. Lung homogenate from treated mice and cell lysates was
analyzed for mTOR, vimentin, ERK, and B-catenin levels by Western blotting. Western
blots were reprobed with B-actin antibody to confirm equal loading of the samples.
Representative Western blots for mTOR, vimentin, ERK, and p-catenin levels with BLM

and VEGEF inhibitor treatment with B-actin as a loading control are shown.
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Table 1
Proteins upregulated with BLM treatment and associated with each of the enriched
profibrotic pathways
Profibrotic enriched pathways Proteins upregulated with BLM treatment

PI3K/AKT signaling

MTOR, HSP90B1, ITGA3, RRAS2, HSP90AB1, INPP5B, SOS2, TSC2, HSP90AAL, INPPL1,
NOS3, OCRL

Epithelial adherens junction signaling  MYH4, MYH6, RRAS2, MYH13, SORBS1, MYO7A, MYH3, MYL4, IQGAP1, PTPRM, NOTCH1,

Nitric oxide signaling
IL-4 signaling
Endothelin-1 signaling

APC

HSP90B1, HSP90AB1, RYR2, GUCY2F, CACNALC, HSP90AA1, NOS3, ATP2A2, ATP2A1
MTOR, RRAS2, INPP5B, SOS2, INPPL1, NFATC4, OCRL

RRAS2, GNA1S5, PLB1, GPLD1, PLA2R1, GNA11, GUCY2F, PLCL2, NOS3, ADCY10
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Table 2
Proteins downregulated with BLM treatment and associated with each of the enriched

profibrotic pathways

Profibrotic enriched pathways Proteins downregulated with BLM treatment

Wnt/Ca* pathway DVL2, PLCE1, CAMK2A, PDIA3, PDE6C, GSK-3, PLCD4, EP300

Coagulation system SERPINC1, F9, F8, F5, THBD

Cell cycle: G2/M DNA damage checkpoint YWHAQ, YWHAZ, TOP2A, ATR, EP300

regulation

Actin cytoskeleton signaling ITGB1, DOCK1, ACTR3, MPRIP, ARHGEF7, PAK7, TLN1, MYLK, ARHGAP24,
TTN, SSH1, FGF7

Integrin signaling RAP1B, ITGB1, DOCK1, ACTR3, MPRIP, ARHGEF7, PAK7, TLN1, MYLK,
GSK-36, TTN

Proteomics. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Page 27

Kulkarni et al.
Table 3
Proteins upregulated with VEGF inhibitor treatment and associated with each of the
enriched antifibrotic pathways
Antifibrotic enriched pathways Proteins upregulated with VEGF inhibitor treatment

Natural killer cell signaling

PTEN signaling

PAK®G, SOS1, SH3BP2, INPP5D
FLT1, SOS1, KDR, INPP5D

Intrinsic prothrombin activation pathway =~ FGG, COL3A1

Gap junction signaling

Endothelin-1 signaling

SOS1, PLCD4, HTR2A, MAP3K2
RIPK1, SOS1, MAP3K2
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Table 4

Proteins downregulated with VEGF inhibitor treatment and associated with each of the
enriched antifibrotic pathways

Antifibrotic enriched pathways

Proteins downregulated with VEGF inhibitor treatment

Epithelial adherens junction signaling

Tight junction signaling
Actin cytoskeleton signaling
ILK signaling

FAK signaling

TUBA1B, MYH4, MYH10, MYH6, MYH9, MYH13, MYHS8, TUBB4B, MYH14, MLLT4, MYH?7,
TUBB, IQGAP1, PTPRM, ACTR3, RRAS2, TUBA1A, SORBS1, AKT3, TUBB4A, JUP, VCL,
MYH1

MYH4, MYH10, MYH6, MYH9, MYH13, MYHS, TJP1, MYH14, PRKAR2A, MLLT4, MYH7,
CASK, NFKB2, CGN, PRKAG2, AKT3, GOSR1, VCL, INADL, MYH1

MYH10, MYH4, MYH6, MYH9, MPRIP, MYH13, MYH8, MYH14, MYH7, TLN1, IQGAP1,
LIMK1, DOCK1, PAK1, ACTR3, RRAS2, APC2, FLNA, VCL, MYH1, ITGA4, MSN

MYH4, FLNB, MYH10, MYH6, MYH9, MYH13, MYH8, MYH14, FERMT2, VIM, MYH?7,
NFKB2, DOCK1, MTOR, FLNC, FLNA, AKT3, DSP, MYH1

DOCK]1, PAK1, RRAS2, AKT3, TLN1, VCL, TNS1, ITGA4
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