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CHAPTER |

INTRODUCTION

Generation of yKetoaldehydes

Arachidonic acid is a 20-carbon lipid molecule and is a major component of
biological membranes. Free arachidonic acid, not bound to phospholipids, has been
historically studied within the context of cyclooxygenase (COX) activity'. COX can act
directly with arachidonic acid forming Prostaglandin-H2 (PGH2). This endoperoxide
intermediate can then form several lipid products including, TXA2, PGI1, PGD2, PGF2,
and PGE2 (see figure 1)°.

Phospholipid esterified arachidonic acid can react with free radicals and non-
enzymatically undergo lipid peroxidation forming Prostaglandin-H2-like molecules
termed Isoprostanes. Isoprostanes as the name implies are isomeric structures of
prostaglandins due to containing the same prostane ring structure. Isoprostanes can
rearrange in a similar fashion as Prostaglandin-H2, to form E2-, D2-, A2-, J2-
isoprostanes, and isothromboxanes® (see figure 1).

Both the cyclooxygenase pathway and the free radical oxygenation of
arrachidonic acid form yKetoaldehydes (yKAs). The yKAs arising from the isoprostane
pathway are also known as isoketals (isoKs) to emphasize how they are isomers of
yKAs®. The yKAs arising from the prostaglandin pathway are also known as
levuglandins®. The term isolevuglandins (isoLGs) has been also used and as isoketals
were termed to emphasize how they are isomeric molecules of levuglandins®. Free

radical oxidation with arachidonic acid is fast occurring and enzyme independent and



thus it is believed that the majority of yKAs generated in-vivo are generated by the
isoprostane pathway (see figure 1)2.

yKetoaldehydes regardless of origin (COX derived or free radical derived) are
highly reactive lipid molecules due to their unstable open-ring structure, which has a
high avidity to lysine residues. This reaction forms covalent pyrrole adducts which
further stabilizes into lactam adducts on proteins (see figure 2)%. Given that free radical
oxidation of arachidonic acid is believed to be a major source of yKAs in-vivo, and that
free radicals can be regulated genetically this dissertation addresses the question

whether the generation of yKAs can also be genetically regulated.
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Figure 1: Generation of yKetoaldehydes
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Figure 2: Mechanism of yKetoaldehydes binding to protein.
(adapted from Davies et al, JAD 2011)?

Oxidative Stress and its Requlation

Oxidative stress is defined as the imbalance in the equilibrium of reactive oxygen
species (ROS) and antioxidant regulators®. Reactive oxygen species are comprised of
but not limited to H,O, (hydrogen peroxide), *O," (superoxide anion) and *OH (hydroxyl
radical)’. Reactive oxygen species can be generated by three major sources, including:
the mitochondrial electron transport chain, the endoplasmic reticulum, and Nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases®. NADPH oxidases are
transmembrane proteins located in multiple subcellular compartments (see figure 3)°.
The main function of NADPH oxidase is to generate superoxide or hydrogen peroxide™.
NADPH oxidases were historically discovered in phagocytes. This enzyme contains
three cytosolic subunits (p40°™*, p47°"* and p67°") and two membrane-bound
subunits (gp91P" and p22°"*)'!. |soforms of NADPH oxidases Nox1, Nox2, Nox3,
Nox4, Nox5, Duoxl and Duox2 can also be present in nonphagocytic cells*?. Noxi,

Nox2, Nox3, and Nox5 can generate superoxide, reducing oxygen by transporting



electrons across biological membranes and Duox1/2 and Nox4 can generate hydrogen
peroxide directly (see figure 4)"*%. The generation of ROS by NADPH oxidases is
involved in the induction of genes, ion transport, activation of transcription factors, and
phosphorylation of kinases®.

Antioxidants regulate the homeostasis of intracellular ROS. A master regulator of
the antioxidant gene response is the transcription factor, nuclear factor erythroid 2-
related factor 2 (NRF2) encoded by the nuclear factor erythroid-derived 2-like 2
(NFE2L2) gene. Under basal conditions cells quickly turnover Nrf2 via the ubiquitin-
proteasome system (UPS), thus preventing the transcription of Nrf2 target-genes. This
regulation is mediated through Kelch-like ECH-associated protein 1 (Keapl). Keapl
forms a dimer which recognizes Nrf2 through two key motifs located on the N-terminus
of Nrf2'3* When the Keapl dimmer binds to these N-terminus domains of Nrf2, Nrf2
becomes polyubiquitylated and degraded by the proteasome™.

When ROS levels are elevated Nrf2 becomes activated and translocates into the
nucleus. Cysteine residues on Keapl act as ROS sensors which become covalently
modified by ROS or electrophilic molecules®®. These modifications on Keapl induce a
conformational change which disrupts its binding to Nrf2 allowing for cytosolic Nrf2 to
accumulate as it is no longer polyubiquitinated and degraded by the proteasome™®.
Cytosolic Nrf2 is then freely able to translocate into the nucleus and bind to antioxidant
response elements (AREs) on DNAY. These DNA elements help transcribe crucial
antioxidant genes such as glutamate-cytosine ligase catalytic subunit (GCLC),
glutathione S-transferases (GSTs), heme oxidase (HO-1), superoxide dismutase (SOD),

catalase (CAT), and NAD(P)H quinone oxidoreductase 1 (NQO1)'®!°. Once ROS



homeostasis is restored, unmodified Keapl can bind to Nrf2 and target it for

polyubiquitination and proteosome degradation® (see figure 5).
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Figure 3: Subcellular localization of NADPH oxidases
(Bernard et al., Antioxidants & Redox signaling, 2014)°
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Figure 5: Nrf2 Gene Regulation
(Chen et al., Diabetes and Metaoblism, 2014)%°

Role of NADPH Oxidases in the Lung

NADPH oxidase activity is present in several anatomical locations and in specific
lung cells including, the lower and upper airways, and the gas-exchanging alveolar-
capilary air sacs (see figure 6). Alveolar type | and type Il epithelial cells comprise the
alveolar epithelium. The epithelial sodium channel (Enac) has been shown to be crucial
for lung function as it is expressed in type | and type Il cells** and is responsible for
alveolar gas exchange by regulating the clearance of alveolar fluid through Nox2 ROS
production®. Nox2 and Nox4 play a role in pulmonary endothelial cells by in regulating
inflammation, apoptosis, and vascular permeability”>. The medial layer of the pulmonary
vasculature is comprised of smooth muscle cells (SMCs). Nox4 is also involved in
pulmonary SMCs and plays a role in the ability of SMCs to contract in response to

inflammation®*2°.
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Figure 6: NADPH Oxidase Expression in the Lung
(Bernard et al., Antioxidants & Redox Signaling, 2014)°

Oxidative Stress in Chronic Disease

Oxidative stress has been implicated in chronic diseases such as, cardiovascular
disease, rheumatoid arthritis, neurodegenerative and neurological diseases, kidney
disease, cancer, ocular disease, and pulmonary disease. For cardiovascular disease,
oxidative stress has been implicated in ischemia, hypertension, cardiomyopathy,

26-28 |n rheumatoid

atherosclerosis, congestive heart failure, and cardiac hypertrophy
arthritis the synovial fluid around joints has been shown to contain increased levels of
prostaglandins and isoprostanes?®®. Additionally rheumatoid arthritis is a disease which
is known for its chronic inflammation around joints caused by infiltrating T-cells and
macrophages®*'. Neurodegenerative and neurological diseases, such as Parkinson’s

disease, Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), multiple sclerosis,

and depression have all been associated with oxidative stress®27°. Chronic oxidative



stress has also been shown to play a role in renal diseases such as uremia, chronic
renal failure, glomerulonephritis, tubulointerstitial nephritis, and proteinuria®,
Oxidative stress has also been demonstrated in ocular diseases have such as cataracts

and age-related macular degeneration®*

. Lastly and of particular focus of this
dissertation, oxidative stress has also been shown to play a role in pulmonary diseases
such as, pulmonary fibrosis, as well as asthma and chronic obstructive pulmonary

disease (COPD)**™. In summary the study of oxidative stress has a broad impact on

several chronic diseases.

Pathogenesis and Murine Models of Pulmonary Fibrosis

Pulmonary fibrosis is known to be a chronic lung disease characterized by an
excessive accumulation of extracellular matrix (ECM) leading to remodeling of lung
architecture. It was originally diagnosed through recognizable physiologic, radiographic
and clinical findings. Historic descriptions of pulmonary fibrosis have been documented
as early as the 5th century BC by Hippocrates*’*®. Modern descriptions of this disease
began to occur in the early 20th century*®*°. Currently, idiopathic pulmonary fibrosis
(IPF) is considered the most common and most severe form of pulmonary fibrosis. In a
recent study, the prevalence of IPF was 41.8 per 100,000 people with an incidence rate
of 18.7 per 100,000°'. The average age at diagnosis is 66 years®>*. IPF has a median

survival of approximately three years, with no proven effective therapy>***

. Lung
transplantation remains to be the only viable intervention in end-stage disease®”.
The lung has evolved to contain specialized fluid which lines the epithelium

containing antioxidants to aid with maintaining basal levels of reactive oxygen species



(ROS)®. In disease states involving ROS, this line of defense can be overwhelmed and
has been associated with the pathogenesis of IPF>. The onset of IPF is thought to be
much earlier in life given that most patients have severe pulmonary disease at the time

of clinical presentation®*>?

. IPF is thought to be a result of chronic and unresolved
fibrotic scaring of the lung. Tissue scaring is known to be initiated by an influx of
inflammatory cells. Neutrophilia is present in 70-90% of IPF cases, while 40-60%
present with eosinophilia in bronchoalveolar lavage fluid>” which play a role in increased

58-61

mortality . Inflammatory cells have also been shown to play a role in fibrosis

models®®. These observations have been the basis for the rationale to treat IPF patients

64-66 and

with anti-inflammatory drugs®*®3. However this treatment has failed in the clinic
the current prognosis for IPF patients is poor, with a mean time of survival of
approximately 3 years after diagnosis®***. Fibrosis has also been characterized by
fibroblast differentiation into myofibroblasts, epithelial to mesenchymal transition also
contributing to myofibroblast differentiation, and the accumulation of extracellular matrix
(ECM) contributing to tissue stiffness®®"~"2. Tissue stiffness has been associated with
the generation of reactive oxygen species by lung myofibroblasts by inducing ECM
crosslinking reactions”. In addition, the p47°"* subunit of Nox2 has been shown to be
required for pulmonary fibrosis development in murine models®®2. Nox4 has also been
shown to be involved in the progression of fibrosis and its inhibition has been
demonstrated to be an effective treatment in mouse models”.

There are several murine models of pulmonary fibrosis used today. These

models help serve as tools to aid in the investigation of new therapeutic treatments as

well as aid in the understanding of the initiation and progression of pulmonary fibrosis.



Current mouse models” used are: Bleomycin induced fibrosis, Silica induced fibrosis,
FITC (fluorescein isothiocyanate) induced fibrosis, adoptive cell transfer, transgenic
models using pulmonary-specific transgenes or viral-targeted transgene delivery, and of
particular focus in this dissertation irradiation-induced fibrosis. The bleomycin model is
one of the most studied models of pulmonary fibrosis. Bleomycin is an antibiotic
originally discovered and isolated from Streptomyces verticillatus’®. Bleomycin has been
used to treat skin tumors such as squamous cell carcinomas’’ but its toxicity in regards
to promoting pulmonary fibrosis resulted in limiting the use of this drug’®. Bleomycin can
induce lung toxicity by intravenous (iv), intraperitoneal (ip), intratracheal (it), or
subcutaneous (sc) delivery in several species including, mice, hamsters, rats, guinea
pigs, rabbits, dogs, and primates’®. Epithelial damage is believed to be the initial injury
caused by bleomycin®. Acute lung injury caused by bleomycin causes hyaline
membrane formation, alveolar consolidation and leakage of plasma proteins into the
alveolar space’®. Bleomycin induces a focal necrosis of type | and type Il alveolar
epithelial cells along with an infiltration of inflammatory cells”*®. Inflammatory cells are
subsequently cleared and proliferation of myofibroblasts contribute to the production of
extracellular matrix®. Fibrosis develops at around 14 days in this model with peak
accumulation of fibrosis between days 21-28%%*. This model of pulmonary fibrosis
however is not chronic and some reports show a resolution of fibrosis between 60-90
days of bleomycin treatment®*®. Compared to the bleomycin model of pulmonary
fibrosis, radiation-induced lung fibrosis has been shown to induce a chronic state of
injury leading to death®. The model of radiation-induced pulmonary fibrosis is

dependent on murine genetic background and irradiation dose. The CBA/J and

10



C3H/HeJ mouse strains are fibrosis resistant®”®. Thoracic radiation treatment to these
strains develop radiation-induced pneumonitis®”®. In contrast the C57BI/6J strain
respond with developing late onset pulmonary fibrosis after thoracic radiation®”®®. After
33 weeks of a thoracic dose of 16 Gy results in subpleural foci of damaged alveolar
walls along with collagen deposition, in the C57BI/6J background®. Reports have also
shown that in this model, macrophages and fibroblasts accumulate in fibrotic foci®.
Protection of radiation-induced fibrosis has been reported through intratracheal delivery

of manganese superoxide dismutase-plasmid/liposomes 24 h before lung irradiation®.
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CHAPTER II

MATERIALS AND METHODS

Cell Culture
Human microvascular endothelial cells (HMVECs), murine 3B11 endothelial
cells, and murine alveolar type Il MLE12 cells were obtained from ATCC and grown
according to ATCC recommendations. Exponentially growing 3B11 cells were
administered 5 Gy at room temperature using a Cesium-137 irradiator (2 Gy/min; JL
Shepherd, Mark 1) and then incubated at 37°C for 24 hours before harvesting. HMVECs
were treated with 150 yM H202 in PBS for 1 hr at 37°C, washed extensively, and

incubated at 37°C for 24 hours before harvesting.

Mice

Congenic C57BL/6J mice with a targeted disruption of the Nfe2l2 gene have
been described previously®®. Mice were X-irradiated between 7 and 10 months of age®®.
Mice were maintained under specific pathogen free conditions. All procedures
performed on animals were approved by the Institutional Animal Care and Use
Committee at Vanderbilt University and at the University of Texas MD Anderson Cancer
Center, and complied with all state, federal, and NIH regulations.

Congenic C57BL/6J mice harboring a targeted disruption of the Ncfl gene have
been described previously®. Mice were bred and maintained under specific pathogen
free conditions at the animal care facility at Roswell Park Cancer Institute, Buffalo, NY.

Mice were 8-15 weeks of age. All procedures performed on animals were approved by

12



the Institutional Animal Care and Use Committee at Roswell Park Cancer Institute and

complied with all state, federal, and NIH regulations.

Immunohistochemistry

Paraffin-embedded lung tissue (5 pum) were prepared at the Mouse Pathology
Core Facility at Vanderbilt University. H&E stains were performed using standard
protocols. Lung tissue sections were incubated with primary antibody overnight at 4°C.
Sections without primary antibody served as negative controls. Nitro-blue tetrazolium
chloride (NBT) and 5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt (BCIP, catalog
no. 34070, Thermo Fisher Scientific) were used to produce localized visible staining.
Slides were counterstained with methyl green. IHC stained IPF tissues were
independently and blindly assessed for positive staining by Vanderbilt Idiopathic

Pulmonary Fibrosis Center personnel.

Imunnofluorescence staining (IF)

Mouse lungs were perfused with phosphate buffered saline, pH 7.2 (PBS)
through the pulmonary artery and fixed with 10% phosphate-buffered formalin. After
fixation lungs were processed and paraffin-embedded. Paraffin-embedded lung tissue

was sectioned into 5um slices and mounted on glass slides.

The following primary antibodies were used: single chain ScFv anti-yKA
antibody, (D11, 1:100 dilution, see (Davies et al®? for details of preparation), Goat
polyclonal anti-SPC antibody (catalog no. sc-7706, 1:100 dilution; Santa Cruz), Goat

polyclonal anti-T1a Podoplanin antibody (catalog no. sc-23564, 1:100 dilution; Santa

13



Cruz), Rabbit polyclonal anti-CC10 antibody (catalog no. sc-25555, 1: 100 dilution;
Santa Cruz), Goat polyclonal anti-PECAM-1 antibody (catalog no. sc-1506, 1:100
dilution; Santa Cruz), Goat polyclonal anti-COL1Al1 antibody (catalog no. sc-8784,
1:100 dilution; Santa Cruz). Of note, D11 ScFv recognizes peptides and proteins
modified on the lysine residues by yKA isomers that arise from both the free radical and
cyclooxygenase pathway and recognition is not dependent on amino acids adjacent to
the modified lysine®’. The D11 ScFv encodes the E-tag sequence used for detection.
After primary antibody incubation, lung sections were washed in PBS. A secondary
antibody raised against the E-tag epitope was then used to detect D11 binding. Anti-E-
tag antibody was diluted in 10% BSA and sections were incubated 1hr at RT. Rabbit
polyclonal anti-E-tag antibody (catalog no. ab3397, 1:1,000 dilution; Abcam), was used
for dual-stained with goat-raised primary antibodies; Goat polyclonal anti-E-tag antibody
(catalog no. ab95868, 1:1,000 dilution; Abcam) was used for dual-stained with rabbit
raised primary antibodies. After anti-E-tag antibody incubation sections were washed in
PBS. Sections were then incubated with fluorescently tagged antibodies diluted in 10%
BSA for 1lhr at RT. The following fluorescently tagged antibodies were used
sequentially: Donkey Anti-Goat Alexa 647 (catalog no. A-21447, 1:1,000 dilution; Life
Technologies) and Goat Anti-Rabbit Alexa 568 (catalog no. A-11011, 1:1,000 dilution;
Life Technologies). After incubation with fluorescently tagged antibodies sections were
then washed in PBS and mounted with ProLong Gold Antifade Mountant with DAPI
(catalog no. P36931, Life Technologies) and sealed with glass coverslips. For specificity

controls, primary antibody was not added.

14



Imunnofluorescence Image Acquisition

Confocal images were acquired using an Olympus FV-1000 inverted confocal
microscope provided by the VUMC Cell Imaging Shared Resource. Z-stack images
were taken at 0.45um slice thickness using a 60x / 1.45 Plan-Apochromat oil immersion
objective lens. Wide-field immunofluorescence images were acquired using a Leica DM
IRB inverted microscope equipped with a Nikon DXM1200C camera provided by the

IMSD program at Vanderbilt.

Immunofluorescence Intensity Quantification

The following steps were taken to quantify pixel intensity. Each 16 bit image
obtained when primary (ie. D11) and secondary antibody was used was opened in
ImageJ. The threshold function was used to highlight immunofluorescence and to
identify a representative threshold. This representative threshold was then applied to
every image obtained when primary and secondary antibody was used. This same
representative threshold was used for all images obtained when secondary alone was
used. All threshold images were then converted to binary. A mean integrated density
(defined as the sum of the value of the pixels in the image) = SD was determined for
primary/secondary antibody and for secondary antibody alone.

DAPI staining for each image was quantified using the percent area fraction in
ImageJ. Area fraction is defined in ImageJ as the percentage of non-zero pixels per
field. The mean area fraction for DAPI staining + SD was calculated for each image.
The mean integrated density of each image was divided by its corresponding area

fraction (ie DAPI staining) to correct for tissue cellularity. A non-parametric Mann

15



Whitney test was used to determine if primary antibody vyielded
immunofluorescence/DAPI staining that was significantly more intense than secondary
alone. An example is shown below. In this example secondary alone (negative control)
encompasses immunofluorescence produced by secondary antibodies composed of
rabbit anti-E tag antibody and anti-rabbit Alexa 568, as well as tissue auto-fluorescence.
D11-specific immunofluorescence is 10.3 fold above negative control mean

immunofluorescence (P = 2.39 X 10%*, N = 10 fields, 100 Z stack images).

Image J quantification using Threshold Function
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negative control (define above) and primary D11-specific immunofluorescence was

guantified.

Immuno-affinity Isolation of yKA-modified proteins

Cells were lysed in 0.1% NP40-PBS, pH 7.2 and the lysate centrifuged at 12,000
xg for 10 min. The supernatant was adjusted to 0.1%, NP40, 0.1% SDS, in PBS, pH
7.2. Proteins were extracted from the pellet using 500mM NaClI-PBS, pH 7.2, brought to
isotonic conditions (100mM NaCl with 0.1%, NP40, 0.1% SDS, in PBS, pH 7.2),
sonicated on ice, and then centrifuged at 12,000xg for 10 min. The resulting

supernatant was recovered.

Soluble protein was precleared using protein A/G beads. Ten ug D11 ScFv was
used to isolate yKA-modified proteins (16 hrs/4°C). Anti-E-tag antibody conjugated
agarose beads (catalog no. ab19368; Abcam) were used to capture D11 ScFv antibody.
Beads were subsequently washed with 0.1% NP40, 0.1% SDS, in PBS pH7.2. Purified
proteins were solubilized in 5X loading buffer and boiled for 7mins, resolved
approximately 3 cm on an SDS-PAGE gel, stained with coomassie blue and the entire
lane excised for LC-MS/MS analysis.

As a control for D11 ScFv specificity the following reactions were performed:
500uM 4-hydroxynonenal (HNE) was reacted with 5mM lysine for 24hrs at RT.
Unreacted HNE was quenched using 50mM Tris-HCI. 10 yg D11 ScFv was added to
HNE-Lysine complex and incubated overnight at 4°C prior to being used for

immunoprecipitation of yKA-modified proteins.
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LC-MS/MS Analysis of Affinity Purified Proteins

D11 immunoaffinity purified proteins from sham and irradiated 3B11 cells were
subjected to in-gel trypsin digestion and the resulting peptides analyzed by a 70 minute
data dependent LC-MS/MS run. Briefly, peptides were auto--sampled onto a 200 mm by
0.1 mm (Jupiter 3 micron, 300A), self-packed analytical column coupled directly to an
LTQ (ThermoFisher) linear ion trap mass spectrometer via a nanoelectrospray source
and resolved using an aqueous to organic gradient. A series in which a full scan mass
spectrum (MS) followed by 5 data-dependent tandem mass spectra (MS/MS) was
collected throughout the run with dynamic exclusion enabled to minimize acquisition of
redundant spectra. MS/MS spectra were searched via SEQUEST a mouse protein
database (UniprotKB) that also contained reversed version for each of the entries.
Spectral identifications were filtered and collated into spectral count numbers at the

protein level using Scaffold (Proteome Software).

Histone Isolation from Tissue

Histone isolation was performed as described®. Isolated murine lung tissue was
lysed in hypotonic lysis buffer (10mM HEPES/KOH pH=7.9, 1.5mM MgCI2, 10mM KClI,
5mM Sodium Butyrate, 0.5% NP-40, with protease and phosphatase inhibitors). Nuclei
was then isolated by centrifugation (4,000 rpm for 10 minutes at 4°C) and washed with
hypotonic lysis buffer. Nuclei pellet was then resuspended in high salt buffer (20mM
HEPES/KOH pH=7.9, 1.5mM MgCI2, 420mM KCI, 0.2mM EDTA, 25% Glycerol, 5mM
Sodium Butyrate, with protease and phosphatase inhibitors) and sonicated. This high

salt suspension was rotated at 4°C for 18 hours. Chromatin was later pelleted and
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isolated by centrifugation (4,000 rpm for 20 minutes at 4°C). Pellet containing histone
proteins (as evidence by coomassie blue staining, see figure 12) was resuspended in
low salt buffer (20mM HEPES/KOH pH=7.9, 1.5mM MgCI2, 0.2mM EDTA, 5mM Sodium

Butyrate, with protease and phosphatase inhibitors).

Human ldiopathic Pulmonary Fibrosis and Organ Donor Lung Tissue

Collection, storage of samples and experimental protocols were carried out in
accordance with relevant guidelines and regulations approved by the Vanderbilt
University Institutional Review Boards (Vanderbilt IRB Protocol 9401). Written informed
consent was obtained from all subjects. Human tissue sections were obtained from
explanted IPF lungs at the time of transplant. Control tissue was obtained from lungs
rejected for organ donation at Vanderbilt University. IPF diagnosis was confirmed by

multidisciplinary review according to the 2011 ATS/ERS Consensus Guidelines®>.

Measurement of Apoptosis

Percent of apoptosis was measured using the Annexin V-fluorescein
isothiocyanate apoptosis detection kit | (Pharmingen) with flow cytometry according to

the manufacturer’s directions.

MMP-1 degradation assay with Collagen 1a1

Purified human recombinant Collagen 1al was incubated with purified yKA at

37°C/1hr, after which unreacted yKA was quenched. MMP1 was the added to the
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reaction and incubated at 37°C/0.5hr, pH = 7.0. Collal degradation was analyzed by

1D SDS PAGE, Coomassie Blue staining.

Statistical Analysis

An unpaired t test or an analysis of variance was used for comparison between

various groups. A P value less than 0.05 was considered as statistically significant.
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CHAPTER Il

CELL TYPES WHICH HARBOR yKA-MODIFIED PROTEIN IN LUNG TISSUE

Results:

YKA-modified protein are present in murine lung tissue. To determine the lung cell
types which harbor yKA-modified protein murine lung samples were obtained from non-
diseased C57BL/6J mice maintained under stress-free conditions and continuous
access to water, food and regular 12hr light cycles. Lung tissue sections underwent
dual-immunofluorescence staining for yKA-modified proteins, and Type 2 alveolar
epithelial cells, Type 1 alveolar epithelial cells, Club cells, or endothelial cells. yKA-
modified proteins were identified using the well characterized single chain antibody D11
ScFv, which recognizes peptides and proteins modified by yKA isomers that can arise
from both the free radical and cyclooxygenase mediated pathways®*%°. yKA-modified
protein was observed in each cell type, suggesting that the burden of yKA-modified

protein is a byproduct of normal lung metabolism (see figure 7).

YKA-modified protein are present in human lung tissue. Having shown that yKA-
modified proteins are present in mouse lung, whether human lung also exhibited a basal
level of yKA modification was investigated. Formalin-fixed paraffin-embedded (FFPE)
pulmonary tissue obtained from 2 control organ donors (see table 1 subjects 5 and 6)
underwent IHC staining with the D11 antibody, counterstained with methyl green and
imaged by wide field microscopy (see figure 8). Very little D11 immunoreactivity was

noted. Next, confocal microscopy was used to image FFPE tissue immunostained with
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D11 and counter stained using DAPI. The confocal images illustrate the presence of a
low level of yKA-modified protein in human lung tissue (see figure 8), confirming the

observations of others® suggesting that human lung tissue can have a basal level of

yYKA-modified protein.

Figure 7: yKA-modified protein are present in several cell types in murine lung tissue.
Mouse lung tissue sections were immunostained with the following: (A) anti-SPC for
Type 2 alveolar cells (Alexa 647 secondary, green false color), D11 ScFv (Rhodamine
Red secondary); (B) anti T1a for Type 1 alveolar cells (Alexa 647 secondary, green
false color), D11 ScFv (Rhodamine Red, secondary); (C) anti-CC10 for Club cells
(Rhodamine Red secondary), D11 ScFv (Alexa 647 secondary, green false color); (D)
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anti-PECAM-1 for endothelial cells (Alexa 647 secondary, green false color), D11 ScFv
(Rhodamine Red secondary). Images were acquired using confocal microscopy (60x
magnification). The white bar represents 30 um. (Mont S. et al, Sci Reports 2016)°’

Table 1

Patient Characteristics

Subject | Age Gender | Diagnosis | Race/Ethicity | Tobacco | Pack FVC%
Number Use Years
1 67 Female IPF Caucasian Yes a0 68
2 67 Male IPF Caucasian Yes 42 82
3 61 Male IPF Caucasian Yes 15 51
4 59 Female Control Caucasian Yes Unknown | Unknown
5 52 Female Control Caucasian Unknown | Unknown | Unknown
6 32 Female Control Caucasian Mo MNA Unknown
Table 1: Patient characteristics of human lung samples. (Mont S. et al, Sci Reports
2016)%
Figure 8

Non-ldiopathicHuman Lung Tissue

5, D11

6, D11

IHC Immunofluorescence

Figure 8: Human lung tissue sections stained for yKA-modified proteins. Human lung
tissue sections from organ donors 5 and 6 underwent IHC staining with the D11
antibody, counterstained with methyl green and imaged using wide field microscopy or
were immunostained with D11 (Red), counterstained with DAPI (blue) and imaged by
confocal microscopy. (Mont S. et al, Sci Reports 2016)°’
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CHAPTER IV
GENETIC REGULATION OF yYKA FORMATION AND

PROTEINS WHICH ARE SUSCEPTIBLE TO yKA MODIFICATION

Results:

NADPH oxidase promotes generation of yKA-modified protein. To determine if
yKA-modified proteins could be genetically regulated by cellular superoxide, pulmonary
tissue was obtained from age-matched p47°" null and wild type C57BL/6J mice.
p47°" is an activating subunit of Nox2, and is a major source of cellular superoxide®®.
Quantification of yKA-modified protein by D11 immuno-reactivity using
immunofluorescent/DAPI staining in pulmonary tissue obtained from p47°"* null mice
demonstrated a 55% (P = 0.006) loss of yKA-modified protein. This data suggests that
Nox2 is a major source for the generation of yKA-modified protein in murine lung tissue

(see figure 9).

Nrf2 suppresses generation of yKA-modified protein. The Nrf2-null mouse
represents a well characterized model for investigating ROS interactions®®. Pulmonary
tissue was obtained from Nrf2-null and age-matched wild type C57BL/6J mice.
Quantification of yKA-modified protein by D11 immuno-reactivity using
immunofluorescent/DAPI staining in pulmonary tissue obtained from wild type and Nrf2-
null mice revealed that loss of Nrf2 resulted in a 2-fold increase in yKA-modified protein
(P = 0.003). Taken together, these data show that genes regulating oxidative stress can

substantially alter accumulation of yKA-modified protein (see figure 10).
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LC-MS analysis of immuno-affinity purified yKA-modified proteins. Currently, there
is little knowledge concerning the identity of proteins that are susceptible to yKA
modification. Endothelial cells were chosen to identify proteins adducted endogenously
due to their well characterized and robust NADPH oxidase activity®™. yKA-modified
proteins from 3B11 endothelial cells were immuno-affinity purified using the D11
antibody. Proteins were subjected to LC/MS/MS analysis. Analysis of 3 independent
experiments identified 162 proteins. A PANTHER network and pathway analysis'® of
Molecular Function was performed which revealed that proteins susceptible to
adduction are not restricted to an organelle or class of proteins, but can be classified
into several distinct cellular pathways (see figure 11 and database table published by
Mont S. et al, Scientific Reports, 2016: Supplementary Table S1)%. In addition, yKA-
modified proteins were immuno-affinity purified from 3B11 cells 24 hrs after
administering 5 Gy. Isolated proteins were again subjected to LC/MS/MS. Ninety four
percent of the proteins identified in the irradiated samples were also found in sham
treated samples. Proteins specific to the irradiated samples are noted in red font, (see
database table published by Mont S. et al, Scientific Reports, 2016: Supplementary
Table S2)°". Based on the observations that there was a 2 fold increase in D11
immunoreactivity in irradiated cells compared to sham (see figure 13 in Chapter 5) the
current hypothesis is that cells contain a ‘pool’ of susceptible yKA-modified proteins,
with the fraction of proteins modified within the pool increasing as oxidant stress

increases.
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Confirmation of yKA-modified histone-H3 and histone-H4. Histones have been
shown to be susceptible to modification by reactive lipid electrophiles, including yKAs
(specifically levuglandin E2) and 4-oxononenal, resulting in stable lysine adducts®**°?,
Mass spectrometry analysis demonstrated the presence of histone H4, H1.3, H1.4,
H2A, H2B, and H3.3 peptide profiles detected by mass spectrometry following D11-
mediated purification (see database table published by Mont S. et al, Scientific Reports,
2016: Supplementary Table S2, tab Binding)®’. yKA-histone modification was
measured by isolating chromatin from mouse whole lung homogenates®.

Immunoblotting of chromatin with D11 confirmed the modification of histones H3 and H4

in mouse lung tissue (see figure 12).
Figure 9
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Figure 9: NADPH oxidase promotes generation of yKA-modified protein. IsoLG-modified
protein in formalin fixed paraffin embedded pulmonary tissue from age matched wild
type (A and C, N=6) or p47°"* null (B, N =3). Images were acquired using confocal
microscopy (60x magnification). Quantification of D11 ScFv immunofluorescence,
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corrected for DAPI staining is shown on the right for p47 phox null vs wild type (N =80
random fields). White bars represents 30 um. (Mont S. et al, Sci Reports 2016)°’

Figure 10
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Figure 10: Nrf2 suppresses generation of yKA-modified protein. IsoLG-modified protein
in formalin fixed paraffin embedded pulmonary tissue from age matched wild type (A
and C, N=6) or Nrf2 null (B, N =3). Images were acquired using confocal microscopy
(60x magnification). Quantification of D11 ScFv immunofluorescence, corrected for
DAPI staining is shown on the right for Nrf2 null vs wild type (N =60 random fields).
White bars represents 30 um. (Mont S. et al, Sci Reports 2016)°’
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Figure 11
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Figure 11: PANTHER analysis of endogenous yKA-modified proteins. Protein lysates
from mouse 3B11 endothelial cells were immunoprecipitated with D11 ScFv, subjected
to LC/MS/MS and then analyzed using the PANTHER software. (Mont S. et al, Sci
Reports 2016)%’
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Figure 12: Confirmation of yKA-modified histone-H3 and histone-H4. (A) Coomassie
staining of histones isolated from mouse lung; (B) Immunoblot of isolated histones using
D11 ScFv (lane 1), Histone H3 (lane 2) or H4 (lane 3) antibody. (Mont S. et al, Sci
Reports 2016)%’
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CHAPTER V
ACCUMULATION OF yKA-MODIFIED PROTEIN IS PRESENT IN OXIDATIVE

STRESS MEDIATED PULMONARY INJURY

Results:

lonizing radiation promotes the formation of yKA-modified proteins. Seventy
percent of X- and gamma-ray photons traversing a tissue interact with water molecules
that rapidly decompose into hydroxyl radicals (*OH), hydrogen radicals (*H), hydrogen
peroxide, superoxide, and solvated electrons'®. It was investigated if ionizing radiation
could generate yKA-modified protein in a cell culture model. Although alveolar epithelial
cells and fibroblasts are key to the pathogenesis of radiation—induced pulmonary

fibrosis'®®

, their response may be a consequence to radiation-induced pulmonary
microvascular injury, a prominent feature that manifests hours after irradiation of
human, dog, rat, and mouse lung®**%. Based on this knowledge, endothelial cells
were used to induce formation of yKA-modified proteins. Human Microvascular
Endothelial Cells (HMVECS) were exposed to 5 Gy of Cesium-137 y-rays. Quantification
of immunofluorescence D11 staining for yKA-modified proteins show a 2-fold increase
24 hours after irradiation (P = 0.001, see figure 13). Because hydrogen peroxide (H,0,)
is formed following photon irradiation, it was determined if H,O, would induce yKA-
modification. HMVECs were exposed to 150 uM H,0, for 1hr at 37°C and then allowed

to recover for 24 hrs prior to immunostaining with D11. Hydrogen peroxide treatment

caused a 4.4 fold increase in yKA-modified protein (P = 8.4x10 see figure 13).
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YKA-modified proteins are cytotoxic and promote apoptosis. To determine the
consequence of increasing the cellular burden of yKA-modified protein, 3B11 and
HMVECs were exposed to a bolus of a synthetic yKA isomer (15-E,-IsoLG in PBS (1
MM/1 hr). 15-E»-IsoLG is one of the yKA regioisomers that can be produced by both the
free radical pathway and the cyclooxygenase pathway (i.e. levuglandin E2) and its
synthesis was described in Lipids in Health and Disease™'°. Apoptosis induced by 15-
E»>-IsoLG was then assessed 16 hrs later by quantifying Annexin V positive/propidium
iodine negative staining (see figure 14). Exposure to 15-E-IsoLG (EC50 = 1 uM)
produced statistically significant increases in apoptosis, as measured by Annexin V
positive/propidium iodine negative staining in both cell types.

Alveolar epithelial type 1l cells are a key component to development of pulmonary
fibrosis'®. Therefore it was of interest to determine if type Il cells were susceptible to
yKA-mediated cytotoxicity. SV40 transformed mouse MLE12 alveolar type Il cells were
exposed to various concentrations of 15-E,-IsoLG for 1 hr in PBS. Cytotoxicity, as

measured by a MTT assay, was quantified 16 hrs later (see figure 14).

Accumulation of yKA-modified protein in irradiated lung tissue. Suppression of
Nrf2 and elevation of NADPH oxidase-mediated oxidant stress as disease

progresses’4111:112

are two prominent features of radiation-induced pulmonary injury
and human IPF"#*3118 |t was thus investigated whether yKA protein modification also
accompanies radiation injury. Wild type C57BL/6J mice were administered a thoracic

dose of 16 Gy, a dose that induces fibrotic lesions within 16 weeks'®. Strikingly, 16 Gy

significantly increased the degree of D11-mediated immunofluorescence 6 and 16
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weeks after irradiation. Six weeks after 16 Gy there was a nearly 3-fold increase, which
increased a further 2.3 fold 16 weeks after treatment as compared to sham control (see
figure 15). These findings correlate the onset and persistence of pulmonary fibrosis with

the formation and accumulation of yKA-modified proteins.

YKA-modified proteins are present in human IPF tissue. Having shown that yKA-
modified proteins are present in a murine model of pulmonary fibrosis it was of interest
to determine if human IPF tissue would have a similar phenotype. Human lung tissue
was obtained from 3 organ donor individuals and 3 IPF patients who underwent lung
transplant. Fibrotic tissue present in IPF samples is apparent by H&E staining (see
figure 16). Comparison of D11 immunofluorescence staining among the samples
revealed a 4-fold increase in yKA-modified proteins in IPF tissue compared to organ
donor controls (P = 5.8x10™, N = 100 fields, see figure 16). Inspection of IHC staining
using the D11 antibody and counterstained with methyl green indicated the presence of

YKA-modified protein in single cells and in multi-cellular lesions (see figure 17).

IPF dense fibrotic tissue was co-immunostained for collagen1a1 and yKA-
modified protein. As illustrated in figure 18, yKA-modified protein co-localized with
collagen1a1 in IPF tissue, consistent with the results obtained from the MS analysis
((see database table published by Mont S. et al, Scientific Reports, 2016:

Supplementary Table S2, tab structural (GO: 0005198))%".
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YKA-modified collagen impairs MMP-1 mediated degradation. Having shown that
yKA-modified proteins colocalize in with collagen1a1 in IPF tissue, it was hypothesizied
that this modification may inhibit MMP mediated degradation. To test this hypothesis,
collagen1a1 was modified with synthetic 15-E,-IsoLG. Results from this assay
demonstrated that 15-E,-IsoLG modification of collagen1a1 impaired its degradation by
MMP1 in a concentration-dependent manner (see figure 19). This finding is consistent
with the results reported by Davies et al. who have shown that yKA modification of

protein impedes its proteolysis*’.

Figure 13
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Figure 13: lonizing radiation promotes the formation of yKA-modified proteins. A)
lonizing radiation and hydrogen peroxide induce formation of IsoLG-modified proteins.
Human microvascular endothelial cells were stained for IsoLG-protein-adducts (Red)
before and 24 hrs after administration of 5 Gy of y-rays or 150uM hydrogen peroxide. B)
Relative D11 staining intensity normalized to no treatment controls. Staining was
measured at 60x magnification by wide-field microscopy and quantified by NIS
Elements AR (Nikon). (Mont S. et al, Sci Reports 2016)%’
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Figure 14: yKA-modified proteins are cytotoxic and promote apoptosis. A) Apoptosis of
3B11 and HMVECs exposed to 1uM 15-E2-IsoLG for 1 hr. Sixteen hrs later apoptosis
was measured by Annexin V+ PI- stained cells (mean £SD, N = 3). B) Loss of viability in
MLE12 cells exposed to various concentrations of 15-E2-IsoLG for 1 hr. Sixteen hrs
later an MTT assay was used to quantify viability (mean £SD, N = 4). Standard
deviations are shown if larger than symbols. (Mont S. et al, Sci Reports 2016)°’
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Figure 15
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Figure 15: Accumulation of yKA-modified protein in irradiated lung tissue. Mouse
pulmonary tissue was obtained 16 weeks after exposure to sham irradiation (A,C) or
16 Gy (B,D). (A,B) IHC D11 ScFv immunostaining, counterstained with methyl green.
(C,D) D11 ScFv immunofluorescence (IF) counterstained with DAPI. Random fields are
shown. (E) Mean (£SD) immunofluorescence staining was measured at 60x
magnification by wide-field microscopy (40 fields per time point obtained from 12 mice).
White bar represents 30 um. (Mont S. et al, Sci Reports 2016)°’
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Figure 16
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Figure 16: yKA-modified proteins are present in human IPF tissue. FFPE sections
underwent H&E staining. Sections were imaged using wide field microscopy. Other
sections were imaged by confocal microscopy following immunofluorescent staining
with D11 ScFv and counter staining with DAPI. White bars in IF sections represent
30 um. (Mont S. et al, Sci Reports 2016)°’
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Figure 17
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Figure 17: yKA-modified protein in single cells and in multi-cellular lesions in IPF vs non
IPF tissue. Human lung tissue sections obtained from IPF patients (panels A-C & G) or
non-IPF organ donors (panels D-F). FFPE sections were subjected to IHC staining with
D11 and counter stained with methyl green. Sections were imaged using wide field
microscopy. Black bar represents 30 uM. Red arrowhead denotes positively stained
cells in panels A- F. (Mont S. et al, Sci Reports 2016)°’

Figure 18
Non-IPF Tissue IPF Tissue

I || CIl|a1 + Ial I api

Figure 18: yKA-modified proteins are present in human idiopathic pulmonary fibrotic
tissue and colocalize with collagen. Human lung tissue sections from an organ donor
(A) or from a subject with IPF (B) were stained with D11 (Red) and collagen type 1
alpha 1 (Alexa 647, green false color) and imaged by confocal microscopy. 20x
magnification, N= 150 fields. The white bar represents 30 um. (Mont S. et al, Sci
Reports 2016)%’
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Figure 19
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Figure 19: yKA-modified collagen impairs MMP-1 mediated degradation. A) Purified
human recombinant Col1a1 was incubated with the indicated molar ratios of purified
IsoLG at 37°C/1hr, after which unreacted IsoLG was quenched. MMP1 was the added
to the reaction and incubated at 37°C/0.5hr, pH = 7.0. Col1a1 degradation was
analyzed by 1D SDS PAGE, Coomassie Blue staining. B) Intensity of Col1a1
degradation product was quantified and is shown as relative inhibition. (Mont S. et al,
Sci Reports 2016)°’
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CHAPTER VI

SUMMARY AND DISCUSSION

Although it is well established that oxidative stress promotes progression of many
diseases, the underlying mechanisms are not well understood. As shown by emerging
research, yKAs are a proteotoxic and immunogenic stress that links ROS to progression
of disease®®* %1811 The work of this dissertation, suggests that yKA-modified protein
has a significant presence in radiation-induced pulmonary injury and IPF (see figure 20).
In addition, genetic regulators of oxidative stress play a critical role in the formation and
accumulation of yKA-modified protein (see figure 21). Furthermore, data demonstrating
that yKA is proapoptotic and modifies collagen in IPF tissue and that modified collagen
is resistant to proteolysis by MMP1 point to yKA as one plausible mechanism driving
chronic pulmonary injury and fibrosis (see figure 22).

As a significant amount of the data was developed using a single chain antibody,
termed D11%, that specifically recognizes IsoLG-lysyl adducts in protein, the specificity
of the antibody requires addressing. Immunoreactivity is independent of peptide
sequence and adjacent polar or acidic residues. Competition assays against the D11
epitope show that it specifically binds to adducts from oxidized arachidonyl-lysine but
not by non-oxidized arachidonyl-lysine®’. Furthermore, D11 does not cross react with
hydroxynonenal (HNE) or oxononanal (ONA) adducted RKDVY peptide. The
nonreactive F2-isoprostane product, 15-F2t-IsoP (8-isoPGF2a), also does not compete
for D11%. Finally, we demonstrated that blocking the D11 epitope using IsoLG reacted

with excess free lysine abrogates immunoreactivity with mouse lung tissue (unpublished
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data and %). The strength of using the D11 antibody is that it can recognize the I1soLG-
lysyl adducts independent of protein identity. This allows for a broad inspection of yKA-
modified proteins and the ability to immunoprecipitate several different protein targets
for mass spectrometry analysis. However one limitation of using D11 is that during
immunoprecipitation the antibody may only immunopurify proteins with several 1soLG-
lysyl adducts and potentially miss proteins which are not as heavily modified.
Additionally, a target specific antibody would need to be generated to identify IsoLG-
lysyl adducts on specific protein targets. This limitation currently only allows to
immunoprecipitate or purify target proteins and then assess IsoLG-lysyl adduct by
immunoblot studies.

The presence of yKA-modified protein in alveolar epithelium and endothelium, as
well as in bronchiolar epithelium of healthy mice indicates that cells can tolerate a basal
level of protein modification. This demonstrates that a cell’s yKA load is directly related
to its oxidant burden. Nox2 catalyzes electron transfer from NADPH to molecular
oxygen, generating superoxide, which can dismutate into H,0,”® and is expressed in
most pulmonary cells, including alveolar macrophages, and dendritic cells®. The
importance of Nox2 as a major cellular source of oxidant stress driving yKA modification
in the lung is underscored by the reduction in D11 immunostaining in p47°"°* deficient
mice. Although the free radical pathway is a likely route of yKA formation under these
conditions, the cyclooxygenase pathway of yKA formation may also contribute as
formation of ROS by Nox can upregulate COX2 activity*?**#2. Nrf2, which is ubiquitously
expressed, promotes antioxidant gene expression (eg, SOD1, SOD2, and CAT) and is

critical for maintaining ROS homeostasis'®. The results from this dissertation
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demonstrates that pulmonary tissue from Nrf2-null mice exhibited significantly increased
levels of yKA-modified protein, thus identifying Nrf2 gene expression as important for
the suppression of modification.

Immuno-isolation of yKA-modified protein followed by MS/MS analysis identified
over 160 protein targets. Although irradiation produced significantly more modification,
the majority of the proteins were the same for irradiated and non-irradiated cells. One
interpretation for these results is that cells contain a pool of susceptible protein, so that
increasing the oxidant stress primarily increases the fraction of each susceptible protein
within the pool that is modified. PANTHER network analysis revealed that proteins from
multiple organelles and pathways are susceptible to be modified.

Proteins modified by yKAs can be a proteotoxic event, a consequence of protein

1001237127 Davies et al. have shown that

misfolding, aggregation, and/or crosslinking
yKA-modified proteins are poor substrates for proteasome-dependent degradation and
that the proteasome itself can also be significantly impaired by yKA-modification*!’. One
interpretation of the presented results is that yKA-mediated cytotoxicity is not a
consequence of targeting a specific prosurvival pathway, but is most likely due to the
accumulation of toxic modified proteins that exceed a critical threshold. Given that this
modification is not specific to a class of organelles or cellular pathways, determining the
exact concentration of all susceptible proteins to this modification would be challenging.
However, to attempt to answer this question one may focus on a particular set of
proteins which may be involved in the clearance of adducted proteins or involved in

redox homeostasis, as their inability to function would have a direct effect to increasing

the concentration of yKA-modified proteins.
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lonizing radiation is a well characterized prooxidant and was shown to induce
YKA protein-modification in cell culture and in a murine model of radiation-induced
pulmonary fibrosis. It is well established that most chronic fibrotic diseases have in
common a state of persistent injury*?®. Thus it was of particular interest to observe that
ionizing radiation produces a state of chronic yKA protein-modification that correlates
with chronic apoptosis and fibrosis®. yKA-modified proteins were also found to be a
prominent feature of IPF. Collagen1a1 was shown to be modified by yKAs in IPF
patients. This modification was also demonstrated to impair MMP1 mediated
degradation, demonstrating the potential to induce a state of chronic injury and to impair
resolution of established fibrosis. In summary, these results suggest that the excess
oxidant burden associated with radiation-induced pulmonary fibrosis and with IPF drives
the hitherto unrecognized pathogenic accumulation of yKA-modified protein. Since yKA
can be proteotoxic and injurious to cells, yKA may not only be a marker of oxidant-

stressed cells, but also augments lung injury and fibrosis.
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Figure 20: Generation of yKA-modified proteins under basal conditions.
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CHAPTER VII

SIGNIFICANCE AND FUTURE DIRECTIONS

Understanding the consequence of oxidative stress mediated lung injury has
broad implications and impact in the treatment of pulmonary fibrosis. Treatment for
pulmonary fibrosis is crucial for patients undergoing radiation therapy or patients
undergoing chemotherapy where late onset of lung fibrosis leading to increased
mortality is a known potential side-effect'®®. In these cases finding a treatment that can
be used to prevent the development of fibrosis during and after therapy would be greatly
beneficial. For patients with idiopathic pulmonary fibrosis finding a treatment to treat
established fibrosis is also crucial. Currently, the drug Salicylamine has been shown to
react with free yKA molecules thus blocking the ability of yKA to bind to protein®*%*,
This drug has been demonstrated to be effective in mouse models of oxidative stress
mediated diseases such hypertension® and Alzheimer’s disease™*? To determine if this
drug can help prevent the onset of pulmonary fibrosis, Salicylamine can be
administered before and during lung injury using mouse models of radiation-induced
fibrosis and chemotherapy induced fibrosis (eg, Bleomycin). Salicylamine can also be
given after established fibrosis in mouse models and survival studies can help
determine if treatment can stop the progression of fibrosis and extend survival.

Understanding the consequence of yKA-modified proteins has broad implications
and impact in the context of cellular biology. It is currently not well understood how cells

can maintain a basal level of yKA-modified proteins. To this end, understanding how

vyKA-modified proteins can affect protein degradation and protein turnover is crucial.
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Eukaryotes use two major pathways to clear proteotoxic proteins:

% and autophagy™*. Davies et al.

ubiquitination/proteasome-mediated degradation®?
have shown that yKA-modified proteins are poor substrates for proteasome-dependent
degradation and that the proteasome itself can also be significantly impaired by yKA-
modification*'’. However, the direct mode of action of how yKA protein-modification
impairs proteosomal mediated degradation remains to be determined. To elucidate what
occurs upon YKA adduction, one approach would be to use a his-tagged target protein
which is modified by yKA in-vitro and then introduced into cells which are transfected
with cDNA-plasmid expressing HA-tagged polyubiquitin. The his-tagged target protein

can be introduced into a mammalian cell using dfTAT*®®

, Which is an endosomolytic
agent that can deliver whole protein molecules into cells without toxicity, at a
concentration where the adducted protein does not induce cell death. His-tagged target
protein modified by yKA can then be purified from cells using nickel resin columns.
Immunoblotting his-tagged proteins against the HA tag will then determine if this yKA-
modified protein is modified by polyubiquitin and targeted for proteosomal degradation
(see figure 23). To confirm the results of this study degradation of the his-tagged target
protein can be measured using a cell culture model containing a temperature sensitive
mutation for the ubiquitin-activating enzyme E1. This mouse cell line, ts20 expresses
wild-type functional E1 at 35°C but at 39°C the E1 enzyme activity is inhibited resulting
in the accumulation of ubiquitinated substrates™®. Immunoblotting his-tagged proteins

following purification using a nickel resin column at each temperature can determine if

the target protein can be targeted for degradation by the E1 enzyme (see figure 24).
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Currently, it has not been investigated whether the autophagy pathway is
impacted by yKA protein-modification. One method to help elucidate the role of yKA-
modified proteins in autophagy, is to modify green-fluorescently tagged target protein
modified in-vitro with yKA (at various molar-ratio concentrations). The target protein can
be introduced into a mammalian cell culture system using dfTAT**>. Upon introducing
the yKA modified target protein in cells, live cellular imaging along with LysoProbe-dye
which labels lysosomes in red-fluorescence™®’, can be used to track the degradation of
yKA-modified proteins. Colocalization of green-fluorescence and red-fluorescence can
be used to measure and locate the degradation of yKA-modified proteins. In order to
ensure that the degradation is lysosome dependent, cells can be pretreated with a

proteosomal inhibitor MG132*%®

(see figure 25).

Understanding and identifying the specific lysine residues which are modified by
yKAs has broad implications and impact in the context of biochemistry and protein
function. In this study histones H3 and H4 were found to be modified by yKA when
isolated in whole lung homogenates. Histones are key proteins involved in the capacity
for DNA to be accessible or not accessible to genetic regulation. They are therefore
directly involved in epigenetic changes and involved in cellular development and
differentiation**°. Histone acetylation and methylation occur on lysine residues and thus
investigating if yKA can bind to these lysine residues is important. One method to
determine what lysine residues can be modified is outlined by Charvet, C. D. and
Pikuleva, I. A.*° The key approach of this method relies in creating a mass

spectrometry profile from adducting purified protein in-vitro and then subjecting the

modified protein to LC/MS/MS. Once a mass-shift profile is identified, it can be used to
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identify modified proteins in-vivo. The specific lysine residue can then be confirmed by
adducting a protein with a mutational change in a specific lysine residue into another
positively charged amino acid (eg, histidine, asparagine). To determine how yKA
modification affect histone modifications, a histone modification assay, developed by
Epigentek can be used on adducted histones. In this assay, 21 different histone
modifications can be measured and quantified, corresponding to specific methylation or
acetylation states on specific lysine residues**~14°,

In summary this dissertation identifying yKA-modified protein as a feature of
basal ROS production in lung tissue and its accumulation in oxidative stress mediated
lung injury allows for future studies to develop new therapeutics for pulmonary fibrosis
as well as allow for an additional understanding of yKA-modification within the context of

cellular biology.
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Figure 23: Summary of experimental design to determine if yKA-modification impairs
ubiquitin binding to target protein.
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