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ABSTRACT OF THE DISSERTATION

Accelerating the Development of Diagnostic Biomarkers and Mitigating Drugs for

Radiation Injury with Quantitative Mass Spectrometry

by

Kate Liu
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2019

Professor Joseph Ambrose Loo, Chair

Nuclear and radiological terrorism is an on-going public health concern, but very few
effective measures exist to assess the extent of the injury or counter the injuries from these
potential attacks. In response to this need, the UCLA Center for Medical Countermeasures
against Radiation (CMCR) has dedicated their research efforts on radiation biodosimetry and drug
development. On the diagnostic side, existing biodosimetry is only able to provide a crude
estimate of radiation exposure dose. More effective diagnostic tools are needed to confirm
exposure and predict tissue-specific radiation injury progression. Towards this end, we aimed to
develop protein biomarkers that can assess organ-specific radiation damage. Utilizing
guantitative mass spectrometry (MS)-based proteomics, we performed discovery experiments to
identify proteins that have desirable biomarker characteristics. In addition, we evaluated a set of
hypothesized biomarker candidates as part of antioxidant response using a targeted MS method.
On the treatment side, very few medical products are available to mitigate radiation-induced
injury. In fact, only three radiomitigators, through drug repurposing, have been approved by the

FDA for treatment of hematopoietic acute radiation syndrome (H-ARS). The UCLA CMCR has
Ii



recently identified a novel group of small molecules from high throughput screening (HTS) for
inhibitors of radiation-induced apoptosis. The lead compound dramatically decreases mortality
from H-ARS in mice. To elucidate the mechanism of action for the lead compound, we utilized an
emerging target identification approach based on thermal stability shift upon ligand binding (i.e.
thermal proteome profiling or TPP). Data from TPP experiments proposed hypothetical targets
for the lead compound, which can later be validated by protein-ligand binding studies and other

means.
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CHAPTER 1: CURRENT STATUS ON MEDICAL PREPAREDNESS FOR
UNEXPECTED RADIATION EXPOSURE

The threat of radiological and nuclear terrorism has been an increasing national
security concern in recent years. Scenarios of concern include dispersion of radioactive
materials, attacks on nuclear power plants, and the detonation of nuclear weapons.!*! To
address this concern, the National Institute for Allergy and Infectious Disease (NIAID) has
established research programs to develop diagnostic tools to assess the levels of
radiation injury and to develop countermeasure agents for use in the National Strategic
Stockpile program.[?l A key component of this initiative was the establishment of Centers
for Medical Countermeasures against Radiation (CMCR), a network of academic
institutions that drives the research programs. The UCLA CMCR is one of the 4 centers
in the nation that is dedicated to radiation biodosimetry and drug development research.

An immediate consequence of ionizing radiation exposure is acute radiation
syndrome (ARS). There are 3 types of ARS depending on the exposure dose:
hematopoietic ARS (H-ARS), gastrointestinal ARS (GI-ARS), and cardiovascular/central
nervous system ARS. H-ARS develops at moderate doses (2-6 Gy) because of the high
radiosensitivity of progenitor cells. Neurovascular syndrome (>10 Gy) is generally
considered untreatable due to multi-organ failure at such high levels of exposure.

Assessment of radiation injury in mass casualty scenarios is not trivial. Radiation
victims might not initially show clear signs and symptoms of radiation toxicity even if
exposed to substantial doses of radiation. In addition, there is considerable person-to-
person variability in early and delayed radiation damage to organs and tissues in

response to a given radiation dose due to factors such as genetic pre-disposition, age,



body size, underlying ilinesses, and immune status. Therefore, estimates of radiation
exposure dose alone (i.e. biodosimetry) will not necessarily predict the extent of radiation
injury to organs and tissues. Traditional biodosimetry relies on detection of chromosome
abnormality. However, in a mass casualty scenario, cytogenetic assays are not practical
for diagnostic purposes because the process is time-consuming and requires
experienced personnel for result interpretation.®! This assay is also limited to a whole-
body dose estimate, and it can’t properly assess heterogeneous exposure or severity of
organ damage. Therefore, there is a need for development of radiation-specific
biomarkers that can confirm exposure and predict acute and delayed radiation injury to
specific organs and tissues to guide triage and treatment decisions.

The ideal radiation biomarkers should be measurable in a non-invasive or
minimally invasive way, sensitive to incremental changes in radiation dose, and give a
persistent signal (at least 24-hours post exposure). Proteins are highly desirable among
all forms of molecular biomarkers because they can be accessible from body fluids,
detectable with high-throughput methods such as mass spectrometry (MS), and most
importantly, proteins are closely linked to physiological systems. To address the current
lack of effective radiation biomarkers, we aim to develop and evaluate protein biomarkers
that can assess organ-specific radiation damage using quantitative mass spectrometry
techniques. Mass spectrometry has been used for biomarker discovery and validation
over a decade due to its exquisite analytical specificity.”*! In Chapter 2, a “shotgun”
proteomics (discovery-based) experiment is used to identify biomarker candidates and

pathways that are responsive to radiation. In Chapter 3, a targeted MS method is applied



to test a biomarker hypothesis based on a key radiation response pathway. This work is
published in the Journal of Proteomics — Clinical Applications.[?!

Medical treatment options for radiation victims are currently very limited. Despite
decades of advances to develop radiation countermeasures for radiation injuries, few
agents have been FDA approved for ARS.[6] The type of countermeasures relevant to
the context of unexpected radiation exposure is a radiomitigator, which is administered
after radiation exposure in order to stimulate recovery of injured tissues. Currently
available medical products have been developed only for treatment of hematopoietic
ARS, and they are generally cytokines or growth factors such as granulocyte colony-
stimulating factor (G-CSF) or granulocyte-macrophage colony-stimulating factor (GM-
CSF).[67] These drugs were originally developed for neutrophil stimulation in
chemotherapy patients and were approved through drug repurposing for treatment of
radiation victims. Part of the challenge with developing radiation countermeasures is that
human clinical trials cannot be ethically conducted, and data from animal models have to
be relied upon to predict human efficacy. To facilitate drug development efforts, the FDA
passed the Animal Rule in 2002 that specified guidelines and requirements in order to
use animal data for clinical indications. One of the four requirements is that the
mechanism of injury and the role of the product towards the reduction of injury have to be
understood.

The UCLA CMCR has a theme of discovery and development of novel drugs to
mitigate acute and chronic radiation syndromes. Recently, CMCR researchers identified
a group of compounds with a 4-nitrophenylsulfonamide backbone that showed efficacy

for mitigating hematopoietic ARS.[®l The compounds emerged from in vitro high-



throughput screening (HTS) for inhibitors of apoptosis. Some of these compounds were
also tested for in vivo efficacy. The lead compound showed broad spectrum mitigation
effects and anti-tumor action. The mechanism of action for the lead compound needs to
be elucidated to advance the drug development process. In Chapter 4, a proteome-wide
approach to target identification is described to discover a molecular mechanism for the

lead molecule.



CHAPTER 2: DISCOVERY OF NEW ORGAN-SPECIFIC BIOMARKERS FOR

RADIATION INJURY ASSESSMENT

2.1 Abstract

With increasing concern about nuclear/radiological terrorism, there is strong interest in
developing a diagnostic platform to assess radiation injury following an incident.
Traditional biodosimetry is insufficient for proper diagnosis and prognosis since victims
may present delayed and/or varied response to radiation. There exists a critical need to
develop more effective radiation injury biomarkers. To this end, we aim to develop protein
biomarkers that can monitor organ-specific radiation response in the form of a blood test.
In this study, we identified panels of candidate biomarkers from mouse bone marrow
using label-free quantitative proteomics (LC-MSF). C57BI/6 male mice were sacrificed at
various time points (2, 4, 8, 30 days) after whole body irradiation and their bone marrows
were extracted for sample processing and analysis. Over 1800 proteins were identified
and gquantified from LC-MSE data using Progenesis QI for proteomics data analysis.
Proteins with differential expression after irradiation were classified based on their time
course expression patterns. For proteins grouped into each temporal pattern, their
biological functions and pathways were analyzed and compared. Finally, we devised the
biomarker criteria for “durable” markers with persistent upregulation at later time points
and for “stochastic” markers showing individual variation in radiation response. Based on

the criteria, biomarker candidates for potential future investigations were proposed.



2.2 Introduction

The aim of this biomarker discovery project is to identify protein biomarkers in
tissues and proximal fluids and then seek their presence and verify their expression levels
in plasma towards the development of a diagnostic blood test for guiding treatment of
radiation damage. Direct biomarker discovery in blood plasma or serum has not led to
many successes in the past because of low abundant disease-related proteins in blood.
Instead, approaches such as using proximal fluid and peripheral tissues can be favorable
for initial selection of candidates.® The tissue protein measurement in this study serves
as a foundation for potential subsequent investigations of these signatures to be found in
blood.

Following radiological or nuclear accidents, hundreds of thousands of people might
potentially be exposed to radiation. Biodosimetry would help estimate the dose a person
might have received, and whether the person needs acute care.l'° Biodosimetry is critical
for both triage and guiding the treatment of exposed population. Good biomarkers should
robustly report radiation exposure, and preferably report the damage an individual
sustained from radiation. Proteins, as part of cellular responses to radiation, are likely
good indicators of biological damage.

In this experiment, bone marrow was selected as the target tissue for biomarker
discovery because death in our mouse model following total body irradiation (TBI) is a
result of lethal hematopoietic syndrome arising in bone marrow. Tissues were collected
from control and irradiated mice sacrificed at various time points post 6 Gy TBI. We chose
the sub-lethal dose of 6 Gy for these studies because it was desirable to avoid animals

approaching death for our study (LDso/30 for C57 mice is 7.5 Gy).



2.3 Materials and Methods
Animals

C57BI/6/JAX gnotobiotic male mice were bred and housed in the Radiation
Oncology AAALAC-accredited animal facility at UCLA, and utilized at a body weight of
28gms (with 1S.D.<1gm; 9-12wks of age). Mice of both sexes in groups of four were
matched to minimize variation in strain, age, weight and gender. Animal health was
monitored at least daily and irradiated mice were followed more closely. Body weight was
assessed twice per week. Euthanasia was by exposure to isoflurane and confirmed by
cervical dislocation. There were no deaths due to irradiation or experimental procedures,
as the dose and times were chosen to avoid hematologic ARS. The experiments were
approved by the UCLA-IACUC and adhered to all federal and local regulations for the
humane treatment of animals.
Irradiation

Total body irradiation (6 Gy) was performed using an AEC Gamma Cell 40 cesium
irradiator (Cs-137) within the Animal Facility at a dose rate of around 60 cGy/min on
unanesthetized mice in a well-ventilated Lucite box. Dosimetry was performed by the
CMCR Physics Core at UCLA and involved the use of ionization chambers and
chromographic film to assess beam flatness across the field (<5%). The LD50/30 dose
for our C57BI/6 mice is 7.5 Gy (50% animals survive after 30 days).
Bone Marrow Extraction

Bone marrow from the unirradiated control mice and irradiated mice after 2, 4, 8,
and 30 days following 6 Gy TBI were extracted. The bone marrow was flushed from intact

thigh bones of mice and cleaned with 70% ethanol using 5ml 1X PBS. The resulting bone



marrow suspension was centrifuged at 1,000 rpm in a clinical centrifuge and the pellet
was frozen in a dry ice/ethanol bath and stored at -80°C.
Proteomic Sample Preparation

Bone marrow tissue was lysed in 900 pl lysis/reduction/alkylation all-in-one buffer
containing 0.5% (w/v) sodium deoxycholate, 12 mM N-lauroylsarcosine, 10 mM tris(2-
carboxyethyl)phosphine (TCEP), 40 mM chloroacetamide and 50 mM triethylammonium
bicarbonate (TEAB). The samples were homogenized with a glass/PTFE Potter-Elvehjem
tissue grinder using 5-6 hand strokes, followed by heating at 95°C for 5 minutes, and
ultrasonication (Fisher Scientific Sonic Dismembrator Model 100) with 3 rounds of 10 sec
bursts on ice. Samples were centrifuged at 16,000 g for 10 min and supernatants were
collected. Protein concentration in the supernatant was measured using a Pierce BCA
Protein Assay Kit (reducing agent compatible) following the manufacturer’s protocols
(Thermo Fisher), and a Shimadzu UVmini-1240 spectrophotometer. An aliquot of 50 ug
total protein from each sample was diluted 5 fold with 50 mM TEAB. Trypsin (MS grade;
Thermo Pierce) was added at a 1/100 enzyme to protein ratio and the sample was
incubated at 37°C for 4 hours, followed by another 0.5 ug of trypsin addition and overnight
incubation at 37°C. Digestion was quenched by addition of 0.5% trifluoroacetic acid.
Detergent was removed by ethyl acetate extraction (equal volume to the sample) and the
mixture was vortexed for 5 min. Samples were centrifuged at 16,000 g for 30 s and the
top ethyl acetate layer was removed. Samples were dried down and resuspended in 100
pl Loading Buffer (3% acetonitrile/0.5% acetic acid). The C18/SCX StageTip was
prepared for each sample by packing a layer of Empore™ Cation Extraction disk on the

bottom and a layer of Empore™ C18 disk on the top in a 200 pl pipet tip. It was conditioned



by 100 pl of 100% methanol, C18 Elution Buffer (80% acetonitrile/0.5% acetic acid),
Loading Buffer (3% acetonitrile/0.5% acetic acid), SCX Elution Buffer (30%
acetonitrile/500 mM ammonium acetate/0.5% acetic acid) and Loading Buffer,
respectively. Each conditioning wash was followed by centrifugation at 2000 g for ~30 s.
The peptide samples were loaded to the C18/SCX spin tips and centrifuged at 2000 g.
They were washed with 100 ul Loading Buffer, then with 100 pl 3% acetonitrile/500 mM
ammonium acetate/0.5% acetic acid, and finally with 100 ul Loading Buffer each at 2000
g for ~30 s. Peptides that did not bind to the SCX filter were collected as the flowthrough
with 20 pl addition of C18 Elution Buffer. A 20-ul step elution was performed with a syringe
using the following dilutions of SCX Elution Buffer with varied ammonium acetate
concentrations at: 17.5 mM, 20 mM, 35 mM, 50 mM, 65 mM, 80 mM, 100 mM, 300 mM,
and 500 mM. These fractions, including the initial flow-through loading buffer wash, were
dried down in a SpeedVac and then stored at -80°C until analysis.
Liquid Chromatography-Mass Spectrometry

Each fractionated sample was resuspended in 100 pl injection buffer (3%
acetonitrile, 0.5% acetic acid). For label-free quantification, Waters Hi3 E.coli ClpB
standard (P63284, 6 synthetic peptide mixture) was spiked in to a 20 ul sample aliquot to
a final standard concentration of 10 fmol/pl. A pool sample was prepared from an equal
aliquot from each time point (4 pool samples for each SCX fraction). All samples were
analyzed in LC-MSE mode on a Waters nanoAcquity UPLC system coupled to a Waters
Xevo G2-XS mass spectrometer. The samples were grouped by SCX fraction, and
different time points within the fraction were injected in randomized order. A total of 216

sample injections were performed (5 time points and 1 pooled sample x 4 biological



replicates x 9 SCX fractions). The pooled sample was analyzed at the start and end of
each block to ensure stability of the LC-MS/MS system.

A 5-pl partial loop injection was injected into a Waters nanoAcquity UPLC M class
system with a Symmetry C18 trap column (100 A pore, 5 pm particle, 180 pm by 20 mm)
and a HSS T3 analytical column (1.8 um, 75 um by 150 mm). Peptides were eluted with
the following 90 min LC gradient: 7-27% B for the first 55 min, 27-45% B between 55-70
min, 45-85% B for the next 1 min, 85%B between 71-75 min, ramp down to 5% B for the
next minute, and equilibrate at 5%B from 76 to 90 min (Solvent A is 0.1% formic acid in
water, Solvent B is 0.1% formic acid in acetonitrile). Mass accuracy was maintained by a
lock spray with a GIuFiB internal standard peptide (m/z 785.8426). The mass
spectrometer was operated in LC-MSE sensitivity mode over the m/z 100-2000 range,
with alternating energies from low CE of 6 V to a high CE between 18-45 V.

Data Processing

Raw MS data were imported into Progenesis QI for Proteomics v2.0 with the
following parameters: lock mass m/z: 785.8426 Da, low energy threshold: 250 cts,
elevated energy threshold: 100 cts, intensity threshold: 1000 cts, and retention time
window: automatic. Each SCX fraction was analyzed separately in a single Progenesis
experiment. Protein identification and quantitation results from all fractions were
combined in the final analysis. Retention time for samples within each fraction (5 time
points plus the pool x 4 biological replicates) were aligned automatically based on the
most suitable reference pool. Peptide ions with charge state greater than 6 were
excluded. To correct for systematic experimental variation across samples, normalization

of peptide abundances to the spiked-in ClpB peptides was performed. Peptides were

10



identified by the MSE search against the complete UniProtKB/Swiss-Prot Mus musculus
database (accessed March 12, 2015, 85247 entries) with added common laboratory
contaminants and from using the following parameters: trypsin as digest reagent, 500
kDa protein mass cutoff, maximum 2 missed cleavages, carbamidomethyl cysteine as a
fixed modification, methionine oxidation as a variable modification, false discovery rate
(FDR) of 4%, minimum 3 fragment ion matches per peptide, minimum 7 fragment ion
matches per protein and minimum 1 peptide match per protein. Relative protein
abundances were calculated from the average of the normalized abundances of three
most abundant unique peptides (Hi-3 method). Absolute protein quantification was
obtained based on 50 fmol Hi-3 ClpB calibrant protein (P63284) added. Protein

measurements were exported for downstream statistical analysis.

2.4 Results and Discussion

2.4.1 The LC-MSE label-free experiment

This LC-MS/MS-based discovery experiment captured time-dependent responses
of proteins in bone marrow following exposure to ionizing radiation. In this study, C57BL/6
male mice were exposed to 6 Gy TBI. Unirradiated control mice (n=4) and irradiated mice
after Day 2, 4, 8, and 30 (n=4 at each time point) were sacrificed, whereby their tissues
were collected. The bone marrow samples were processed using a standard “shotgun”
proteomics workflow consisting of tissue homogenization, lysis, protein denaturation,
tryptic digestion and strong cation exchange (SCX) peptide fractionation prior to mass
spectrometry analysis. A standard peptide mixture (Hi3 E.coli ClpB protein) was spiked
into the sample as a calibrant for label-free quantitation. The digested peptide samples

were analyzed by liquid chromatography with data-independent mass spectrometry using
11



a Quadrupole Time-of-flight (Q-TOF) instrument. In LC-MSE mode, the instrument rapidly
cycles between a low and high collision energy, so that both peptide precursor ions and
their fragment ions are simultaneously collected.l'%12 A software platform then matches
the fragments to their precursors based on mass and LC retention time. This LC-MSE
label-free experiment achieves quantitation without expensive isotope labeling.

The mouse work was performed by Elizabeth Singer (UCLA). The mass
spectrometry sample preparation and data acquisition were performed by a former
postdoctoral fellow in our lab, Dr. Dyna Shirasaki. My contribution to this project started
from the MS data processing and analysis.

Raw MS data were processed using Progenesis QI for Proteomics software. MSE
peptide ions were searched against the complete the Uniprot Mus musculus database to
generate peptide and protein IDs. For protein quantitation, the average signals of the top
3 most intense unique tryptic peptides for each protein were used to represent the protein
amount. The top 3 quantitation method has been adopted by the community as a label
free proteomics workflow and it is based on the empirical discovery that the average MS
signal response for the three most intense tryptic peptides per mole of protein is constant
with a variation less than 10%.['1 Relative protein concentration to the calibrant was
computed for each run. With a known amount of Hi-3 ClpB calibrant that was spiked to
every sample, absolute protein amount was determined. Finally, protein measurements

were exported for downstream statistical analysis.
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2.4.2 Global proteome changes after irradiation

A total of 1844 proteins from mouse bone marrow were identified and quantified
from the combined LC-MSE data from all SCX fractions using Progenesis analysis. The
dynamic range of proteins quantified spans 8 order of magnitude.

By ranking proteins by their abundances, the most abundant ones are proteins
involved in transcriptional regulation such as histone proteins and zinc finger proteins, as
well as proteins that play key roles in the regulation of inflammatory process and immune

response such as Protein S100-A9, a calcium- and zinc-binding protein (Figure 2.1).
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Figure 2.1: Proteins sorted by abundance of the pool (combined equal aliquot of 5 time points) in Progenesis QI for
proteomics. Ankryin-1 protein was highlighted as an illustration, and its time course pattern was displayed at the bottom.

If proteins are sorted according to different time-course expression profiles, we
observe early upregulation of DNA damage response proteins such as Protein PML and
double-stranded DNA repair protein, which peaked at Day 4. We also observe proteins

involved in DNA repair that peaked at Day 8 such as E3 ubiquitin-protein ligase SHPRH.
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Lastly, we also see some late-stage DNA damage response factors such as Mediator of
DNA damage checkpoint protein 1, which elevated at Day 30.

Recognizing the different time course profiles, we classified these proteins based
on these four distinct patterns based on their abundances over time (Figure 2.2).
Examples of proteins that display these patterns are shown in Figure 2.3. Based on these
patterns, the general biomarker strategy we devised is the following: proteins within each
pattern were subjected to pathway analysis and these pathways are investigated for their

relevance in radiation response (Figure 2.4).
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Figure 2.2: Differential time course expression patterns and the corresponding percentages of proteins that fell into
each pattern. Light blue indicates proteins that decreased after radiation exposure and never recovered (42%); orange
represents proteins that peaked at Day 2 (20%); dark blue represents proteins that peaked between Day 4-8 (19%);
gold represents proteins that were elevated at Day 30 (13%).
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Figure 2.3: Protein examples of the 4 time course patterns.
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Figure 2.4: Biomarker discovery strategy based on time course patterns.
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2.4.3 Pathway analysis of temporal protein expression patterns

Proteins were analyzed by PANTHER Gene Ontology (GO) protein classification
and Ingenuity Pathway Analysis. From GO classification pie charts (Figure 2.5), we can
see that the predominant biological processes were cellular processes, metabolic
processes and cellular component organization. If we compare the proportions of these
processes across the 4 time course patterns, we notice these differences and trends: (1)
for early responders, there were more proteins classified as biological regulation and
response to stimulus, which are the expected acute phase response after radiation
exposure; (2) for mid-to-late phase activation, proteins involved in reproduction started to
emerge, as cells were attempting to repair the damage after radiation; (3) for down-
regulation, there was a greater portion of cellular component organization or biogenesis
proteins, which is expected because many bone marrow cells undergo cell death or
senescence after 6 Gy exposure. The same trends can also be visualized in the bar chart
displaying the number of proteins that peaked at different time points for each biological

process (Figure 2.6).
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Figure 2.5: Pie chart of PANTHER GO-Slim Biological Process classification of proteins from each of the four time-
course profiles. Asterisks highlights processes that differ in these 4 temporal profiles and they were color-matched to
highlights in the legend.
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Figure 2.6: Bar chart of PANTHER GO-Slim Biological Process of bone marrow proteins at each of the four peak time
points indicating number of proteins that fell into each category.

Wnt and Integrin signaling pathways are the key pro-survival radioprotective
pathways. Interestingly in our pathway analysis, a significant number of proteins were
mapped to these two signaling pathways (Table 2.1 and 2.2). Wnt signaling pathway is
well-known for its involvement in tissue regeneration and repair after damage. In the

context of radiation exposure, there have been many reports on involvement of Wnt
17



signaling in radioresistance and it was recently found that the radioresistance was
mediated by high-mobility group box 1 protein (HMGB1), a chromatin-associated protein
regulating DNA repair.*3! Integrin-mediated adhesion to extracellular matrix proteins also
offers resistance to radiation.[*¥ Integrins in the cell membrane bind to extracellular matrix
components and initiate actin reorganization and activation of MAPK and other signaling
cascades. Pro-survival B1A-integrin/Akt signaling mediated by PI3K was found to be

critically involved in promoting cell survival after radiation injury.[4

Table 2.1: Proteins that were mapped to the Wnt pathway and their time course profiles and fold changes relative to
unirradiated control mice.

WNT SIGNALING PATHWAY
EARLY Day 2/Ctl
Transducin-like enhancer protein 2 -all__ 199
Adenomatous polyposis coli protein _ml__ 180
Inositol 1,4,5-trisphosphate receptor type 2 =la__ 250
Chromodomain-helicase-DNA-binding protein 1-like _HN__  7.53
Protein Myh15 =Allm_ 201
Actin, alpha skeletal muscle M. 344
Myosin-4 wla_ 192
Myosin-8 =H___ 309
Transcription factor 7-like 1 _Ba__ 455
Myosin-1 =HE__ 189
MID Day 4/Ctl Day 8/Ctl
Inositol 1,4,5-trisphosphate receptor type 3 __Num 22154 125.74
Myosin-6 «xfl__ 101 0.60
Protocadherin-16 <Al 237 4.45
F-box/WD repeat-containing protein 1A ___a=ll 036 7.40
Myosin-7 =ull. 198 0.75
Protein Myh15 =Hls_ 215 1.47
LATE Day 30/Ctl
Protocadherin-19 ___-0 o1
AT-rich interactive domain-containing protein 1A =—_H0 160
Protein Myh13 ==__0 163
F-box/WD repeat-containing protein 1A =l 16.28
DOWN Day 30/Ctl
Actin, cytoplasmic 1 Bum__ 004
Myosin-7B sl 032
MCG140437, isoform CRA_d Bu__. 066
Follistatin-related protein 1 Bm___ 026
Inositol 1,4,5-trisphosphate receptor type 1 i.___ 017
Phosphoinositide phospholipase C Ba__= 046
SWI/SNF-related matrix-associated actin-dependent
regulator of chromatin subfamily A member 5 ii._ o4
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Table 2.2: Proteins that were mapped to the Integrin pathway and their time course profiles and fold changes relative
to unirradiated control mice.

INTEGRIN SIGNALLING PATHWAY

EARLY Day 2/Ctl
Phosphatidylinositol 4-phosphate 3-kinase C2 domain-

containing subunit alpha = 2.06
Alpha-actinin-4 . 1.89
Actin, alpha skeletal muscle 0. 3.44
Laminin subunit alpha-2 Mon_ 3.34
MID Day 4/Ctl
Alpha-actinin-1 _mlla_ 2.36
LATE Day 30/Ctl
Cell division control protein 42 homolog . | | 2.35
Son of sevenless homolog 1 . | | 7.88
Laminin subunit beta-3 m=ln 2.24
Collagen alpha-1(XII) chain ~ _ull 86.66
DOWN Day 30/Ctl
Actin, cytoplasmic 1 Bam__ 0.04
Integrin-linked protein kinase Ina__ 0.43
Beta-actin-like protein 2 anll__ 0.40
Collagen alpha-1(l11) chain allm 0.27
Vasodilator-stimulated phosphoprotein B___ 0.46
Basement membrane-specific heparan sulfate proteoglycan . 024
core protein - )
Integrin beta-7 | . 0.33
Protein Col4a6 Ina__ 0.46
Actin-related protein 2/3 complex subunit 5 Ba___ 0.37
Laminin subunit gamma-1 (1] 0.00
Alpha-actinin-3 ila_. 0.57
Collagen type V alpha 3 chain Inm-_ 0.03
Collagen alpha-2(l) chain allm_ 0.34
Actin-related protein 2/3 complex subunit 1B . _. 0.46
DOWN WITH RECOVERY Day 30/Ctl
Ras-related C3 botulinum toxin substrate 2 I _um 0.52
Integrin alpha-lib 1 0.32

2.4.4 Bone marrow as a sentinel organ

For the physiological changes in the mouse as a whole, 6Gy total body irradiation induces
double-stranded DNA breaks and damage in multiple organs. After TBI, proteins in the
bone marrow respond to the damage directly in the bone marrow as well as respond to
signals from the outside (Figure 2.7). Signals from damaged tissues such as lung and gut
can leak into bloodstream. Cytokines are released into the bloodstream by damaged
tissues within minutes to hours. These cytokines travel to the bone marrow and enter the
stem cell niche, which then induces stem cell differentiation and evacuation out of bone

marrow.
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Figure 2.7: Bone marrow responds to damage from inside and outside.

2.4.5 Proteins with biodosimetry potential

We established the following criteria for durable and sustainable biomarker
candidates: greater than 2 fold elevation on Days 4 and 8 (p<0.05). Day 4 and Day 8 were
selected for two main reasons: bone marrow response within this time window seems to
be critical to the final survival and recovery of the mice after TBI; these are more realistic
time points when blood from radiation victims will be screened for diagnosis in a mass
casualty scenario. Of the 1844 proteins quantified, 156 proteins were found to be elevated
at least 2 fold at Days 4 and 8. These identified proteins were found to be involved in
different cellular responses and metabolic processes with functional attributes like DNA
synthesis, protein synthesis and degradation, apoptosis, oxidative stress. Examples of
durable biomarker candidates from the Integrin and Wnt signaling pathways are shown

in Table 2.3.
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Table 2.3: Examples of durable biomarker proteins in the Integrin and Wnt signaling pathways.

Proteins Day 4/Ctl Day 8/Ctl Time Com Pathways
Son of sevenless homolog 1 2.14 7.88 __ _NN Integrin Signalling
Collagen alpha-1(XII) chain 14.63 86.66 _ _ml Integrin Signalling
Inositol 1,4,5-trisphosphate receptor type 3 221.54 125.74 __Nmm WNT Signalling
Protocadherin-16 2.37 4.45 _ =00 WNT Signalling

At Day 8, prominent physiological changes in mice were observed: the bone
marrow appeared pale and thin, the spleen became smaller and fur whitening was also
observed. Day 8 seems to be a critical transition point in radiation response because we
observed significant individual variation among the biological replicates. These protein
abundances at Day 8 might correlate to the stochastic response in mouse survival. A
simplistic explanation of the differential survival is that in some individuals most
hematopoietic stem cells are destroyed while in others there are sufficient remaining
viable stem cells for animal survival beyond 30-days with an apparent recovery from the
insult.

Finally, among proteins that fulfilled our general biomarker criteria, we collected a
panel of proteins with robust up-regulation at 8 days post-TBI, which represents ‘durable’
markers of radiation exposure that might predict a stochastic response (Table 2.4). This

set of proteins is worth further investigation for use in dosimetry.
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Table 2.4: Biomarker panel for that may be predictive for a stochastic response (greater than 2 fold up-regulation at

Day 8).
Peptid Intensity D Ratio D
Protein ID TotaeI’;Uln?qsue n en;l/c\'{ ay @ ;;;D ay Function Role in Disease Pathways Peptides for PRM
Inflammation mediated by
E in th inhibit, limit, and
Arachidonate 15 "mz:g':;:'isme ":e;o'lv‘e'::",e‘ras: chemokine and cytokine DGTILNVAATSISDLPVDQR
lipoxygenase P39654 9/4 0.257/0.016 | 16.1470016 of pol rate o signaling pathway, SLDIPYEYLRPSLVENSVAI
PoXyg e ) ) v Gonadotropin releasing GPGDQGSEYTFPCYR
d fatty acids diseases
hormone receptor pathway
Q7TPR4;A1B
DYETATLSEIK
N54;D3YY95; 13.6/5.75 (D e .
Alpha-actinin-1 Q61063;099 69/19 / 2 (Day 236 Integrin Signaling LLETIDQLYLEYAKR
Ll3’ FAIQDISVEETSAKEGLLLWCQR
Integrin Signaling, EGFR, FGF,
Inflammation mediated by
Promotes the chemokine and cytokine
Son of sevenless exchange of Ras- - LDHTFEQIPSR
224! a/2 1.119/0.47' 7. | h
homolog 1 Q62245 / 9/0475 88 bound GDP by _ signaling pathway, QAQQLPYEFFSEENAPK
GTP Angiogenesis, CCKR Signaling,
: Gonadotropin releasing
hormone receptor pathway
Activated Cdc42
phosphorylates
p21-activated romoting the
kinases PAK1 and P N 8 R .
PAK2, which in expression of Inflammation mediated by
Cell division control | P60766;Q3U o . |B1integrin which is chemokine and cytokine NVFDEAILAALEPPEPK
. 5/3 1.119/.475 235 turn initiate actin |* | . R N 3
protein 42 homolog L78 . is important for signaling pathway; Integrin YVECSALTQK
reorganization N L
adhesion to the Signaling
and regulate cell )
) extracellular matrix
adhesion,
migration, and
invasion.
Enzyme in the
Inflammation mediated by
Collagen alpha- Q60847;E9P metabolism N N
3/1 0.391/0.00452 86.66 h ki d ki NSDVEIFAVGVKDAVR
1(Xl) chain X70;Q3TNZ7; / / of polyunsaturate ¢ esniu:‘allr;: anat'::vt: ine
d fatty acids 8 B P v
Enzyme in the
Laminin subunit |Q60675;Q5D metabolism . N
13/3 1.72/.822 2.09 Int Si | IYFGGLPTLRNLSMK
alpha-2 TPO / / of polyunsaturate ntegrin ignaling
d fatty acids
Inflammation mediated by
chemokine and cytokine
signaling pathway,
Heterotrimeric G-protein
trisphosphate P70227 a/1 0.254/0.002 257 | ™ el o " alpnam o rec':ptor 4 IYFGGLPTLRNLSMK
tor t 3 A ) TAVADNLLFYLGSAK
receptor type d fatty acids Ji diated signaling pathway,
Endothelin signaling pathway,
Gonadotropin releasing
hormone receptor pathway,
Wnt Signaling Pathway
LM/ h by Gonadotropin releasi
/homeobox P39654 o/a 0.257/0.016 | 16.1470016 onacotropin releasing SYFAINHNPDAK
protein Lhx2 hormone receptor pathway
Q0z0)4;F8W Gonadotropin releasing
Nitric oxide GF2;Q920J4- GMNPCPMVLVFGCRQSK
2 .342/0.0441 7.7 h hway,
synthase, brain | 2;Q920J4- 3/ 0:342/0.04 6 °'m°'c';::°:ip:'“:at WaV: | sSGDGPDLRDNFESTGPLANVR
5;S4R255 g g
Ephri -A
phrin type P29319 2/1 11.426/2.886 3.95 Angiogenesis CGWNVRQCEPCSPNVR
receptor 3
Q8CI94;Q3TF
Glycogen Q8;Q3UGTS; Heterotrimeric G-protein
AVDQISSGFFSPK
phosphorylase, | Q3UYH9;Q3 24/6 1.703/0.85 2.002 signaling pathway-Gi alpha and Q GYN?\REFYER
brain uzL2;Q3v3u Gs alpha mediated pathway
0
Heterotrimeric G-protein
signaling pathway-Gi alpha and
Regulator of G- DC04; Iph iat th
egulator of G- | Q9DC04;Q9 2/1 0.1844/0.072 253 Gs alpha mediated pathway, | o\ ensspaLLLGGWER
protein signaling 3 DC04-1 Heterotrimeric G-protein
signaling pathway-Gq alpha and
Go alpha mediated pathway
Regulator of G Heterotrimeric G-protein
g. ) ) 054829 1/1 0.213/0.023 9.16 signaling pathway-Gi alpha and | AFWDVHRPVPGCVNTTEVDIKK
protein signaling 7 .
Gs alpha mediated pathway
Platelet-derived
atelet-derive Q92517 1/1 3.404/1.0057 | 3.385 Angiogenesis LTNAVFFPR

growth factor D
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2.5 Conclusion

Protein markers proposed from bone marrow can be further tested in plasma using
protein depletion or enrichment strategies prior to mass spectrometry detection. Similar
biomarker discovery approaches can be applied to other organs like lung or gut to screen
for organ-specific markers. The overarching goal of this project is to readout an
individual’s radiation dosimetry and to predict stochastic, organ-specific responses with a

rapid blood test taken days after radiation exposure.
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CHAPTER 3: EVALUATION OF BIOMARKER POTENTIAL OF NRF2-MODULATED

ANTIOXIDANT RESPONSE PROTEINS

3.1 Abstract

Potential acute exposure to ionizing radiation in nuclear or radiological accidents presents
complex mass casualty scenarios that demand prompt triage and treatment decisions.
Due to delayed symptoms and varied response of radiation victims, there is an urgent
need to develop robust biomarkers to assess the extent of injuries in individuals. The
transcription factor Nrf2 is the master of redox homeostasis, as it regulates the basal and
inducible expression of antioxidant and detoxification genes. Based on prior
transcriptional evidence of Nrf2-dependent antioxidant response activation upon
radiation, we investigated the biomarker potential of Nrf2-dependent downstream target
enzymes by measuring their response in bone marrow extracted from C57BI/6 and C3H
mice of both genders for up to 4 days following 6 Gy total body irradiation using targeted
mass spectrometry. Overall, C57BI/6 mice have a stronger proteomic response than C3H
mice. In both strains, male mice have more occurrences of upregulation in antioxidant
enzymes than female mice. For the more frequently studied C57BIl/6 male mice, 3
proteins showed elevated abundances after radiation exposure (p<0.01): catalase,
superoxide dismutase 1, and heme oxygenase 1. Across both strains and genders,
glutathione S-transferase Mu 1 was consistently decreased, making it the most promising

biomarker candidate from our study.
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3.2 Introduction

Despite continual risk of radiation from nuclear accidents and terrorist attacks,
effective assessment of acute radiation exposure remains to be established for triage and
treatment of the population.[%1% Following a radiological event, several stages of mass
screening utilizing a combination of physical and biological dosimetry methods will be
needed to establish the severity of any radiation exposure. Traditionally, clinical
determination of radiation dose relies on cytogenetic assays such as chromosome
aberration, which normally involves lymphocyte cell culture and scoring of abnormalities.
This process is time consuming and requires experienced personnel, making it unsuitable
for triage of a mass-casualty event.[3101% |n addition, cytogenetic assays from blood
yields a crude total body dose estimate, which is not ideal given that accidental exposure
is likely heterogeneous and there is considerable difference in organ sensitivities to
radiation. On the other hand, protein biomarkers can offer molecular insights into the
physiology of cells and tissues that can guide organ-specific medical treatment. Despite
the advantages of proteomics, it has been underutilized in radiation research historically,
which leads to a scarcity in radiation proteomics knowledge® and a shortage of well-
established tissue-specific biomarkers.[17]

Some of the special challenges for proteomic analysis of radiation biology are due
to subtle alterations in cell or tissue proteome, even after high dose exposure.8 This
impacts the majority of radiation proteomics studies and as a result there has been
suggestions to apply a fold change cutoff lower than 1.5 for biological significance in
radiation research.!'® In recent years, applications of proteomics in radiation research

have increased with advancement in high throughput mass spectrometry technologies.
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Several groups have developed or implemented state-of-the-art quantitative proteomics
tools to identify and validate protein biomarker signatures associated with radiation
exposure.l1®-23 Our focus has been on the master regulator of anti-oxidant responses,
NF-E2-Related Factor 2 (Nrf2).

lonizing radiation (IR) causes a multitude of effects on cells. Radiation can directly
damage DNA and other biomolecules or indirectly through generation of free radicals and
reactive oxygen species (ROS) leading to acute radiation syndromes (ARS) and chronic
effects of radiation including carcinogenesis, fibrosis, inflammation, and genomic
instability.[?42%] In an attempt to maintain redox homeostasis, cellular antioxidant defense
mechanisms that are composed of small molecular antioxidants and antioxidant enzymes
are activated. Many antioxidant enzymes are regulated by a key transcription factor, Nrf2.
Nrf2 is normally sequestered by Keapl protein in the cytoplasm. Upon activation by
signals such as ROS, the Nrf2-Keapl complex is disrupted, leading to nuclear
translocation of Nrf2 and binding to the Antioxidant Response Element (ARE), which in
turn regulates expression of downstream antioxidant and detoxification genes that boost
cell survival.l?®! These target genes include glutathione S-transferase (GST), UDP-
glucuronosyltransferases, y-glutamylcysteine  synthetase (y-GCS), glutathione
peroxidase, superoxide dismutase 1 (SOD1), heme oxygenase 1 (HO-1), catalase, and
NADPH: quinone oxidoreductase (NQO-1). These enzymes have been repeatedly
demonstrated to be cytoprotective against insult, and Nrf2 is assumed to be a key
regulator for inducible expression of these enzymes.[?7:28]

Two articles published in 2010 reported Nrf2 transcriptional activation following

ionizing radiation. Tsukimoto et al. showed that low dose gamma rays induced Nrf2
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activation in mouse macrophage RAW264.7 cells.[?l A separate study by McDonald et
al. also observed similar Nrf2 induction in different systems.3% They found that single
doses of ionizing radiation from 2 to 8 Gy activated ARE-dependent transcription in breast
cancer cells in a dose-dependent manner. They also observed increased radiosensitivity
in Nrf2 knock out cells and mice after irradiation.’® More interestingly, a recent
transcriptional study by Purbey et al. identified ROS activation of Nrf2 as an important IR
sensing pathway.®! Their study reveals that Nrf2 activation by ROS is highly selective to
radiation exposure as opposed to other environmental insults. In their RNA-Seq data from
C57BIl/6 bone marrow derived macrophage (BMDM) collected 0.5-24 hr after 6 Gy
irradiation, only 99 genes (1.1%) were induced more than 4-fold, which is in accordance
with the common observation of subtle changes in the proteome upon irradiation. Among
these few potently induced genes, Nrf2-regulated gene expression peaked between 1-2
hr and were classified as early response genes.

Besides potent induction of Nrf2 after IR, studies also indicated different induction
kinetics in different cell types.[®2 For example, in the two initial reports, Tsukimoto et al.
observed a rapid induction in mouse RAW264.7 macrophage cells, whereas McDonald
et al. found a delayed response of 5 days in other cell types. The different induction
kinetics can be useful to differentiate the origin of damage. Another factor that can be
utilized to localize Nrf2 response is isoform-specific tissue distributions. For instance,
GST enzyme is highly polymorphic and it consists of 25 isoforms in mice and also in
human (taken from Uniprot). A study mapping out GST tissue distributions in mouse
reported differential expression of these isoforms in different tissues, and some isoforms

were predominantly expressed in certain tissues. 33!
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Therefore, based on the existing evidence of robust and dose-dependent induction
of Nrf2 following IR and other desirable features such as differential induction kinetics and
tissue-specific expression, we hypothesized a biomarker potential for Nrf2-mediated
response proteins in assessment of ionizing radiation exposure and related organ
damage. Potentially, these proteins can be used towards development of a diagnostic
blood test for exposure and feedback of efficacy of mitigatory treatment in radiation
emergencies.

In this study, using a targeted proteomics approach with mass spectrometry (MS),
we examined the response of Nrf2-ARE-dependent enzymes in mouse bone marrow
collected at various time points (8 hours to 4 days) after 6 Gy total body irradiation (TBI)
in two mouse strains and both genders. The strain and gender groups offer a
representation of varied radiation response in a population due to different genetic
backgrounds. Bone marrow is investigated in this initial study because it is a highly
radiosensitive organ and the responses of the hematopoietic system are major
determinants of outcome after IR exposure.?* A high sublethal dose of 6 Gy TBI causes
significant damage to bone marrow and hematopoietic acute radiation syndrome (H-ARS)
in mice. Nrf2-mediated response is particularly important in this context because Nrf2
activation is also known to enhance hematopoietic stem progenitor cell function and
mitigate IR-induced bone marrow suppression and mortality.[53¢1 The measurement of
Nrf2-ARE-dependent proteins in bone marrow in this study may provide insights to
hematopoietic recovery of mice and this study serves as a foundation to potential
subsequent investigations of these signatures in blood. Direct biomarker discovery in

blood plasma or serum has not led to many successes in the past because of low
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abundant disease-related proteins in blood. Instead, approaches such as using proximal

fluid and peripheral tissues can be favorable for initial selection of candidates.[!

3.3 Materials and Methods
Animals

C3Hf/Sed//Kam and C57BI/6/JAX gnotobiotic male and female mice were bred and
housed in the Radiation Oncology AAALAC-accredited animal facility at UCLA, and
utilized at a body weight of 28gms (with 1S.D.<1gm; 9-12wks of age). Mice of both sexes
in groups of eight were matched to minimize variation in strain, age, weight and gender.
Animal health was monitored at least daily and irradiated mice were followed more
closely. Body weight was assessed twice per week. Euthanasia was by exposure to
isoflurane and confirmed by cervical dislocation. There were no deaths due to irradiation
or experimental procedures as the dose and times were chosen to avoid hematologic
ARS. The experiments were approved by the UCLA-IACUC and adhered to all federal
and local regulations for the humane treatment of animals.
Irradiation

Total body irradiation was performed using an AEC Gamma Cell 40 cesium
irradiator (Cs-137) within the Animal Facility at a dose rate of around 60 cGy/min on
unanesthetized mice in a well-ventilated Lucite box. Dosimetry was performed by the
CMCR Physics Core at UCLA and involved the use of ionization chambers and
chromographic film to assess beam flatness across the field (<5%). The LD70/30 dose
for our C3H/Sed mice is 7.73 Gy. For C57BI/6 mice, it is 8.51 Gy.

Bone Marrow Extraction
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At 8 hour, 1, 2 and 4 days after TBI, bone marrow was extracted. The bone marrow
was flushed from intact thigh bones of mice and cleaned with 70% ethanol using 5ml 1X
PBS. The resulting bone marrow suspension was centrifuged at 1,000 rpm in a clinical
centrifuge and the pellet was frozen in a dry ice/ethanol bath and stored at -80°C.
Proteomic Sample Preparation

Bone marrow tissue was lysed in 0.5% (w/v) sodium deoxycholate, 12 mM N-
lauroylsarcosine, and 50 mM triethylammonium bicarbonate (TEAB). The samples were
homogenized with a bead beater (Bullet Blender; Next Advance, Inc.) at max. speed for
1 min, followed by heating at 95°C for 5 minutes, and sonication in a water bath for 5 min.
Samples were centrifuged at 16,000 g for 5 min and supernatants were collected. Protein
concentration in the supernatant was measured using a Pierce BCA Protein Assay Kit
following the manufacturer’s protocols (Thermo Fisher). An aliquot of 50 pg total protein
from each sample was reduced with 5 mM tris(2-carboxyethyl)phosphine for 30 min at
room temperature and alkylated with 10 mM iodoacetamide in the dark for 30 min at room
temperature. The protein samples were then diluted