ABSTRACT
NEPOMUCENO, ANGELITO INOCENCIO. Development and Application of
Discovery-Based Proteomic Strategies Needed for the Study of Small Populations of
Cells in Model Biological Systems. (Under the direction of Dr. David Charles
Muddiman).

In the era of “-omics” based technologies, mass spectrometry (MS) has been
synonymous with proteomics. This has only been accomplished with the advent of
electrospray ionization and matrix-assisted laser desorption ionization techniques,
whom Dr. John B. Fenn and Dr. Koichi Tanaka received the Nobel Prize in chemistry
in 2004. A variety of proteomics based mass spectrometric workflows are utilized to
define an organism’s proteome. Each workflow is dependent on many necessary
tools. First, a reference database comprised of proteins, expressed sequence tags
and/or a genome sequence database. Secondly, analytical separation techniques
are necessary for complex mixtures. A wide variety of techniques can be used to
separate complex mixtures, i.e. SDS-PAGE, HPLC, Filter Aided Sample
Preparation, and Stage-tip fractionation. To analyze these complex mixtures, mass
spectrometers that can provide the necessary sensitivity, robustness and accuracy
are necessary. Lastly, the identification of proteins is then feasible with a series of
software suites that match the MS data to that of the protein sequences in the
provided database. Herein, this dissertation describes several approaches used to
define global proteomes of tissue samples obtained from model biological systems.

Animal models are essential towards advancements in basic and clinical

research. The domestic hen (Gallus gallus) was used as an animal model to



investigate ovarian cancer and basic reproductive studies. There have been
mammalian models which have been used to investigate ovarian cancer. However,
scientists have not found a suitable animal model that spontaneously develops
ovarian cancer. The chicken on the other hand not only develops ovarian cancer
spontaneously, the types of cancers found are similar to those that occur in humans.
The ovaries of egg laying hens were also used to study follicular development and
recruitment. Small white follicles were excised from the cortex of the ovary in order
to obtain global proteome profiles of the white yolk, follicular wall and stromal cells.
The proteomes provided were used to investigate follicular recruitment.

Proteins extracted from tissue samples were processed in several methods
prior to analysis via LC-MS/MS. Protein samples obtained from the ovarian cancer
study were processed on a SDS-PAGE. Gel lanes were fractionated in order to
maximize the proteome coverage. Samples were then analyzed using a nanoLC
coupled to a LTQ-FTICR mass spectrometer. In a short number of years, many
advancement in techniques used for sample preparation were conceived. Limited by
the amount of samples obtained using laser microdissection experiments; a filter
aided sample preparation (FASP) protocol was used. To further increase proteome
coverage, samples were analyzed on a linear quadrupole orbitrap mass analyzer
due to the increase in sensitivity, mass accuracy of both MS and MS/MS spectra,

and speed of analysis.



© Copyright 2014 by Angelito Inocencio Nepomuceno

All Rights Reserved



Development and Application of Discovery-Based Proteomic Strategies Needed for
the Study of Small Populations of Cells in Model Biological Systems

by
Angelito Inocencio Nepomuceno

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Chemistry

Raleigh, North Carolina

2014

APPROVED BY:

David C. Muddiman James N. Petitte
Professor, Chemistry Professor, Chemistry
Committee Chair

Gufeng Wang H. Troy Ghashghaei
Professor, Chemistry Professor, Molecular Biomedical Sciences



DEDICATION

I'd like to dedicate this dissertation to my grandfather Antonio C.
Nepomuceno. Without his unconditional Ilove, support, guidance, and

encouragement this journey would have never begun. | know he’s watching over me.



BIOGRAPHY

Angelito Inocencio Nepomuceno was born in Queens, New York on January
8, 1978 to his parents Angelito H. and Carolina Nepomuceno and is the eldest of two
children. Angelito attended Staten Island Academy from kindergarten to high school
and graduated in 1996. After high school he chose to attend Stetson University in
Deland Florida. He earned two Bachelor of Science degrees in the fields of
Chemistry and Biochemistry. He then moved to Richmond Virginia and started his
graduate career in 2000 at Virginia Commonwealth University where he obtained his
Master of Science degree in Analytical Chemistry under the mentorship of Dr. David
C. Muddiman. After his master's thesis, Angelito went to work in the Mass
Spectroscopy industry at lonSpec Inc. in Lake Forest, California. After 6 wonderful
years of in California, Angelito began his Ph.D. career in Raleigh, North Carolina at
North Carolina State University in 2010 under the direction of Dr. David C.

Muddiman.



ACKNOWLEDGMENTS

| would like to firstly acknowledge my family; my parents Angelito H. and
Carolina and my sister Angela for their inspirational support and encouragement.
Without your loving support | would not have made it this far.

There have been many teachers, professors, and role models who have been
instrumental in my life, and | sincerely thank each one of you. However, | would like
to individually thank those who have directly impacted my scientific career. During
my undergraduate education at the Stetson University, | was fortunate enough to
become involved in undergraduate research during my senior year. It is here that |
realized the passion | have for research. Dr. Ramee Indralingam was helpful,
motivating, and provided a perspective on science that is not found in the classroom
alone. She was the person who most encouraged me to apply to graduate school.

When | first started at VCU, | knew from the start that | wanted to work with
Dr. David Muddiman. | was excited to be part of his research program. I’'m not going
to lie; working with a motivated and brilliant young professor like Dr. Muddiman was
tough. | truly learned from him what it takes be a successful graduate student.

| then went to work for lonSpec Inc. which was later purchased by Varian Inc.
| interacted with many people during my career. There are just too many people to
name; | want to thank them all for their support even when | chose to go back to

graduate school.



When the decision was made to go back to graduate school to obtain my
Ph.D., | knew | wanted to work for Dr. David Muddiman again. This second go
around was a much different experience. | came in with the motivation to learn and
was given the opportunity to grow as an independent researcher and develop critical
thinking skills. | would also like to thank Dr. Adam Hawkridge and Dr. James Petitte
for their support and patients. Then the Muddiman alumni and group members who
have been tremendously supportive over the past several years and | can’t thank

them enough.



TABLE OF CONTENTS

LIST OF TABLES . ... et e e e e e e e e e aeees
LIST OF FIGURES ...t e e e e e e e e e aeees
LIST OF PUBLICATIONS ...ttt e e e e e e aa e aeees
LIST OF PRESENTATIONS ...t e e
CHAPTER 1: An Introduction to Quantitative Global Proteomics
Measurements of Tissue Lysate Samples by Liquid
Chromatography Tandem Mass Spectrometry ...........cccceeeeevvvvnnnnnn.
1.1 ChiCKen MOAEL.......cooieiiiieee e
I I A O V7= T4 = I - U [ =T USSR
1.1.2 Follicular Development ...
1.2 Sample Preparation of Tissue Lysate prior to Mass Spectrometry............
1.2.1 IN-Gel DIgeSHION.....ccoiiiiiiiiiiiiiiii e
1.2.2 Filter Aided Sample Prepartion (FASP) .......ccccooiiiiiiiiiiiiiiiiiiiiiiiieee,
1.3 RP-HPLC-nano-ESI-MS/MS........ccoooiiiiiiiiiieeeeeeeeeeeeee
1.3.1 Reversed-Phase High Performance Liquid Chromatography
(RIS =T 103 RO
1.3.2 Electrospray 10nization ...
1.4 MASS SPECIIOMELEIS. ... uuiiiieeiiieeitiie ettt e e e e e e e
1.4.1 LTQ-FTICR-MS ... e

1.4.2 Linear Quadrupole Orbitrap Mass Analyzer .........cccccccovviiiiiiiiinnnnnn.

Vi



1.5 BIOIN OIMATICS ..o 12

1.6 Laser MicrodiSSECtion (LIMD) ........uuuiiiieeeiiiiiiiiiiiee e 14
1.7 Synopsis of Completed Research ..........cccccoviiiiiiieeee 16
I S U= (=T 1= g ol L RSP 18

CHAPTER 2: Accurate Identification of Deamidated Peptides in Global

Proteomics using a Quadrupole Orbitrap Mass Spectrometer........ 24

2 A [ 01 o o 18 ox 1o o F PP P PP PPPPPPP 24
2.2 EXPEIMENTAI ...ooiiiiiiiiiiiiiiiiiiiiieeeeeeee ettt 28
2.2.1 ANIMAIS....oiiiiiiiiiiiiiieeee e 28
2.2.2 Sample Preparation and DIigeStion ...........cceevvvviiiiiiiiiiiiiiiiiiieeiieeeeeeeen 28
2.2.3 StageTip Anion Fractionation ..............ceeevviiiiiiiiiiiiiiiiieiiieeeeeeeeeeeeeeeeen 30
2.2.4 nano-Flow Reversed Phase Chromatography........ccccccccvvviiiiiiiinnnnnn. 30
2.2.5 Data ANAIYSIS ...coeiiiiiiiiiiiiiiiiiiieiieeeee et 31
2.3 ReSUItS and DISCUSSION .....cceviiiiiiiiiiiiiiiiiiiiieeeeeeee ettt 32
2.4 CONCIUSIONS ....cceiiiiiiiiiiiiiiiii ettt ettt ettt ettt e e e e e e e e e e e eeeees 45
2.5 RETEIEINCES ....ooiiiiiiiieiiieeeee ettt 46

CHAPTER 3: Ovostatin 2 (OVOS2) is Up-Regulated in Chicken and Human

OVANAN CANCET.....cciiiiiiiiiiiiiieieeeeeeee ettt 50

G 20 R 1o (0 To 18 Tox 1o o 1R 50
3.2 EXPEIMENTAL ...uuiiiiiiiiiiiiiiiiiiiiii e 53
3.2.1 Animal Care, Biospecimen Collection, and Pathology....................... 53
3.2.2 Chicken Tissue Lysate Preparation and SDS-PAGE..............ccccu.... 54

vii



3.2.3 Plasma Preparation and SDS-PAGE............ccccevvviiiiiiiiiieeeeeeeeeiiinnn
3.2.4 IN-gel DIgESTION ....uuuiiiiiiiiiiiiiiiiiiiiiitie i
3.2.5 LC-MS/MS ...
3.2.6 DaAta ANAIYSIS ....euvuueiiiiiiiiiiiiiiiiiiie e
3.2.7 HUMAN Cell LINES ...
3.2.8 RT-OPCR ...t
3.2.9 Western Blot ANAIYSIS........uuuuuiiiiiieieeiiiiiii e
3.2.10 ImmMuUNONISTOCREMISTIY.......uuiiiiiiiiiiiiiiiiiii
3.3 ReSUItsS and DISCUSSION ........uuuuiiiieeeiiiiiiiiiiie e e e e e e e e e e e e e e
3.3.1 Quantitative Proteomics Analysis of Ovarian Cancer in the
CRICKEN <. e
3.3.2 Up-regulation of OVOS2 in Human Ovarian Cancer ...........cccccc.uuunn..
3.3.3 OVOS2 in Chicken and Human Ovarian Cancer..............ccceevvvvvnnnnn.
G S @ T [ 13 (o 1 1
3.5 RETEIENCES ... e
CHAPTER 4: Global Proteomic Analysis of Functional Compartments in
Immature Avian Follicles Using Laser Microdissection Coupled
TO LC-MSIMS .o
s R [ 0T [T 1 0] o RPN
4.2 EXPEIMENTAL ..o
4.2.1 Animal Care and Biospecimen ColleCtion.............cccccuvuvemmiimiiiinnnnnnnnns

4.2.2 Laser MIiCIOQiSSECION ... eu ettt et e e eeaeens

viii



4.2.3 Filter Aided Sample Preparation (FASP) .......cccuiiiiiiiiiiiiieiiicieeeee 88

4.2.4 NaANO-LC-MS/MS ... 89
4.2.5 Data ANAIYSIS .....uuuiiiiiiiiiiiiii e 90
4.3 RESUILS ...t aeeaeaane 91
4.3.1 Protein IdentifiCation ............coooeiiiieiiiiiiiie e 91
4.3.2 Targeted Proteins in Follicular Development............ccccccuveeiiiiiiiinnnnns 96
B 1ol U 11 o] [P 100
4.4.1 Global Protein Profile.........cccoooeeeiiiiiiiiiii e 100
4.4.2 Protein Compartmentalization ..............ccccooiueiiiiiiiiiiiiiiees 105
T @0 o] [ £ [0 o 110
A5 REFEIENCES ...oviiiiii i e e e 111



Table 2.1

Table 3.1

Table 4.1

Table 4.2

Table 4.3

LIST OF TABLES

Protein Identification Search Parameters.............ccccvvvvvviiineeeennn. 44
Pathological Classification of Birds .............cceeiiiiiiiiiiiiiiiiiieee, 61
KEGG PatiWayS ......uiiiiiiiieieeeiin e 96
MRNA and Protein SimilaritieS ... 97
Quantification of Steroidogenic Pathway Enzymes...................... 98



Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4

Figure 4.5

LIST OF FIGURES

Ovary Follicle Classification ............cooveiiiiiiiiiiie e 3
FTICR 10N DEIECHION ... 10
Linear Quadrupole Orbitrap Mass Spectrometer.......................... 12
Laser MiCrodiSSECHION .......ccooeeeeeeeeeeeee e 16
Identification of Deamidated Peptides............cccccuveiiiiiiiiiiiinininnns 33
Misassigned Deamidated Peptides ...........cccoeeeeeiiiiiiiieeeeeeeee, 36
Inaccurate Monoisotopic Peak Picking ..........cccccccvuviiiiiiiiiiinnnnnns 39
Correct Assignment of Deamidated Peptides .........ccccccvvvvrvreennnn. 41
LC EIUtioN Profile ......coooee i 42
InGel Protein 1dentifications ................uuuieiiiiiiiiiiiiiiiiiiiiiies 62
Protein Heat Map ......cooooeieeeeeeeeeee 64
OVOS2 Chicken Protein SEQUENCE ..........ccovvvvviiiiiiiiiiiiiiiieeeeeeeee 66
(O] e =0 )l = (o ] SR 69
OVOS2 in Human Cancer Cells.........ccccoviiiiiiiiieee 71
Chicken and Human Chromosome Map ........ccccccvvvviiiiiiiiinninennn. 73
Ovarian Cellular Compartments..........cccccvvviiiiiiiiiiiiiiiiiieeeeeeeeee 91
Number of Identified Proteins..........ccooeeeiii, 93
VOICANO PIOLS ...ttt 95
Vitellogenin Compartmentalization................cccuvvveeiiiiiiiiiiiniieinnnns 97
Steroidogenic PathWay ... 99

Xi



Figure 4.6

Figure 4.7

GO Annotations Biological Processes

GO Annotations Cellular Components

Xii



LIST OF PUBLICATIONS

Angelito Nepomuceno; David C. Muddiman; James N. Petitte, Global
Proteomics Analysis of Functional Compartments in Immature Avian Follicles
Using Laser Microdissection Coupled to LC-MS/MS, J. Biol. Reproduction.
(submitted, June, 2014)

Jonathan Hall; Michael Bereman; Angelito Nepomuceno; Elizabeth
Thompson, David Muddiman; Robert Smart, C/EBPa prevents the
proteasomal degradation of p21"VAF“"! in response to UVB radiation and
controls subsequent p21/CDK interactions and the DNA damage-induced G;
checkpoint. Nucl. Acid Res. (submitted 4/9/2014)

Hsi-Chuan Chen; Jina Song; Jack P. Wang; Ying-Chung Lin; Joel Ducoste;
Christopher M. Shuford; Jie Liu; Quanzi Li; Rui Shi; Angelito Nepomuceno;
Fikret Isik; David C. Muddiman; Cranos Williams; Ronald R. Sederoff; Vincent
L. Chiang. Systems Biology of Lignin Biosynthesis in Populus trichocarpa:
Heteromeric 4-Coumaric Acid:Coenzyme A Ligase Protein Complex
Formation, Regulation, and Numerical Modeling. Plant Cell 2014, 26, 876-893

Angelito I. Nepomuceno; Radiance J. Gibson; Shan M. Randall; David C.
Muddiman. Accurate Identification of Deamidated Peptides in Global
Proteomics Using a Quadrupole Orbitrap Mass Spectrometer. J. Prot. Res.,
2014, 13(2), 775-785

Justin  Schilling; Angelito Nepomuceno; Jennifer E. Schaff, David C.
Muddiman; Harry V. Daniels; Benjamin J. Reading. Compartment Proteomics
Analysis of White Perch (Morone Americana) Ovary Using Support Vector
Machines. J. Prot. Res. 2014, 13(3), 1515-1526

Brittany L. White; Emine Gokce; Angelito 1. Nepomuceno; David C.
Muddiman; Timothy H. Sanders; Jack P. Davis. Comparative Proteome
Analysis and IgE Binding Properties of Peanut Seed and Testa (Skin). J.
Agric. Food. Chem. 2013, 61(16), 3957-3968.

Angelito I. Nepomuceno; Huanjie Shao; Kai Jing; David C. Muddiman; James
N. Petitte; Michael O. Idowu; Xianjun Fang; Adam M. Hawkridge. Ovostatin 2
(OVOS2) is Up-regulated in Chicken and Human Ovarian Cancer. Proteomics
Clinical Applications. 2013 (Submitted)

Xiii



LIST OF PRESENTATIONS

Poster - “Global Proteome Analysis of Wild-Type and FoxJ1 knock-out
Mouse Brain Tissues Using a Quadrupole Orbitrap Mass Spectrometer”
Radiance J. Gibson; Angelito I. Nepomuceno; Nagendran Muthusamy; Shan
M. Randall; Philip L. Loziuk; H. Troy Ghashghaei; David C. Muddiman. 61°*
American Society for Mass Spectrometry Conference. Minneapolis,
Minnesota June 2013.

Poster - “Mass Spectrometry-Based Proteome Characterization of Laser
Microdissected Ovary and Oviduct Tissues from Chickens with Ovarian
Cancer” Angelito I. Nepomuceno, James N. Petitte, Adam M. Hawkridge,
David C. Muddiman. 61% American Society for Mass Spectrometry
Conference. Minneapolis, Minnesota, June 2013.

Oral - “Proteome Characterization of Chicken Ovary Tissue and Plasma
using One-Dimensional SDS-PAGE nLC-MS/MS” Angelito I. Nepomuceno,
James N. Petitte, David C. Muddiman, Adam M. Hawkridge. 63"
Southeastern Regional Meeting of the American Chemical Society.
Richmond, Virginia, October 2011.

Poster — “In-Depth Proteome Characterization of healthy and Cancerous
Chicken Ovarian Tissues” Angelito I. Nepomuceno, James N. Petitte, David
C. Muddiman, Adam M. Hawkridge. 59" American Society for Mass
Spectrometry Conference. Denver, Colorado, June 2011.

Poster - ““Proteome Characterization of Chicken Ovary Tissue and Plasma
using One-Dimensional SDS-PAGE nLC-MS/MS” Angelito I. Nepomuceno,
James N. Petitte, David C. Muddiman, Adam M. Hawkridge. 7" Annual United
States Human Proteome Organization Conference. Raleigh, North Carolina,
March 2011.

Xiv



CHAPTER 1
An Introduction to Quantitative Global Proteomics Measurements of Tissue
Lysate Samples by Liquid Chromatography Tandem Mass Spectrometry

1.1  Chicken Model
1.1.1 Ovarian Cancer

Ovarian cancer (OVC) is among the most lethal gynecological cancers in the
Western World due to a combination of ineffective early-stage detection methods
and late-stage treatment strategies. More than 22,000 women are diagnosed with
OVC per year, approximately 70% of which present with advanced stages of the
disease (Stage Il and IV) when surgical intervention and chemotherapeutic
treatments are least effective. Early diagnosis is the single most important
determinant for survival, with 5-year mortality rates less than 10%, for women with
Stage | OVC. Significant effort has been focused on identifying early-stage markers
for OVC including trans-vaginal ultrasound, blood-based proteins (e.g., CA-125 and
HE-4), metabolites (e.g., LPA), and tissue-specific genetic alterations (e.g., p53).}
Although these detection methods have important clinical value for managing OVC,
they do not possess the predictive power necessary to be useful in a population-
based screen.? OVC is a heterogeneous disease with four main histopathological
subtypes including serous, endometriod, clear cell, and mucinous.*> Each tumor
subtype has distinct cellular morphology, genetic abnormalities, and malignant
potential all of which contribute to the complexity of finding a common, early-stage

marker for OVC.



The domestic chicken is an emerging experimental model for OVC since they

6,7

develop OVC tumors spontaneously®’ with similar morphological® and molecular

similarities®*® to humans. Important molecular-level similarities include CA-125
expression’?, frequency of p53 mutations'®, and E-cadherin up-regulation’®. OVC
prevalence in the aging hen can exceed 35% depending on the birds’ age, genetic
background (i.e., strain), and number of eggs produced.” There are several
advantages to studying OVC in the chicken, such as a well-defined genetic
background that is maintained in the agricultural industry, a predictable OVC onset
window, control over environment and diet, and a well-defined genome.

For biomarker discovery, these advantages are critical along with additional
strengths such as, the ability to draw large amounts of blood longitudinally with
matched tissue samples from the ovary, oviduct, and neighboring tissues in the
abdominal cavity. Longitudinal sampling facilitates the determination of both intra-
and inter-individual variability, the former of which has been shown to be more
sensitive to OVC detection using CA-125.°?* A recent study generated a large-
scale biorepository that included longitudinal plasma samples, matched ovary, and
oviduct tissue samples, from approximately 250 2.5 year old birds over a one-year
period.®  From this biorepository, extensive global and targeted proteomics
investigations have been carried out. A critical finding in this earlier work was the

identification of a predicted form of ovomacroglobulin that increased significantly with

the onset of ovarian cancer. Importantly, the companion form of this protein is



expressed solely in the oviduct raising important questions about the origin of the
ovarian tumors in the study.?®
1.1.2 Follicular Development

In chickens only the left ovary and oviduct develop. Ovulatory cycle take
approximately 24-26 hours in length depending on the age of the chicken. The avian
ovary contains several hundred of follicles arranged in a hierarchy system based
upon size. There are 5 preovulatory follicles (F1-F5) ranging in roughly 9 mm to 40
mm in diameter. When the F1 is released into the oviduct, the preovulatory follicles
(F2-F5) mature to the next size to take place of the F1. While a new F5 follicle is
recruited from a pool of small yellow follicles. The small yellow follicles are
replenished from a pool of large white follicles (2-5 mm) in size. The smallest of

follicles and the most immature are the small white follicles that are less than 2 mm.

Small Yellow and F4

Large Whnte\A O (

Immature
follicles

Figure 1.1 — lllustration of the chicken ovary, and the follicle classification.



and are embedded within the cortex of the ovary. Figure 1.1 is an illustration of the
chicken ovary detailing the follicle classifications.

Many visible changes occur to the follicle during follicular development, ie.
color and size. Researchers have been studying the cellular changes that occur in
follicles during development. There are two processes in which selection of the
follicles occur in development. The first is within the initial recruitment of small white
follicles which are embedded within the ovarian cortex. It is not well understood the
signaling that occurs for premature follicles to enter the next stage of development.
The second is the cyclic recruitment (or follicle selection) at which the follicle enters
a state of differentiation and rapid growth occurs before ovulation.®® It is these
signaling pathways that have become heavily studied in more recent years. In
particular, the stroidogenic pathway has been heavily examined due to the particular
pathways taken by various follicles during development.?” For example, small
follicles  will produce dehydroepiandrosterone (DHEA), estradiol and
androstenedione through the A5 pathway. While steroidogenesis shifts from the A5

to the A4 pathway in large yolk follicles.?’

1.2  Sample Preparation of Tissue Lysate prior to Mass Spectrometry
1.2.1 In-Gel Digestion

In 1996, Shevchenko and co-workers incorporated a method to enzymatically
digest proteins from stained gels.?® The complex protein mixture is loaded onto a

one dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis (1D-



SDS-PAGE) to fractionate the proteins by molecular weight. The gel lane is then cut
into portions and an in-gel digestion is performed prior to analysis by LC-MS/MS.
First an ionic detergent such as SDS allows for the protein to unfold while applying a
negative charge. Proteins will then migrate through the pores of the polyacrylamide
gel towards the positively charged electrode. Separation is then based on the
protein’s electrophoretic mobility.

Each gel lane is then cut into a number of fractions (12) to reduce the
complexity of each sample prior to analysis. In order to extract the embedded
proteins within the gel, a series of chemical modifications are used. Cysteine bonds
between intramolecular and intermolecular proteins are reduced using dithiothreitol
(DTT). To prevent disulfide bonds from reforming, thiols are then capped using
iodoacetamide alkylating agent. This also allows for all cysteines to be searched as
a carbamidomethyl fixed modification. A serine protease (trypsin) is used to cleave
all arginines and lysines on the C-terminal end. Following digestion, the newly
formed peptides are extracted from the gel. These fractions are then able to be

analyzed using LC-MS/MS.

1.2.2 Filter Aided Sample Preparation (FASP)

The disadvantage of using in-gel digestion has been the low recovery of
peptides from the gels. This method has also proven very tedious and time
consuming when dealing with large scale experiments. Filter aided sample

preparation (FASP) followed by stage tip fractionation has proven to be more



efficient method allowing for maximum recovery of peptides.?® Protein extraction
methods from whole tissue can require a variety of reagents, ie. urea, thiourea, DTT,
and SDS. The sample lysates are placed on top of a regenerated cellulose filter. The
samples solutions are spun down leaving the proteins on top of the filter and
allowing all the reagents to pass through. It is very important to remove these
regents as they can interfere with digestion. This is then followed by reduction,
alkylation and digestion which all take place on top of the filter. After the tryptic
digestion the peptides are allowed passage through the filter where they are
collected for fractionation. Fractionation of peptides is accomplished using anion
exchange resin that has been inserted into a pipette tip. The isoelectric point (pl) of
the peptide determines which pH buffer the peptide will elute into. Six different

buffers ranging from pH 3 — 11 are typically used resulting in six peptide fractions.*

1.3 RP-HPLC-nano-ESI-MS/MS
1.3.1 Reversed-Phase High Performance Liquid Chromatography (RP-HPLC)

In complex protein samples, to reduce the complexity of the samples a
separation technique prior to MS analysis often performed. The most common
separation coupled to a MS system has been liquid chromatography. A reversed
phase (RP) column is frequently used. RP-HPLC separation is based upon the
hydrophobicity of the peptides. Peptides are retained on an analytical column made
typically of a resin or carbon particle or a silica particle which is bonded with a non-

polar molecule, e.g. alkyl chains. The alkyl chains create a strong affinity towards



hydrophobic peptides. Peptides are then eluted from the column by increasing the
concentration of organic solvent used. The properties that affect the resolution are
particle size, pore size, bonded phase, and column length. The eluent of the LC can

either be capture off-line or directed online with the electrospray tip.

1.3.2 Electrospray lonization

Online RP chromatography and electrospray ionization (ESI) is the most
commonly coupled technique for analyzing peptides. The soft ionization of ESI
allows for multiple charging of biomolecules. The exact mechanism for ESI is much
under debate, however the underlying theme for both arguments begin with a
voltage at ~+2 kV applied to the capillary. The voltage induces a surplus of charges
(H+) in positive mode from the oxidation of H,O. Droplets are ejected from the
electrospray emitter tip in the form of a “Taylor Cone”.*! These droplets begin to
decrease in radius through desolvation and a series of coulombic fission processes.
As these droplets begin to decrease in size, the charge density will increase to a
point where it can no longer contain the charges, called the Rayleigh Limit*2. Once
this limit is reached progeny droplets are formed, with some containing analytes.
The process in which these small charged droplets containing analyte molecules
become gas phase ions has been heavily disputed. There are two existing models,

al.,**3%* and the ion

the charge residue model (CRM) proposed by Dole et.
evaporation model (IEM) stated by Iribarne and Thompson.***” The Dole model

suggest through a series of columbic fissions the droplet sizes will reach a radius



small enough for the solvent to evaporate leaving only a gas-phase ion. The IEM
model hypothesized that the stress caused by the amount of charges on the surface
of the droplet causes the ejection of gas phase ions. Evidence later presented by
Fenn also supports the IEM model.®® In his work Fenn presented supporting
evidence behind the IEM by conducting electrospray of analytes with differing
hydrophobic properties. Solvent, analyte, and excess charge are ejected from the
surface of the parent droplet forming the progeny droplets. Since the more
hydrophobic analytes will have a tendency to be at the surface of the droplet, they
will be ejected from the parent droplet and go on to form gas phase ions. These ions
will have a lower charge state due to the lower energy of solvation. The analytes that
remain in the droplet will have a decreased charge to volume ratio causing a
reduction in the chance to be ionized, which would make these ions have a higher

charge state.

1.4 Mass Spectrometers

1.4.1 LTQ-FTICR-MS

Hybrid mass spectrometers such as the Linear lon Trap Fourier Transform
lon Cyclotron Mass Spectrometer (LTQ FTICR-MS) has a linear ion trap front end
coupled to a FTICR mass analyzer. The ion trap has two modes of operation; 1) a
low resolving power and low mass accuracy mass analyzer with MS" capabilities

and 2) collection of ions to be injected into the FTICR mass analyzer. The high



magnetic field of a 7T magnet is used to maintain the ion at the center of the ICR
cell. The ions are excited to a specific radius within the cell by applying an RF
voltage through the excitation plates. After the ions are set in their cyclotron
motion,? they will induce a current on the detection plates resulting in a transient.
The transient is fast Fourier transformed to provide a spectrum in the frequency
domain. Equation 1 allows for the relationship between frequency and m/z based on

the applied magnet field strength (By).

w=— Equation 1.1
m
7
Resolving Power = — = 127210 Solacam Equation 1.2
Am m/z
Mex -M eo H
MMA ) = —5—= X 10° Equation 1.3

FTICR-MS is a very powerful mass analyzer. Its ability to obtain high
resolving power and low mass measurement accuracy (MMA) that make it an ideal
tool for examining complex mixtures. Resolving power using FTICR results from the
length of the transient as well as the applied magnetic field. The MMA is defined to
be the difference between the experimental mass (Meyx,) and theoretical mass (Mineo)
divided by (Mineo). The routine achievable mass is in the low part per million range

(<5 ppm) and resolving power is ~100,000 RP.
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Figure 1.2 — Schematic of the ion detection in FTICR. The induced ion current on
the detection plates produce an image currant (transient). The transient is the fourier
transformed resulting in a frequency domain which is then converted to a m/z
spectrum.

1.4.2 Linear Quadrupole Orbitrap Mass Analyzer

Mass spectrometry instrumentation has been continuously evolving. The
latest of mass spectrometry instruments is the hybrid linear quadrupole obritrap MS
system (Q-Exactive). Advantages of the new instrument range from improved ion
transmission from the electrospray source to the vacuum through the use of an S-
lens, higher mass accuracy of MS/MS spectra, and fast MS/MS fragmentation due to
parallel filling and detection modes. It has also been stated that fragmentation is
more efficient since MSMS occurs in the high energy collision dissociation (HCD)
cell rather than in an lon Trap. One disadvantage of using a Q-Exactive is the
achievable resolving power when comparing the same length transient times.

However, for bottom-up experiments the resolving power is more than efficient.
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Figure 2 is a schematic of the linear quadrupole orbitrap MS. Unlike the
hybrid mass analyzer LTQ-FTICR-MS, the orbitrap is the only mass analyzer.*>*
And in place of an LTQ, there is a quadrupole that can be used as a mass filter. The
ions are collected in the C-trap and then injected into the orbitrap. The injection of
the ions provides an initial phase of ion oscillation around the inner spindle
electrode. The ions orbit around the center electrode and simultaneously oscillate in
the z-direction. It's this frequency of the ions in the z-direction that is used to
determine the ion mass/charge ratio. The relationship is demonstrated in the

equation 4 below. Unlike FTICR the equation becomes independent of r and ¢

motion.*?
w= [—Xk Equation 1.4

Where k is a defined constant based upon the field curvature. The w is
detected by an induced current on outer detector electrodes. The signal is recorded
in the time-domain that is then processed using an ‘enhanced Fourier
transformation’ (eFT) algorithm. The new feature of the eFT algorithm allows for

doubling mass spectrometric resolution.
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Figure 1.3 — (A) Schematic of the Linear Quadrupole Orbitrap Mass Spectrometer.
(B) A schematic of the ion motion within an Orbitrap. (Picture taken from J. Mass
Spectrom. 2005; 40: 430-443)

1.5 Bioinformatics

The ‘bottom-up’ approach for protein identification and quantification is used
for all of the experiments. The proteins are purified from the samples and then
enzymatically digested. The generated peptides are separated using liquid
chromatography coupled with tandem mass spectrometry. Data processing can be
handled by several different programs that assign peptide sequences from the
acquired MS/MS data. SEQUEST*® and MASCOT** are the most popular programs,
in addition to others such as Andromeda®, X!-tandem,*® and OMSSA*". MASCOT
is utilized to provide a theoretical in-silico digestion of each protein and a given

database is used based on certain search criteria; digestive enzymes, number of
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missed cleavages, and fixed and/or variable modifications. The data is processed
based on the determination of possible peptide matches found in MS spectra within
a defined mass tolerance. Then each complementing MS/MS spectra are evaluated
to determine the peptide sequence. A subsequent score is given based a fitting of
the theoretical spectrum of the candidate peptide matches, with the observed
spectrum. The resulting peptides are grouped to propose a corresponding protein in
the target and decoy database.

Protein grouping, statistical filtering and quantification of MASCOT DAT files
were accomplished using ProteolQ.***° Identified proteins (protein groups) were
considered valid using a protein false discovery rate (FDR) of 1%. A label free
approach for relative quantification was accomplished by using the spectral counts
obtained from ProteolQ. The advantage of using label free approaches for relative
guantification is the need for added tagging or labeling techniques is discarded.
Studies have proven that relative abundances can be determined by using spectral
counting and/or ion abundances. However, discrepancies in spectral counts can be
seen between runs and between samples. In order to compensate for these
differences, normalization of spectral counts is performed between runs and
samples. To obtain the normalized spectral counts (NSpC) for a given protein,
spectral counts are first normalized within replicates based upon the run with the
highest total number of spectral counts (TSpC). It is then followed by normalizing the

spectral counts between samples using the replicate with the largest TSpC.

13



Larger proteins will inherently have more spectral counts because of the
number of peptides are generated is larger. Relative abundances can be calculated
by obtained normalized spectral abundance factors (NSAF). This is calculated by the
number of spectral counts for a given protein (SpC) divided by the number of amino
acids in the protein (L) and then divided by the sum of SpC/L for all proteins in the
dataset.

(SpC/ h)x
NSAF = o Lengt

1(SpC/Length)x

Equation 1.5

1.6 Laser Microdissection

The analysis of heterogenous tissues can be an overwhelming task due to the
difficulty to discern which cells contribute which cellular component to a given tissue
lysate. However, by employing laser microdissection (LMD), users are able to attain
subpopulations of tissues under direct microscopic visualization.>** LMD
technology utilizes an ultraviolet (UV) laser to isolate specific microscopic regions
from a tissue sample without the contamination of surrounding cells. The initial
applications for LMD were intended to isolate lowest amounts of cells needed for
amplifying DNA or RNA. In more recent applications, researchers have isolated cells
in hopes to define proteomic profiles of healthy and diseased cells.>® Discrepancies
in the number of cells needed for a global proteomic study using LMD based

experiments has been much debated. Several authors have demonstrated the
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identification of 905 proteins from 500 cells.>* The amount of cells will vary due to
the fact that cells can vary in size.

The analysis of biological and clinical samples is limited by their availability.
Samples can either be preserved by fresh frozen or formalin-fixed and paraffin
embedding (FFPE). FFPE samples are preferred method of preserving the tissues
since they can be maintained at room temperature and for longer periods of time.
However in the formalin fixation process, formalin adds methylene hydrate groups to
the side chains of amino acids resulting in methylene bridge formation causing
protein cross-linking. The result of these cross-links can lead to polymer formation
which may lead to a misidentification of the native protein. Nevertheless,
researchers have shown robust results in protein identification of FFPE tissues.
Several groups have demonstrated in-depth proteomic analysis of FFPE tissues
from lung adenocarcinoma and squamous cell carcinoma located in the head and
neck.’>**® Studies have also been conducted on FFPE compared to matched OCT
frozen tissue samples, concluding that the FFPE did not have any bearing on the

detection and quantification of targeted protein identifications.>®
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Figure 1.4 — Schematic of laser microdissection instrument.

1.7  Synopsis of Completed Research

The work presented within this dissertation encompasses a global proteomic
approach to using tissues obtained from model biological system. Herein, several
protein extraction methods have been employed prior to analysis using LC-MS/MS
technologies. Chapter 2 describes the role of bioinformatics in large scale global
proteomic studies. Users must confidently identify proteins as developments in mass
spectrometry allow for more accurate and sensitive instrumentation. This study

confidently identified more than 4800 proteins from mouse brain tissues.
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Chapter 3 utilizes the domestic chicken as a model for studying ovarian
cancer. The initial goal of this study was to identify novel biomarkers from the
chicken model using quantitative mass spectrometry-based proteomics. The global
proteomes of plasma, ovary and oviduct tissues were compared in Heatlhy Egg
Laying Hens, Early stage and Late Stage OVC Hens. This resulted in the identifying
the OVOS2 protein as significantly up-regulated in late-stage ovarian cancer
chickens. The identification of the OVOS2 as a candidate biomarker was further
investigated in human ovarian cancer cell lines. Levels of OVOS2 were significantly
up-regulated at the mRNA and protein levels providing evidence of OVOS2 as a
conceivable ovarian cancer biomarker.

For the studies conducted in Chapter 3, the entire tissues were consumed. In
order to use less of the tissue, Laser Microdissection (LMD) was employed. LMD
was used in removing the yolk, follicular wall, and stromal cells of small white
follicles embedded in the ovarian cortex. In Chapter 4, the proteomic profiles
obtained from each segregated compartment were quantitatively compared. This
technique provides an in-situ proteomics based approach in studying follicular
development. This novel approach has proven complementary to previously used
MRNA expression and western blots techniques in studying follicular development.
The methodology allows for less of the tissue to be consumed, allowing the
remaining tissue to be preserved and examined later for any future targeted

experiments that may result from the global proteomics data.
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CHAPTER 2
Accurate ldentification of Deamidated Peptides in Global Proteomics

using a Quadrupole Orbitrap Mass Spectrometer

The following work was reprinted with permission from:
Nepomuceno, A.l.; Gibson, R.J.; Randall, S.M.; Muddiman, D. C. J.Proteome Res.
2014, 13(2), 777-785.
Copyright © 2014
The original publication may be accessed directly via the World Wide Web.
2.1 Introduction

Mass spectrometry continues to be a leading technology used in the field of
proteomics.’ The widely used shotgun “bottom-up proteomics” approach allows for
the identification of proteins from complex mixtures. This method relies on the
enzymatic digestion of proteins into peptides, followed by separation using
nanoscale liquid chromatography (LC) coupled to a mass spectrometer. Data is
often collected in a data dependent acquisition (DDA) mode, in which a full precursor
spectrum is acquired and then followed by a series of MS/MS product ion spectra.
The ions chosen for MS/MS are based on the ion abundance with a defined
threshold, and the number of consecutive product ion spectra is defined by the user.
The series of precursor ions and resulting MS/MS ion peaks can be searched using
a variety of search engines. Several programs such as SEQUEST?®, Mascot* and
X!Tandem® are often utilized.

Database searching requires a user-defined protein database obtained for a

specified organism. Each program performs an in-silico digestion of the protein

database to produce a peptide list based on specified parameters such as digestive
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enzymes, number of missed cleavages, and fixed/variable modifications. A
precursor m/z is first matched to possible candidate peptides within a defined mass
tolerance. MS/MS spectra are then matched to possible theoretical sequence
information from the candidate peptides and then given a confidence score. These
identified peptides are then grouped into their corresponding protein(s).

Challenges in global proteomics arise with accurate identification of low-
abundant peptides with insufficient precursor ion abundance. Advancements in
instrument acquisition speeds, resolving power, and mass measurement accuracies
have greatly improved the number of proteins identified. To achieve the maximum
number of proteins identified, a quadrupole orbitrap mass spectrometer (Q-Exactive)
was utilized in these experiments. The Q-Exactive offers many attributes that allow
for a comprehensive analysis of proteins extracted from a complex biological matrix.
Unlike hybrid instruments with dual mass analyzers, all spectra are obtained using
an orbitrap mass analyzer with acquisition rates as fast as >12 Hz at 17.5 Krwnm
resolving power.®” High resolving power spectra and high mass measurement
accuracy can thus be obtained with the use of the orbitrap mass analyzer. Many
researchers have developed strategies that account for high resolution tandem mass
spectra® and high precursor mass accuracy®.

Researchers commonly process their protein samples first by using reducing
agents such as dithiothreitol to break any intramolecular and intermolecular disulfide
bridges. The addition of iodoacetamide (IAM) is often followed to covalently bond

with the free thiol groups to prevent any cysteine disulfide formations from
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reoccurring. Typical trypsin digestion protocols use buffers with a pH value between
7-8 for 1-24 hour duration at 37 °C. During the peptide process, peptides are
frequently searched with post-translation modifications. Peptides are searched with
a fixed carbamidomethyl modification on cysteine residues that accounts for the
iodoacetamide (+ 57.02 Da). However, data is often searched with variable
modification such as oxidation of methionine (+ 15.99 Da) and deamidation of
asparagines (N) and glutamines (Q) (+ 0.98 Da). Researchers have optimized

trypsin proteolysis in order to maximize detection of targeted peptides.®*2

Oxidation of methionine residues is an important post-translational modification; it
has been related to oxidative stress and aging.'® However, oxidation can be induced
during the electrospray process.’* This is the reason for searching oxidation on
methionine residues as a variable modification. Differentiating between the oxidized
and unmodified peptides can easily be distinguished due to the + 15.99 Da mass
shift. Deamidation of asparagine and glutamine on the other hand results in only a +
0.98 Da mass shift. Deamidation has been related to protein degradation and is
thought to play an important part of aging studies.***® Deamidation has also resulted
in loss of protein structure, solubility and function.'” Further, accurate identification of

deamidated peptides impacts the assignment of N-glycosylated sites.

The deamidation of asparagine to aspartic acid and glutamine to glutamic acid is
a non-enzymatic process, the half-life can be between 1-500 days.'® Current

protocols for tryptic digestion are favorable for deamidation due to the basic pH
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condition and can cause the misrepresentation of deamidation of native proteins. To
circumvent this challenge, Li et al. has implemented an O labeling strategy to
monitor deamidation during sample preparation.’® MALDI and HPLC-MALDI studies
resulted in approximately 70-80% of —Asn-Gly- sites as being deamidated after a
standard 12 hr tryptic digestion at 37 °C.?° Hao and coworkers have shown that the
13C peaks of amidated peptides can be misassigned as monoisotopic peaks of the
corresponding deamidated peptides using a linear quadrupole ion trap fourier
transform mass spectrometer, and they discuss an arbitrary method for the

determination of deamidated or amidated peptides..°

Search parameters were optimized in order to increase the number of identified
proteins for a global proteome study on mouse brain tissue lysate. Increasing the
value on the precursor mass tolerance beyond 5 ppm resulted in an increase in
proteins identified. It was also determined that a MS/MS tolerance of 0.02 Da was
optimal for the number of proteins identified. Further investigation of the increase in
number of proteins identified revealed a large contingency of peptides that were
inaccurately assigned as deamidated. These misassigned deamidated peptides
increased the number of proteins identified, resulting in falsely identified proteins. It
is inherently important not only to use a mass spectrometer with high mass
measurement accuracy and high resolving power but to also carefully consider
search parameters in the bioinformatics software in order to avoid false positive

protein identifications.
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2.2 Experimental
2.2.1 Animals

Animal testing was performed under Institutional Care and Use Committee
regulations and approval at North Carolina State University. Mice were housed at
Laboratory Animal Research facilities at the College of Veterinary Medicine. Mice
were sacrificed at 5 days of age, and the brains were removed. Following the
removal of the brain, the brains were washed with 0.1 M phosphate buffered saline

(PBS) and were snap frozen in liquid nitrogen, weighed and then stored at -80°C.

2.2.2 Sample Preparation and Digestion

Lysis buffer at a ratio of 5 pL:1 mg of tissue was added to extract the proteins
from the brain tissue. All reagents were purchased from Sigma Aldrich (St. Louis,
MO, USA). The lysis buffer consisted of 50 mM Tris, 8 M Urea, 2 M Thiourea, 10
mM EDTA, 10 mM DTT, 0.001% sodium azide and was adjusted to a pH of 7.8
using hydrochloric acid. An OMNI TIP Homogenizing Kit (Omni International,
Kennesaw, Georgia) was employed to break apart frozen tissue that was suspended
in the lysis buffer. The homogenizer is a mechanical blade that was used for no
longer than 1 minute to prevent the tissue from heating up.This was followed by
adding sodium dodecyl sulfate (SDS) to make up a final concentration of 2% (w/v)
and then placed onto the Genie Disrupter (Scientific Industries) for 1 minute followed
by 5 minutes of incubation period on ice. This step was then repeated twice more.

The sample was then centrifuged for 30 minutes at 14,000 x g. The soluble fraction
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was removed from the centrifuge tube without disrupting the cellular debris pellet or
the top lipid layer.

The samples were digested following the filter-aided sample preparation
(FASP) method published by Wisniewski and co-workers with minor changes.?* 21
pL of ~7 mM dithiothreitol (DTT) was added to 9 pL of brain tissue lysate for a final
concentration of 5 mM DTT. The sample was incubated for 30 min at 56 °C to
reduce the protein disulfide bonds. The sample was then mixed with 200 pL of 8 M
urea in 0.1 M Tris/HCI (pH 8.5) and transferred onto a Vivacon 500 30 kDa MW
cutoff filter (Vivaconproducts, Littleton, MA) and centrifuged at a constant 14,0009
and 21 °C to prevent carbamylation using a refrigerated benchtop centrifuge
(Eppendorf, Hauppauge, NY) for 15 min. This step was repeated once more and
then the flow-through solvent was discarded. Alkylation step was performed when
100 pL of 0.05 M iodoacetamide was added and incubated for 20 min in the dark at
room temperature. The filter was centrifuged for 10 min. Wash steps were performed
with 100 pL of 8 M urea (3x) and 100 pL of 0.05 M ammonium bicarbonate in H,O
(3%), each step the filter was centrifuged for 10 min. The flow-through container vials
were switched out with clean ones. 40 uL of ammonium bicarbonate buffer and 2.5
pL of 0.5 pg/uL trypsin solution were added onto the filter. Trypsin digestion was
performed for 16 hours at 37 °C. Following digestion, 40 uL of 0.1% formic acid was
added to the filter, and the peptides were eluded by centrifugation for 10 min at
14,000 x g. Protein concentration was determined using a NanoDrop 2000c¢ (Thermo

Scientific, Wilmington, DE) reading at 280 nm.
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2.2.3 StageTip Anion Fractionantion

A detailed stage tip procedure was used and is described by Gokce and co-
workers.? Briefly, a 200 pL pipette tip (Eppendorf, Hauppauge, NY) was packed
with six anion disks from an Empore C18 extraction disk (3M, St. Paul, MN). The
peptides that were obtained from the FASP procedure were diluted to ~200 pL by
adding 100 pL of Britton Robinson buffer pH 11 and were loaded on top of the anion
stage tip. Peptides were eluted into a micro centrifuge tubes by centrifugation.
Additional peptides were eluted from the anion stage tip using Britton Robinson
buffers pH 8, 6, 5, 4, and 3 separately. Fractions were dried to completion and

stored at -80 °C until analysis.

2.2.4 Nano-Flow Reversed Phase Chromatography

A Thermo Scientific EASY nLC Il (Thermo Scientific, San Jose, CA) was
coupled to a quadrupole Orbitrap benchtop mass spectrometer (Q-Exactive, San
Jose, CA) using a vented column configuration.?® The vented column consisted of a
75 um x 5 cm trap (IntegraFrit, New Objectives, Woburn, MA) coupled to a 75 pm x
15 cm column (PicoFrit, New Objectives, Woburn, MA). Both the trap and column
were packed in-house with Magic C18AQ stationary phase (5 pm particle, 200 A
pore, Auburn, CA). Mobile phase A and B were composed of
water/acetonitrile/formic acid (98/2/0.2% and 2/98/0.2% respectively). The dried
samples were reconstituted to 0.08 pg/uL concentration. 15 pL of the sample was

loaded onto the trap at 4.5 pL/min with 100% mobile phase A. Flow was then
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diverted onto the column at the start of the gradient: 2% B (0-5 min), 2%-5% B (5-7
min), 5%-40% B (7-208 min), 40%-95% (208-218 min), 95% (218-228 min), 95%-2%
(228-230 min), 2% (230-240 min).

Mass spectrometric analysis was performed on a Q-Exactive with optimized
global proteomics parameters.?* To summarize, MS transients in the orbitrap were
acquired with 70 kepwum resolving power at m/z = 200. The automatic gain control
(AGC) target for MS acquisitions was set to 1E6 with a maximum ion injection time
of 30 ms. The scan range was set from 400 to 1600 m/z. Microscans were set to 1
for both the MS and MS/MS. Data dependent acquisition was set for 12 MS/MS
spectra and the dynamic exclusion was set to 30 sec. The MS/MS resolving power
was set to 17.5 krpwnm at m/z = 200. MS/MS AGC target was set to 2E5 with a
maximum ion injection time of 250 ms. All MS and MS/MS spectra were obtained in

profile mode.

2.2.5 Data Analysis

Raw LC-MS/MS data files were processed into peak lists in a .MGF format
using Proteome Discoverer. The resulting .MGF files were searched using
MASCOT* (Matrix Science, Boston, MA) against a concatenated target-reverse mus
musculus database (SwissProt, Feb 2013). Carbamidomethyl (C) was set as a fixed
modification, and oxidation (M) were set as variable modifications and included a
maximum of 2 missed cleavages. Data were also searched with and without

deamidation (N and Q) as a variable modification. The precursor ion search
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tolerance were searched from 1 to 100 ppm, and the fragment ion tolerance was set
to + 0.02 Da, + 0.6 Da, + 0.005 Da. Statistical filtering using a 1% false discovery
rate of the identified proteins were accomplished using ProteolQ.?>?’ Proteins that

were identified with only 1 peptide were filtered from the total protein list.

2.3 Results and Discussion

To maximize the number of proteins identified, the mass tolerance for the
precursor mass varied from 1 to 100 ppm, while MS/MS data was searched at +
0.02 Da, 0.6 Da and .005 Da. Figure 2.1la depicts the overall trend of increasing
proteins identified as the precursor ion mass tolerance reached 20 ppm.
Subsequently, the data indicate that searching with + 0.02 Da resulted in more
identified proteins than 0.6 and 0.005 Da. All global proteomics experiments prior to
this study were performed on an LTQ-Orbitrap or LTQ-FT system. Typical search
criteria in our lab consisted of + 5 ppm for precursor mass tolerance and + 0.6 Da
MS/MS tolerance when using LTQ detection for MS/MS sequencing. Since all MS
and MS/MS spectra are obtained using the orbitrap on the Q Exactive, MS/MS data
were searched with a more stringent tolerance of 0.02 Da (20 ppm at 1000 Da).

The observations from Figure 2.1a indicate that higher MS precursor mass
tolerances results in more identified proteins. Data were further investigated by
examining the identified peptides to determine the cause of the increase in identified

proteins. Figure 2.1b illustrates the frequency of the mass accuracies of all identified
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Figure 2.1 (a) A plot of the number of identified proteins with increasing precursor
peptide mass tolerance. Data was searched at three separate values for the MS/MS
mass tolerances, 0.06 Da, 0.02 Da, and 0.005 Da. 0.02 Da provided the greatest
number of proteins identified at all precursor peptide mass tolerances. (b)
Histogram of the mass accuracy of all peptides that were identified when searching
data with Deamidation as a variable modification, £ 100 ppm precursor mass
tolerance, and + 0.02 Da MS/MS mass tolerance. There are two observable
distributions, the second distribution which ranges from 5-20 ppm illustrates a large
number of deamidated peptides. (c) Deamidation was not included in the search
parameters, clearly proving that the second distribution is a result from using
deamidation as a variable modification.
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peptides using = 100 ppm precursor mass tolerance and 0.02 Da as the MS/MS
tolerance. Figure 2.1b distinctly reveals there are two separate distributions from the
59,055 total peptides identified. One distribution of peptides has a precursor mass
measurement accuracy (MMA) that falls between -5 and 5 ppm, and another
between 5 to 20 ppm. The latter distribution had experimental measured masses
that were systematically above the theoretical mass resulting in a higher MMA

according to Equation 1.

__ Experimental—Theoretical

MMA x10° Equation 2.1

Theoretical

It was initially thought that space-charge effects within the orbitrap may have been
the cause for the overwhelming amount of peptides with a MMA greater than 5 ppm.
Space-charge effects result from measuring too many ions in the orbitrap causing a
systematic bias in mass measurments. The consequence of having too many ions in
the orbitrap is ion-ion interactions, producing a shift in lower observed axial
frequency (w). The decrease in the observed axial frequency will result in an
increase in observed m/z as shown in Equation 2.2. The increase in m/z will
consequently result in the positive increase in mass error, similarly seen in Figure
2.1b. Space-charge effects are often compensated by using an AGC that limits the
number of ions entering the orbtrap. To determine if the AGC was operating
correctly, a set of deamidated from the -5 to 5 ppm and 5 to 20 ppm range were
chosen for further investigation to determine if the AGC was overpopulating the

orbitrap. In several cases, the ionization time (IT) was maximized suggesting that the
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AGC limit was not reached. This suggests that the AGC was working properly by not

allowing too many ions in the orbitrap thus preventing space-charge effects.
w= |=k Equation 2.2
m

Upon further investigation of the 44,392 peptides between -5 and 5 ppm,
7.2% of them were deamidated (N,Q). The percent of deamidated peptides between
5 to 20 ppm was calculated to be much higher at 95.7% deamidated (N,Q). Figure
2.1c is the same data but searched without deamidation (N,Q) as a variable
modification. Clearly the second distribution in the 5 — 20 ppm range has noticeably
disappeared. Similar distributions were identified in whole cell yeast lysates by
Venable and coworkers.?® They attribute a second distribution to deamidation of
asparagine and glutamine residues which are identified by the + 0.98 Da mass shift.
Analyses of the yeast lysate were performed on a LTQ mass spectrometer
measuring their mass error in Daltons. Distributions similar to this were also
recognized in other datasets obtained by our laboratory (data not shown).

To further investigate the reason why there was a larger percentage of
deamidated peptides found in the 5 -20 ppm range, several peptides with mass
measurement accuracy (MMA) between 5 — 20 ppm were examined closely. Figure
2.2a. depicts the identification of a deamidated (left) and amidated (right) form of the
same peptide within the same chromatographic run. This peptide was selected
because it was a deamidated peptide that has a mass accuracy of greater than 5

ppm and the corresponding amidated form was also identified in the same
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chromatogram. A precursor spectrum is shown on the left hand side in which the
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Figure 2.2 (a) A deamidated and amidated form of the AIGKDNFTAPEGTNGVEER
peptide were identified from the MASCOT results. On the left side, the monoisotopic
peak of 1060.02783 was established to be the deamidated form due to the mass
accuracy of 8.75 ppm. From the MS/MS spectrum below, it is alluded that the
deamidated peptide is in fact misassigned. The right illustrates the identification of
the amidated peptide. And below is the MS/MS spectra that is comparable to that of
the deamidated peptide. (b) Are the selected ion chromatograms for each peptide.
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1060.0278 m/z was identified and selected for MS/MS. The (¢) above the peak is the
m/z that was chosen for MS/MS. Below is the corresponding MS/MS spectrum for
the 1060.0278 m/z. MASCOT identified the 1060.0278 m/z as the deamidated form
for the peptide sequence shown in the Figure 2.2a. Investigation of the MS/MS
spectra (below) indicates that there are residual precursor ions detected. An isotopic
cluster with a monoisotopic peak at 1059.52466 m/z is clearly observed. This
monoisotopic peak would correspond to the amidated form of the peptide. Also
enhanced in the MS/MS spectrum is that of the y;s fragment (1633.790 m/z) of the
peptide, which also illustrates that the fragment would be generated from the
amidated form of the peptide. The overwhelming evidence from the MS/MS
spectrum indicates that the peptide should be the amidated form. The mass
accuracy of the deamidated precursor ion was calculated by MASCOT to be 8.75
ppm. The inability to detect the monoisotopic peak can be attributed to the fact the
precursor spectrum obtained was at the beginning of the elution profile where the
signal intensity is low. Based on the residual precursor ion mass from the MS
spectrum, the peptide should be the deamidated form. However, the product ions
observed in the MS/MS spectrum suggests the amidated form is present. Further,
the mass accuracy of the monoisotopic peak for an amidated peptide was -1.95 ppm
which falls within the expected mass measurement accuracy range for orbitrap
analyzers.

The right column in Figure 2.2a confirms the amidated peptide from both the

MS and MS/MS spectra used for the identification, the precursor mass accuracy was
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calculated to be -0.11 ppm. In this example, the monoisotopic peak that was
detected and selected for MS/MS (¢) corresponds to that of the unmodified form.
The intact precursor ion agrees with the unmodified form. The mass accuracy of the
precursor obtained from the MS/MS spectra is calculated to be -0.57 ppm. It can be
concluded that the deamidated peptide was inaccurately assigned, and the
1060.0278 peak is truly the M+1 peak of the amidated form. Figure 2.2b are the
selected ion chromatograms obtained for the monoisotopic peak of the amidated
peptide (1059.5266) and the monoisotopic peak (1060.0278) of the “deamidated”
peptide which show a lack of any retention time shift. Both chromatograms are
similar; yet researchers have shown that deamidated and amidated peptides have
different elution profiles.'®"?° This suggests that the “deamidated” and amidated
peptide is actually the same peptide.

Figure 2.3 is another example of the same peptide identified as both
deamidated and amidated. Figure 2.3a corresponds to the identification of the
deamidated form of the peptide and the precursor mass spectrum. Enhanced is the
isotopic cluster in which the 1082.03308 (¢) peak was chosen as the monoisotopic
peak and selected for MS/MS. Since the 1082.03308 peak was chosen as the
‘monoisotopic mass” during data acquisition, it was then associated as the
deamidated peptide resulting in a 10.9 ppm mass error because this was within the
specified mass error tolerance of 100 ppm when searching the data against the
protein database. Based on the isotopic distribution, the 1081.53149 should have

been assigned as the monoisotopic peak. Similar to the previous example, the
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Figure 2.3 (a) Another example of a deamidated peptide that has a mass
measurement accuracy of 10.91 ppm which results in a misidentification. The
software chose the wrong peak (¢), in doing so it results in the identification of a
deamidated peptide. (b) The correct amidated peptide was identified since the
correct monoisotopic peak was used. (Bottom) Shows the selected ion
chromatogram for both the deamidated and amidated peptide.

MS/MS spectrum (not shown) had fragment ions associated with the amidated
version. Additionally, there are no fragments ions that would suggest that the
deamidated form is present. Figure 2.3b is of the precursor that was used to identify
the amidated form of the peptide. The mass accuracy calculated for the

monoisotopic peak of the cluster above is 0.36 ppm. In the enhanced view of the
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isotopic cluster, the monoisotopic peak 1081.52966 was the correct peak to be
selected for MS/MS. Fragmentation spectrum indicates fragments corresponding to
the amidated form. And similar to the previous example, the elution profiles (bottom)
are overlapping. Since the wrong precursor peak was chosen as the monoisotopic
peak and a wide mass accuracy tolerance was used, MASCOT was able to assign it
as the deamidated peptide despite the fact that the fragmentation spectrum will have
all amidated fragments. However, since the M+1 peaks of all the amidated
fragments will correlate to the theoretical monoisotopic deamidated fragment peaks,
falsely identified deamidated peptides can result if using a relatively wide mass error
tolerance. Taken together, the MS, MS/MS spectra and the elution profile of the
peptide conclude the peptide as amidated in the above examples.

Deamidated peptides that fell in the range of -5 to 5 ppm where also
inspected. Figure 2.4 illustrates a deamidated peptide correctly identified from
MASCOT. The precursor spectrum is shown on the left with an enhanced view of the
isotopic cluster for the peptide. From the isotopic cluster it was determined that the
652.29657 peak was the monoisotopic peak. The monoisotopic peak corresponded
to that of the deamidated peptide (SMWSVNGDSISK) with a mass measurement
accuracy of -2.04 ppm. MS/MS was performed on the 652.29657 peak (¢) and the
corresponding MS/MS spectrum is shown on the right. The inset of the MS/MS
spectrum is the isotopic cluster corresponding to the y; fragment ion. Based on the
isotopic cluster of the y7 fragment ion, it can be determined that this is a deamidated

form of the peptide. The mass accuracy of the fragment ion monoisotopic peak is
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Figure 2.4 The correct identification of a deamidated peptide. The correct
monoisotopic peak was chosen leading to a -2.04 mass error. The peptide was then
confirmed from the MS/MS spectrum (right). The y; fragment ion confirms that it is a
deamidated peptide.

2.67 ppm. Since the amidated counterpart was not detected, elution profiles could
not be compared. Evidence obtained from the MS and MS/MS data as well as a
mass measurement error <5 ppm increases the confidence that a deamidated

peptide was accurately identified.
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It has been reported that deamidated and amidated peptides will elute at
different times depending on the type of chromatography used.’?° An example of a
peptide that was found to be both deamidated and amidated within the + 5 ppm
range were examined. Figure 2.5 illustrates the selected ion chromatograms of the
identified deamidated and amidated peptide DISTNYYASQKK. The top shows that
the deamidated peptide elutes almost 3 minutes prior to that of the amidated form.
The mass errors for both peptides were within + 3 ppm. The combination of unique
elution times and high mass measurement accuracies of both forms of the peptide,
and supporting evidence from MS/MS spectra, it can be assumed that the

deamidated peptide was correctly assigned.
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Figure 2.5 Selection ion chromatograms for both the deamidated (top) and amidated
(bottom) peptide. Different elution profiles indicate that both are identified correctly.
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The accurate identification of the monoisotopic peak obtained in the precursor
spectrum is inherently important to the identification deamidated peptides. Proteome
Discover was initially used for peak picking procedure for producing MGF files
needed for MASCOT searching. As a result, several other peak picking programs
were also tested such as MASCOT Distiller and Mass Matrix to evaluate if these
programs corrected misidentified precursor peak values. MGF files generated from
these programs were searched in MASCOT using + 100 ppm precursor mass
tolerance. The datasets showed similar systematic mass errors for peptides ranging
from 5 — 20 ppm (data not shown). However, it is likely that the selection of the
monoisotopic peak is a result of data dependent acquisition (DDA) software.
Acquiring in a DDA mode, a precursor spectrum is taken populating a candidate
peak list of m/z values to be used for the following MS/MS spectra. In our study 12
sequential m/z values following the precursor spectrum were targeted for MS/MS.
Once a candidate was chosen for MS/MS it was no longer a candidate for MS/MS
for 30 seconds, which is often the elution time of a peptide. A consequence of using
DDA mode, often a candidate is picked during the beginning of its elution profile.lt
then becomes a possibility to have an incomplete isotopic distribution present in the
precursor spectrum shown in Figure 2.3. This results in the misidentification of the
monoisotopic peak.

To determine if searching with or without deamidation significantly affects the
number of proteins identified, the same data was searched without deamidation

included. The number of total proteins identified using search parameters with and
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Table 2.1 Comparison of the number of proteins identified when searching with
(left) and without (right) deamidation (NQ) as a variable modification. The total
number of proteins identified is shown when using either + 5, 20 and 100 ppm as a
precursor mass tolerance. All data was searched with £ 0.02 Da MS/MS tolerance.

Searching With Deamidation (N and Q) Searching Without Deamidation (N and Q)
Variable Modification Variable Modification
Search Parameters Number of I"rotelns Search Parameters Number of I"rotelns
Identified Identified
15 ppm Precursor MS 4822 5 ppm Precursor MS 2933
Tolerance Tolerance
120 ppm Precursor MS 5049 120 ppm Precursor MS 4907
Tolerance Tolerance
+100 ppm Precursor MS 4937 +100 ppm Precursor MS 4832
Tolerance Tolerance

without deamidation as a variable modification is presented in Table 2.1, the MS
tolerances are shown for 5, 20, and 100 ppm. At 5 ppm the total number of proteins
identified without deamidation was 4933, including deamidation in the search
parameter resulted in 4822 identified proteins. When variable modifications are
searched, this further complicates the searching algorithm by increasing the
potential m/z space that peptides can occupy. The search space is enlarged within
the database because both modified and unmodified forms can potentially exist.
Deamidation commonly occurs on 2 different residues which further enlarges the
search space. However, when deamidation is included in the search parameters the
number of identified proteins is greater using 20 ppm and 100 ppm as the MS
tolerance. This is best explained by the misidentified deamidated peptides that fall
largely in the 5 to 20 ppm range.

Label free quantitative proteomic techniques involve either the use of area

under the curve® and/or spectral counting®®'. The primary method used in our
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laboratory for relative quantitation is spectral counting. To determine if searching
without deamidation has an effect on quantitative global proteomics, we compared
spectral counts from searches with and without deamidation. Average normalized
spectral counts of proteins found (using 5 ppm MS tolerance) with and without
deamidation were compared. No significant differences found in normalized spectral
counts (NSpC) between proteins searched with or without deamidation. Searching
data without deamidation will not ultimately affect the relative quantification of

proteins in global proteomic datasets.

2.4  Conclusions

Deamidation is a variable modification parameter often searched because it is
a nonenzymatic modification and can occur during sample preparation under basic
conditions. Tryptic digestion protocols often involve a pH range between 7-8 which
can induce the deamidation of asparagine and glutamine sites. Instrumentation with
low resolving power and low mass measurement accuracy can be problematic in
identifying the mass shift of 0.98 Da caused by deamidation. For accurate
determination of deamidated sites, mass tolerance parameters must be set within 5
ppm for the precursor ion and high resolving power instruments must be used to
acquire data. Using wider mass tolerances can lead to the misassignment of these
peptides. Omitting deamidation as a variable modification did not significantly impact
global quantification data and led to an increase in protein identifications when

searching within £ 5 ppm MS window and a 0.02 Da MS/MS tolerance.
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CHAPTER 3
Ovostatin 2 (OVOS2) is Up-regulated in Chicken and Human Ovarian Cancer

The following work was reprinted from the recently submitted manuscript: Angelito I.
Nepomuceno, Huanjie Shao, Kai Jing, David C. Muddiman, James N. Petitte,
Michael O. Idowu, Xianjun Fang, and Adam M. Hawkridge. Proteomics-Clinical
Applications. Submitted: July 7, 2013.
3.1 Introduction

Ovarian cancer (OVC) is among the most lethal gynecological cancers in the
Western World due to a combination of ineffective early-stage detection methods
and late-stage treatment strategies *. More than 22,000 women were diagnosed
with OVC in 2012 2, approximately 70% of which present with advanced stages of
the disease (Stage Ill and IV) when surgical intervention and chemotherapeutic
treatment are least effective. Early diagnosis is the single most important
determinant for survival with 5-year mortality rates less than 10% for women with
Stage | OVC. Thus, significant effort has been focused on identifying early-stage
markers for OVC including trans-vaginal ultrasound and blood-based proteins (e.g.,
CA-125 and HE-4) . Although these markers have clinical value for managing
OVC, they do not possess the predictive power necessary to be a useful population-
based screen *.

Biomarker discovery in OVC has proven very challenging due to significant
tumor heterogeneity *, the paucity of early-stage biospecimens (i.e., primary tissues
and plasma), and few natural animal models that faithfully recapitulate the

5-7

pathophysiology of the human disease The domestic chicken is a unique
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8,9

experimental model that develops OVC spontaneously with  significant

| 10 11-22

morphologica and molecular similarities to humans. The prevalence of
spontaneous OVC in the chicken can exceed 35% depending on the birds’ age,
genetic background (i.e., strain), and number of eggs produced ° the latter being

consistent with the incessant ovulation theory 23,

Important molecular-level
similarities include CA-125 expression **, frequency of p53 mutations *2, E-cadherin
up-regulation ?*, and gene expression patterns ?°. There are several advantages to
studying spontaneous OVC in the chicken such as a tightly controlled genetic
background that is maintained in the agricultural industry *°, a predictable OVC onset
window, and control over environment and diet. These are important advantages in
biomarker discovery with additional strengths being the ability to draw large amounts
of blood longitudinally ?* prior to and after the onset of OVC and collect matched
tissue samples from the ovary, oviduct, and neighboring tissues in the abdominal
cavity. Longitudinal sampling facilitates the determination of both intra- and inter-
individual variability (i.e., personalized- vs. population-based reference ranges), the
former of which has been shown to be more sensitive to OVC detection using CA-
125 25-29.

We recently established a biorepository of chicken biospecimens that
included longitudinal plasma samples from approximately 250 birds starting at 2.5
years of age over a one-year period combined with matched ovary and oviduct

11

tissue samples The OVC prevalence for the birds in this biorepository was

approximately 10%. In an initial proteomics study, we selected longitudinal plasma
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samples from two birds (Healthy and Late-stage OVC) and carried out quantitative
mass spectrometry-based proteomics to identify potential biomarkers for OVC **. A
critical finding in this plasma-based study was the identification of a predicted form of
ovomacroglobulin (i.e. predicted form of ovostatin and hereafter referred to as
OVO0S2) that increased over time with the onset and progression of ovarian cancer.
OVOS2 is similar to chicken ovostatin (hereafter referred to as OVOS1) which is

30-36

expressed primarily in the oviduct and highly abundant in egg-white . In arecent

l. %, elevated levels of OVOS1 mRNA in chicken ovarian tumors

report by Lim et a
were observed which is interesting because OVOS1 is expressed primarily in the
healthy oviducts yet not in healthy ovaries. This finding builds on an earlier report by

Johnson and coworkers 8

that showed high levels of ovoalbumin, an oviduct-
specific protein, in serous ovarian tumors of the hen. Collectively, these data point to
emerging yet undefined roles of ovostatins in ovarian cancer of the chicken and
provide unique candidates for human OVC biomarkers.

Herein we report an in-depth proteomic analysis of matched plasma, ovary,
and oviduct tissue samples from healthy, early-stage OVC, and late-stage OVC

birds from the previously established biorepository .

The proteomics dataset
showed elevated levels of OVOS2 in the matched plasma, ovary, and oviduct
tissues for all 3 late-stage birds yet was not detected in healthy or early-stage OVC
birds. Following these results, we BLAST-searched the chicken OVOS2 protein

sequence (FINEWS8) against the human UniProt database and identified ovostatin

homolog 2 (Q6IE36) as the top hit (45% sequence identity). We then measured the
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gene and protein expression of human OVOS2 in OVC cell lines compared with
cultures of normal ovarian epithelial (NOE) cells using RT-qPCR and Western blot
analysis, respectively. OVOS2 was significantly up-regulated at both the mRNA and
protein levels in all 11 OVC cell lines compared to the control NOE cells. Finally,
OVC specimens from 5 primary human ovarian adenocarcinomas were
immunohistochemically stained for expression of OVOS2. Strong OVOS2 staining
was detected in malignant ovarian epithelial cells of all 5 OVC specimens whereas
the surrounding non-cancerous tissues were negative or only faintly stained.
Collectively, these data provide the first evidence for a conserved, yet undefined,

role for OVOS2 in ovarian cancer of the chicken and human.

3.2  Experimental
3.2.1 Animal Care, Biospecimen Collection, and Pathology

All animals were cared for in accordance with North Carolina State University
IACUC regulations. Details of the sample collection, sample storage, and bird
mortality are described in Hawkridge et al **. Briefly, approximately 2 ml of blood
was drawn from the birds every 3 months for 1-year starting at 2.5 years of age
followed by centrifugation at 3,000 x g for 3 min at 10°C and plasma collection.
Birds were euthanized at the final blood draw followed by ovary and oviduct tissue

collection. Tissues were preserved for both pathological (formalin fixation) and

proteome (LN, snap frozen) characterization. 5 um thick tissue slides were stained
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with hematoxylin and eosin (H&E) and assessed by a board-certified veterinary

pathologist.

3.2.2 Chicken Tissue Lysate Preparation and SDS-PAGE.

Frozen ovary and oviduct tissues were removed from -80°C storage, weighed
(frozen), and then placed on ice. Lysis buffer was added at a ratio of 5 pL:1 mg of
tissue. The lysis buffer consisted of 50 mM Tris (Sigma Aldrich, St. Louis, MO, USA),
8 M Urea (Sigma Aldrich), 2 M Thiourea (Sigma Aldrich), 10 mM EDTA (Sigma
Aldrich), 10 mM DTT (Sigma Aldrich), 0.001% sodium azide (Sigma Aldrich) and
was adjusted to a pH of 7.8 using hydrochloric acid (Sigma Aldrich). The sample
was then homogenized using an OMNI TIP Homogenizing Kit (Omni International)
for 1 min. Sodium dodecyl sulfate (SDS, Sigma Aldrich) was then added to make up
a final concentration of 2% (w/v) and then placed onto the Genie Disrupter (Scientific
Industries) for 1 minute followed by 5 minutes of incubation period on ice. This step
was then repeated twice more. The sample was then centrifuged for 30 minutes at
14,000 rpm. The soluble fraction was removed from the centrifuge tube without
disrupting the cellular debris pellet or the top lipid layer. The extracts were then
stored at -80°C until immediately prior to 1D SDS-PAGE.

The ovary and oviduct lysates were allowed to thaw to room temperature and
briefly vortexed. The lysate sample was then diluted with 50 mM Tris-HCI pH 6.8 in a
1.5 (viv) ratio. This mixture was then combined with a freshly prepared 2-

mercapthethanol/Laemmli (Bio-Rad, Hercules, CA, USA) loading buffer in a 1:1 (v:v)
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ratio. The resulting solution was vortexed and then heated at 95°C for 5 minutes. A
total of 30 pL of solution was loaded onto the Bio-Rad Criterion Tris-HCI precast 1D
gel (12.5% Tris-HCI, 12+2 well format) and were run at a constant 200 V for
approximately 50 minutes. The gel was then stained using a Coomassie G-250 (Bio-

Rad) followed by destaining and imaging.

3.2.3 Plasma Preparation and SDS-PAGE

Total protein concentrations for plasma samples were determined using a
Bradford assay (Coomassie Plus™) and aliquots of each sample were diluted with
15 pl 50 mMTris-HCI (pH 6.8). The sample was then combined with freshly
prepared 2-mercaptoethanol/Laemmli loading buffer in a 1:1 (v:v) ratio. Solutions
were briefly vortexed and then heated at 95°C for 5 min. The total protein that was
loaded onto a 12.5% Tris-HCI precast gel (Bio-Rad Criterion 12+2 well format)
ranged from 20-32 pug. The gel was run at a constant 200 V for approximately 50
minutes. The gel was then stained using a Coomassie G-250 (Bio-Rad) followed by

destaining and imaging.

3.2.4 In-gel Digestion

The gels were processed in a Laminar flow hood by cutting 36 even gel
bands per lane (2 mm x 7 mm) using a grid cutter (The Gel Company, San
Francisco, CA) and then transferring the 12 x 3 neighboring bands into individual

38

vials for in-gel digestion 150 pL of a 50:50 mixture of 100 mM ammonium
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bicarbonate (Sigma Aldrich) and acetonitrile (ACN) (Burdick and Jackson,
Muskegon, USA) was added to each fraction and incubated for 30 minutes at room
temperature. The solution was removed, discarded, and then 200 pL of ACN was
added to each vial for 20 minutes to dehydrate the gels. The ACN was removed and
replace with 150 pL of 10 mM dithiothreitol (DTT) followed by a 30 minute incubation
at 56°C. The DTT solution was removed and the gel bands were again dehydrated
with 200 pL of ACN. The ACN was removed and replaced with 55 mM
iodoacetamide (Sigma Aldrich) followed by a 20 minute incubation at room
temperature in the dark. The solution was removed and then replaced with 150 pL
of 5 pg/mL of trypsin (Promega, Madison, W1, USA) followed by overnight incubation
at 37°C. The digestion was quenched with a 1:2 mixture of 5% formic acid:ACN at
37°C for 30 minutes. Each fraction was then dehydrated using a 2:1 mixture of
ammonium bicarbonate and ACN. The tryptic peptide solution was removed and

reduced to dryness in a Speedvac.

3.2.5 LC-MS/MS

A nanoLC-2D (Eksigent Technologies, Dublin, CA) was coupled to a LTQ-FT-
XL (Thermo Scientific, San Jose, CA) using a vented column configuration *°. The
vented column consisted of a 75 um x 5 cm trap (IntegraFrit: New Objectives,
Woburn, MA) coupled to a 75 pm x 15 cm column (PicoFrit: New Objectives,
Woburn, MA). Both the trap and analytical column were self-packed with Magic

C18AQ stationary phase (5 pm particle, 200 A pore, Auburn CA). Mobile phase A
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and B were composed of water/acetonitrile/formic acid (98%/2%/0.2% and
2%/98%/0.2% respectively). The Speedvac-dried fractions were reconstituted in 65
pL of mobile phase A. 10 pL of sample was loaded onto the trap at 1.5 pL/min with
2% B. After washing the sample, the valve diverted the flow onto the column and
the following gradient was applied at 350 nL/min: 2% B (0-5 min), 2-60% B (5-65
min), 40-90% B (65-67 min), 90% B (67-77 min), 90%-2% B (77-78 min), 98% (78-
90 min). Data acquisition was initiated 5 min after the start of the nLC gradient. The
sample analysis order for plasma and ovary tissues was randomized and run in
triplicate with a blank injection every thirteenth LC-MS/MS run. The oviduct tissues
were single LC-MS/MS runs.

Mass spectrometric analysis was performed on a 7T LTQ-FT Ultra
(ThermoFisher) with a pulse sequence consisting of a broadband acquisition in
profile mode followed by 8 data dependent MS/MS events in the ion trap. The LTQ-
FT was mass-calibrated with a target AGC limit of 1 x 10° every 40 LC-MS/MS runs
(~2.5 days). The full scan was collected at 400-1600 m/z with a resolving power

was set at 100,000gyum at m/z = 400. The dynamic exclusion time was set to 3 min.

3.2.6 Data Analysis

LC-MS/MS data was searched against a concatenated target-reverse chicken
database (IPI ver.3.74) with Homo sapiens keratin, keratin related proteins, and
porcine trypsin included. Mascot Distiller (ver. 2.3.2, Matrix Science, Boston, MA)

was used to generate peaks lists, and then Mascot Daemon to perform the
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searches. Carbamidomethyl (C) was set as a fixed modification and deamidation
(NQ), oxidation (M), and carbamyl (K and N-term) were set as variable
modifications.  Additional search parameters included maximum of 2 missed
cleavages, peptide tolerance of = 5 ppm, and MS/MS tolerance of +0.6 Da. Protein
grouping, statistical filtering (1% false discovery rate), and quantification of Mascot
DAT files were accomplished using ProteolQ (NuSep, Athens, GA, ver 2.3.01), a
spectral counting label-free software package that uses a combination of
Peptide/Protein Prophet ****, and PROVALT “,

In this study, a spectral count (SpC) represents a confidently identified tryptic
peptide and a Normalized SpC (NSpC) is calculated with two levels of normalization.
The first normalizes the spectral counts for the three replicates within a sample and
the second normalizes spectral counts between samples for a specific class (i.e.,
plasma, ovarian tissue, and oviduct tissue). For example, if a plasma sample (i.e., a
single gel lane) gave a total SpC for replicates 1, 2, and 3 of 1000, 900, and 800,
respectively; the normalization factor for all proteins (protein groups) in each
replicate would be 1000/1000 = 1.00, 1000/900 = 1.11, and 1000/800 = 1.25. Thus,
if the SpC for the same protein in replicates 1, 2, and 3 was 15, 13, and 12,
respectively; their normalized SpC values would be 1.00x15 = 15.00, 1.11x13 =
14.43, and 1.25x12 = 15.00, respectively. The second and final level of
normalization takes the maximum SpC from the replicate of all samples in a specific
class (e.g., all plasma sample gel lanes). If the maximum total SpC from a replicate

in all plasma samples was 1200, the total SpC’s from replicate 1 in the plasma
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sample above would be normalized by a factor of 1.20 (1200/1000). The reported
NSpC’s in this study for the plasma sample above would then be 1.20x15 = 18.00,

1.20%14.43 = 17.32, and 1.20x15 = 18.00.

3.2.7 Human Cell Lines

The sources and culture conditions of the eleven human ovarian cell lines
(Caov-3, SKOV3, HEY, ES-2, Dov-13, OVCA420, OVCA429, OVCA432, OVCA433,
2780, and 2780R) and two specimens of normal ovarian epithelial cells in culture
(NOEO008, NOE72) were described previously “**°. The cells in early passages were
maintained in culture for less than 4 weeks before isolation of total cellular RNA with

TRIzol following the protocol of the manufacture (Invitrogen)

3.2.8 RT-gPCR

Expression levels of OVOS2 mRNA were measured by RT-gPCR.
Complementary DNA (cDNA) was synthesized from RNA (1 pg, random primers),
using the High-Capacity cDNA Reverse Transcription Kit from Applied Biosystems.
The relative levels of OVOS2 were determined by the gene-specific OVOS2 probe,
the TagMan Universal PCR Master Mix and the 7900HT Real-Time PCR System
(Applied Biosystems). The results of OVOS2 were normalized to the levels of

GAPDH and presented as per mil of GAPDH.
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3.2.9 Western Blot Analysis

Whole cell lysates were prepared with cell lysis buffer (Cell Signaling
Technologies, MA, USA), separated on SDS-PAGE electrophoresis and transferred
to PVDF membrane (Bio-Rad, Hercules, CA). Blots were probed with affinity purified
polyclonal antibodies against OVOS2 (Abgent) or GAPDH (Cell Signaling) following
the protocols of manufacturers. Immunocomplexes were visualized with an

enhanced chemiluminescence detection kit from Amersham.

3.2.10 Immunohistochemistry

The paraffin-embedded ovarian cancer blocks were preexisting specimens
obtained from the VCU Tissue & Data Acquisition & Analysis Core. These samples
had patient consent for use in scientific research but were not collected specifically
for the present work. The use for OVOS2 study was approved by the Virginia
Commonwealth University Human Subjects Committee. Immunohistochemical
staining of paraffin-embedded sections was conducted using a standard procedure

as described previously °.

3.3 Results and Discussion
3.3.1 Quantitative Proteomics Analysis of Ovarian Cancer in the Chicken

The pathologies and tumor locations for the 9 birds in this study are shown in
Table 3.1. Birds 1-3 were assessed ‘Healthy’ with no visible neoplastic lesions

present on any internal organs. Birds 4-6 were ‘Early Stage OVC’ with tumors
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Table 3.1 Pathological classification of the birds used in this study and tumor
location.

Bird Identification # Pathology Neoplastic Lesions

1 Healthy No visable neoplastice lesions

2 Healthy No visable neoplastice lesions

3 Healthy No visable neoplastice lesions
Early Stage OVC Ovary
Early Stage OVC Ovary
Early Stage OVC Ovary
Late Stage OVC Ovary, Oviduct, Intestine/Pancrease
Late Stage OVC Ovary, Intestine/Pancrease, Liver

Late Stage OVC/OVD Ovary, Oviduct, Intestine/Pancrease

confined solely to the ovary and Birds 7 and 8 were ‘Late Stage OVC’ with tumors
present on the ovary and neighboring tissues (Bird 7 oviductal tumor was benign).
Bird 9 is classified as ‘Late Stage OVC/OVD’ because tumors were present on the
ovary and neighboring tissues including the oviduct (OVD). In cases where tumors
are present on both the ovary and oviduct (which are common in the chicken), it is
difficult to confidently assign the tissue origin of the tumor.

The matched plasma, ovary, and oviduct tissue proteomes of the 9 birds in
Table 3.1 were prepared by in-gel digestion followed by nLC-LTQ-FT mass
spectrometry (GeLC). The 1D gels for plasma, ovary lysates, and oviduct lysates
are shown in Figure 3.1A, B, and C, respectively. The size and location of the gel
bands for each gel lane are given on the right side of each gel image and the total
numbers of unique proteins identified in each sample are listed below each
respective lane. A summary for the plasma proteome dataset is shown in a Venn

diagram for all 9 birds in Figure 3.1A. The plasma analysis resulted in the
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identification of 248 unique proteins (i.e., protein groups), 227 of which were shared

by all 9 birds. A total of 2680 proteins were identified GeLC of the ovary lysates and
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Figure 3.1 One-Dimensional gels of nine bird samples that originated from plasma
(A), ovary tissue lysates (B) and oviduct lysate (C) of each respective bird. The Venn
diagram to the right of each gel indicated the overlapping proteins between Healthy
(green), Early- (red), and Late--stage (purple) birds. The total number of protein
groups identified in each lane is given below each gel. (*) denotes that inclusion of
bird #9 as a Late-stage EOC bird.
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the proteome distribution is shown in the Figure 3.1B Venn diagram. Out of the
2680 unique proteins identified in the ovaries, 2427 of which were shared amongst
all 9 birds. GeLC of the >50kDa fraction of the oviduct lysates indentified a total of
1452 unique proteins, 1062 of which were shared by all 9 birds (Figure 3.1C). The
>50kDa oviduct fractions were analyzed to establish the presence or absence of
OVOS1 and OVOS2 which are both >150 kDa.

Normalized spectral counting (NSpC) 7

was used to measure quantitative
changes in the GeLC proteomics dataset. Thus, relative changes in protein
abundance are measured as a function of the number of confidently identified tryptic
peptides. A subset of proteins and their expression levels is provided in Figure 3.2
for discussion. Proteins were grouped into either ‘Macroglobulins’,
‘Reproduction/Ovulation’, or ‘Inflammation’ as a function of Bird # and tissue type.
The average Healthy NSpC values are listed adjacent to each heat map expression
row for reference and asterisks are used to denote imputed data.

The data in Figure 3.2 for the Macroglobulin proteins shows that OVOS2
levels are significantly elevated in all 3 cases of advanced OVC. A2M would not be
expected to correlate because it is primarily synthesized in the liver. OVOS1 was
not detected in any of the plasma or ovary tissue samples in contrast with the mRNA
results by Lim et al. *" but it was highly abundant in the Healthy oviduct tissues (Avg
NSpC = 181.7). The OVOS2 levels for the Late Stage OVC plasma, ovary, and

oviduct samples were over 2.5 fold higher relative to the Health birds (Figure 2).

Low OVOS2 NSpC values were observed in the plasma and ovaries for most
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Healthy and Early-stage OVC birds but no OVOS2 peptides were detected in the
oviducts for these 6 birds.

Several Macroglobulin (or Macroglobulin-like) proteins in the chicken were
detected in this study (Figure 3.2) and are considered functional homologues to the
human 139 family. The MEROPS 139 protease inhibitor family, which includes the
abundant plasma protein alpha-2 macroglobulin, exhibit broad substrate specificity
for all four classes or proteases *°. Ovostatin (OVOS1; P20740) is an abundant

32,33

protein in egg white that has been measured at the protein level with 42%

Avg Plasma Avg Ovary Avg Oviduct
Sequence 1D Sequence Name Healthy s 6 7 8 Healthy 4 5 6 7 8 9 Healthy 45 6 7 8 o
NSpc NSpc NSpc
n IP100595847.2 Alpha-2 macroglobulin-like(A2ML1) 173.74
E IPI00599918.3 Alpha-2macroglobulin-like {A2ML2) 75.7 12.6 - 0.8
go IPI00821912.1 Alpha 2 Macroglobulin (A2M) 355.7 57.2 31.2
& IPI00589747.1 Ovostatin (OVOSs1) 181.7
= IP100587419.3 Predicted Ovostatin (OVOS2) 0.5 0.3 0
IP100583974.2 Ovalbumin 245 18.4 146.2
IPI00573738.1 Ovalbumin-related protein Y 14 34.3
IP100683271.1 Ovotransferrin 432.4 110.5 757.4
.‘% IPI00971372.1 OvotransferrinBCtype 417.7 116.6 742.5
3 IPI00587313.2 Ovoinhibitor 545 4.7
% IPI00598113.3 Ovoglycoprotein 18.8 4.1 “ 3.2
£ IPI00584997.3 Ovomucin a-subunit 0.1 297.7
Tg IP100597482.2 Ovomucin f-subunit 87.9
E IPI00597129.3 Ovomucoid 3.2 20.2
IPI00591843.1 Vvitellogenin-1 427.3 189.2
IP100602226.3 Vitellogenin-2 684.5 352.2 71.4
IPI00578517.1 Zonapellucidaprotein1 9 6.1
.E IPI00813394.1 C-Reactive Protein 5.4
'E' IP100572547.1 $100-A6 0.7
LE° IP100595453.2 5100-A10 2.4
E IP100599279.1 $100-A11 2 -

(*)denotesimputeddata. NSpCvalue =0.001
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Figure 3.2 Heat map of the log, expression values for proteins in three main groups
(Macroglobulins, Reproduction/Egg Production, and Inflammation) as a function of
tissue type (plasma, ovary, and oviduct) and phenotype. Birds 4-6 are Early-stage
OVC and birds 7-9 are Late-stage OVC. The ratio cut off was set at -2.5 and 2.5
fold change. Squares with asterisks (*) denotes imputed data (NSpC = 0.001 was
used for calculations).



sequence coverage by mass spectrometry-based proteomics %°. OVOS1 is
expressed primarily in the oviduct * and functional studies have confirmed it has

30-33

similar substrate specificity to the 139 protease inhibitor family The up-

regulation of OVOS1 mRNA in chicken ovarian cancer was recently reported by Lim

et al. ¥’

using a combination of RT-gPCR and in-situ hybridization of fixed tumor
tissues. The authors wused alpha-2-macroglobulin  (A2M) and ovostatin
interchangeably but their PCR primers appeared to be specific for OVOS1. The
data showed that for certain ovarian tumor histopathological subtypes, OVOS1 was
over-expressed relative to healthy ovarian tissues. This report builds on earlier
observations by Johnson and co-workers who reported the presence of ovoalbumin,
an oviduct-specific protein, in chicken ovarian tumors suggesting it may be a model
for oviductal (i.e., fallopian tubes) involvement in human serous ovarian cancer 2.

There is increasing evidence >

that supports oviductal involvement in serous OVC
which conflicts with the established hypothesis that OVC originates from the ovarian
surface epithelium (OSE) *°.

OVOS2 (FINEWS) was a predicted 165 kDa protein in the IPI Chicken
database based on EST data until our original proteomics study of ovarian cancer in
the chicken ™ detected it at the protein level with 17% sequence coverage in the
final plasma sample (5™ timepoint) of a Late-stage OVC bird (Bird #8 in this study).
In the present study with a higher level of protein fractionation, we were able to

detect OVOS2 in the same sample with 37% sequence coverage Figure 3.3.

Furthermore, we have developed a SRM-based protein cleavage isotope dilution
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OVOS2 (IP100587419.3/UniProt FAINEW8)

MAYEEVLKTNNGCQYVLLY PTVVRSNS PQTACVQF QSLSEPLSLSVVLEYSNIQTTLFEE
FVTKNDYFTCCEFKVPPATSDPLAFISFSAKGNTVNLTERRSVATIENVHNTLF IQTDKPT
YKPGQKVMFRVVTLD SQFRPVQETYPRII IKDPEQNQIFQWLDVSSMNGIIQLSFPLIEE
PILGSYHIVVEKKSGDKEHEYFTVEEYGKQALQYVLLVPTVVRSNSPQTACVQFQSLSEP
LSLSVVLEYSNIQTTLFEEFV TKNDYF TCCEFKVPPATSDPLAFISF SAKGNTVNLTERR
SVATIENVHNTLFIQTDKPI YKPGQKVMFRVY TLDSQF RPVQETYPRI ITKDPEQNQIFQW
LDVSSMNGI IQLSFPLIEEPILGSYHIVVEKKS GDKEHEYFTVEEYVLPKFEVTT SMPRR
ISFFDEEIRVNVCALYTYGQPVQGSARINVCORHFYNPQCQQS QKPRCEAV IGLLENNGC
LSTVVSTKTFQLYRSYARMYASFNIET IV TENG TG IQMKNY DY VAVS QEND RVMF RNMDQ
YYRRGIPYFGEITVTNADGKPVP SRVVVLEVNGEYQANY TTDENGTAAF SLDTSNFFNPT
VKLRATQAPDDCADF FMWRNDHE SEALFFVRRF YSRTNSFVRI EPVEEKLRCGQORMINI
HYVLSRKGYRNATHTDF YYVVMAKGKIVLSGQKQVRIAHAPWGTFAI TLDV TEKLTPSAR
LLLYTVHPDGE IVAD SSWIHSDVCFKNKLQLEFSEKQAY PGSKINIHLEAAANSYCALRA
VDQSVFLLQPERELSAESVYYRLHLSDLYGYYYNGLNLQDDPPEECTPVKTTFFDGLYYE
PVNVSHDGDVYRIFREMGLKVFETNSTLRK PV LCNEDKLDWEENRI YFEHGASGGSAFGKE
FSKITAAGVVNTVRKYF PETWIWDLVHTDSTGEANIF YTVPDT ITEWKASAFC LQDDAGF
GISSPVSLTAFQPFFVDLALPYSVIRGEKINLIANIFNYLDKCIQISAILAESSDYKAEV
LSPEGNTARVCANERKTYIWAVSPLSLGEVKFTITAEAKLNTKGAKNSTPPEEESIRTDT
LTQTLLVEPEGIKKELTQSSLICTKGTTVSEPVLLSLPRNVVQGSARVYFSVIGDILGTA
LRNMENLILHMPYGCGEQNMALFTPNIYVLDY LNKTGQLTEEIRVKSTGYLTTGYQKQOLSY
KHQDGSYSSFGTRDKEGNVWLTAFVYKSFAQARRY IYVDENVQSQTLIWLARKQKSDGCF
ENAESHFNNALKGGEEGEYSLTAYIVAALLEAGHSVOHPVVWNGMNC LE TAFSNGVHNLY
NHALFAYVYGLADKQERYQYFLEKLDKRATRDGGS VY WQRENKPPAEHFPAFY SRAP SAE
IEMTSYVLLALLNKAELTPDDLSYISRIVYWLVKQONPYGGFSSSQDTVVAIQALAQYGY
LTFSKESHNTVEVNFME I PKKAFQVNDENRF LLQQOTS LPTV LGNY SVEVYGTGCY YMQTT
LKYNIHLPKKAAGFF LSVE PANVSC TSNF PLKF DLVF SASY TGNRNVSNMAIIDVKMLSG
FISDRSSLKKLQYQASYVDHVDIKNDHVFFY LOKLSQKEVSFSFSVEQSLPVSDIKPAPY
HIYDYYET

Figure 3.3 Chicken OVOS2 protein sequence with the LC-MS/MS detected tryptic
peptides shown in red. Sequence coverage = 37%.

assay with 3 stable isotope labeled OVOS2 tryptic peptides which collectively gives
us a high degree of confidence that we have detected this gene at the protein level
% We are unaware of any prior reports that detected chicken OVOS2 at the protein
level and therefore are not aware of any functional analysis that confirms OVOS2
has protease inhibitor activity or that the biological function and tissue specificity is

comparable to OVOS1. Herein we tentatively assign chicken OVOS2 as an 139
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protease inhibitor based on the 50% sequence identity to chicken OVOS1 and the
predicted function from the UniProt database.

The quantitative data for the proteins related to Reproduction and Ovulation
are included to explain the broad down-regulation of these proteins in the Early- and
Late-stage birds. Egg production can have a profound effect on the protein
expression levels in plasma, ovary, and oviductal tissues in the bird. All Healthy
birds were producing eggs at the time of necropsy with the strongest molecular-level
indicator being high plasma levels of Vitellogenin-1 and -2, both lipid transport
proteins synthesized in the liver. With the exception of Bird #7 which was also
producing eggs at necropsy, the Early- and Late-stage birds were out-of-production
with significant down-regulation of Vitellogenin-1 and -2 in plasma. The expression
levels of OVOS1 and A2ML1 levels in the oviduct were nearly identical for the
healthy and OVC birds with a strong correlation to egg-production. Furthermore,
both OVOS1 and A2ML1 have been measured with mass spectrometry-based
proteomics at high levels in the chicken egg white *.

Ovomucin a-subunit (also referred to as MUC-5B, UniProt Q98UI9), an

abundant protein in egg white >’

, is up-regulated in the Late-stage OVC tumor
tissues, down-regulated in oviduct tissues, and not detected in any of the plasma
samples. Chicken MUC-5B was BLAST-searched against the Human UniProt
database and resulted in a 45% sequence identity to MUC-5AC (P98088), a gel-

forming protein found in gastric and respiratory tract epithelia *®. Dis-regulation of

59-61 62,63

MUC-5AC has observed in several cancers including ovarian neoplasms
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Thus, the up-regulation of MUC-5B in the Late-stage OVC tissues of the chicken
agrees with earlier OVC studies in humans.

The inflammation response to the onset and progression of cancer has been
well established %, C-reactive protein (CRP) is a 23kDa acute-phase protein
synthesized in the liver, circulates in blood as a homopentamer, and can increase in
concentration by as much as 1000-fold in response to inflammation ®’. CRP levels

in plasma were found to correlate with the Stage of OVC in humans %,

Higher
concentrations of CRP in the plasma of chickens with OVC were observed in the
Figure 3.2 NSpC data and correlate with Healthy, Early-Stage, and Late-Stage OVC
birds. Box-whisker plots of the NSpC CRP levels as a function of the three
phenotypes are shown in Figure 3.4 with the statistically significant differences (p <
0.05) for Healthy, Early-stage, and Late-stage birds. The S100 class proteins also
show increased NSpC'’s in ovarian tumor tissues relative to healthy ovaries (Figure
3.2). S100 proteins are ~12 kDa that bind calcium in a dimeric structure and are
involved in several types of inflammation responses. S100A6 levels in plasma were
recently shown to predict tumor burden in a xenograft mouse model of ovarian
cancer °. OVOS2 may also be involved in the inflammation response in the tumor
microenvironment. There are reports showing that human A2M is involved directly
and indirectly in the inflammation response for several diseases illustrating a

71

complex role beyond proteolytic inhibition Therefore, we performed further

studies to examine the role of OVOS2 in the context of human OVC.
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Figure 3.4 Heat map of the log, expression values for proteins in three main groups
(Macroglobulins, Reproduction/Egg Production, and Inflammation) as a function of
tissue type (plasma, ovary, and oviduct) and phenotype. Birds 4-6 are Early-stage
OVC and birds 7-9 are Late-stage OVC. The ratio cut off was set at -2.5 and 2.5
fold change. Squares with asterisks (*) denotes imputed data (NSpC = 0.001 was
used for calculations).

3.3.2 Up-regulation of OVOS2 in Human Ovarian Cancer

To assess the presence of OVOS2 in human OVC, we measured OVOS2 mRNA
and protein levels in eleven human OVC cell lines and two normal ovarian epithelial
(NOE) cell cultures by RT-gPCR and Western blot analysis, respectively. The gPCR
results are shown in Figure 3.5A with the OVOS2 mRNA levels normalized to Ct
values of GAPDH. Importantly, the gPCR product for OVOS2 mRNA analysis
spanned an exon to prevent the detection of genomic DNA (Hs00416380_m1,
Applied Biosystems). OVOS2 mRNA levels in all 11 OVC cell lines were

significantly higher (p<0.05) than in NOE cells. OVOS2 mRNA levels in NOEOO8
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and NOE72 were statistically similar but the mean OVOS2/GAPDH for NOE72 was
slightly higher (0.062 vs. 0.061). Fold increases in expression of OVOS2 over the
NOE72 cells ranged from 3- (2780) to 35-fold (OVCA432). In agreement with
overexpression of OVOS2 mRNA in OVC cell lines, Western blot analysis confirmed
the presence of high levels of OVOS2 protein of 100-150 kDa in all OVC cell lines
but not in NOE cells (Figure 3.5B).

To confirm the expression of OVOS2 in primary human tissues, we performed
immunohistochemical staining on 5 Stage lll, high-grade serous ovarian carcinomas,
the most common human ovarian cancer. The paraffin-embedded sections were
stained with the same anti-OVOS2 antibody that was used for the Western blot
analysis in Figure 3.5C. In all 5 OVC tumor specimens, malignant epithelial cells
were more intensely stained compared to the surrounding non-cancerous tissues.
Figure 3.5C shows representative images of OVOS2 staining in 4 OVC patient

tissues.
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Figure 3.5 RT-gPCR (A) Western blot (B) analysis of OVOS2 expression in human
ovarian cancer cell lines and normal ovarian epithelial cells. The OVOS2 mRNA
results were normalized with GAPDH as internal control and presented as per mil of
Ct values of NADPH. The statistical significances between each of ovarian cancer
cell lines (Caov-3, SKOV3, HEY, ES-2, Dov-13, OVCA420, OVCA429, OVCA432,
OVCA433, 2780, and 2780R) and NOE72 cells were determined with the Welch’s t-
test. * p-value < 0.05; ** p-value < 0.01. (C) IHC staining of OVOS2 protein in
human ovarian cancer tissues. Shown are positively stained malignant epithelial
cells relative to the neighboring non-cancerous tissues from patients with Stage IlI,
high grade serous ovarian adenocarcinomas. Bar = 50 ym

3.3.3 OVOS2 in Chicken and Human Ovarian Cancer

The functional annotation, tissue distribution, or disease-specific association
of human ovostatins has not been explored to the best of our knowledge. The
chicken OVOS2 gene resides on the petite region of Chromosome 1 clustered with
OVOS1, A2M, A2ML1, and A2ML1 (Figure 3.6). There is conserved synteny "2
between this region of Chromosome 1 and the petite region of Human Chromosome

12 as illustrated in Figure 3.6 and shown in greater detail by Scherer et. al..”? All of
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these proteins belong to the MEROPS 139 family of protease inhibitors with the
ranked matches to chicken OVOS2 (FINEWS) in humans shown in the Figure 3.6
table inset. The interplay between proteases and their endogenous inhibitors have
been actively studied in relation to cancer for many years. The dysregulation of
several protease inhibitors have been observed in ovarian cancer including serpins
(i.e., SERPINAl/alpha 1-antitrypsin™, SERPINE1/plasminogen activator inhibitor-1
" SERPINB2/plasminogen activator inhibitor-2 4", SERPINA5/plasminogen
activator inhibitor-3 "®, SERPINB5/maspin ’’), tissue inhibitors of metalloproteases
(TIMP) "7 secretory leukocyte protease inhibitor (SLPI) 2% and now OVOS?2 in
this study. The conventional view of cancer progression would suggest that up-
regulation of extracellular protease inhibitors like OVOS2 are beneficial endogenous
responses to limiting the proteolyisis of extracellular matrix proteins which leads to
metastasis. However, functional studies have shown that many endogenous
protease inhibitors can actually promote cancer cell growth and metastasis through
complex interactions or as indirect products from key regulators (e.g., colony
stimulating factor 1 "*"). Thus, the up-regulation of OVOS2 in OVC adds to a

growing list of dysregulated protease inhibitors in ovarian cancer and their complex

roles in cancer.
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ChickenChr. 1 Human Chr. 12 BLAST Results for Chicken OVOS2 (FINEWS)

0 P;lbp 0 Mby A2ML1 (A8K240) Human Accession BLAST Identity
A2M(P01023) Gene (UniProt) (% AA match)
a0- A2ML1 (FINIVO) 40~ \_ PZP (P20742) ovOs2 Q6IE36 as%
A2ML2 (FINEQ4) OVOS1 (Q6IE37)
- - A2ZM P01023 43%
s0- [ AZM(ELCS49) %0.
OVOS1 (P20740) PZP P20742 42%
- OVOS2 (Q6IE36
- \ OVOS2 (FINEWS) @ )
120 - 120- A2ZML1 A8K240 37%
- VOS1 | %
134 Mbp ovos Q6IE36 36
160 -
o
195 Mbp

Figure 3.6 Map of conserved synteny for Macroglobulins on chicken Chromosome
1 and human Chromosome 12. The top scoring BLAST results for chicken OVOS2
against the human UniProt database are shown in the inset table.

3.4 Conclusion

An in-depth label-free proteomics study of matched plasma, ovary, and
oviduct tissues in the hen resulted in the quantification of over 2680 unique proteins
representing the most comprehensive proteomics study of ovarian cancer in the
chicken to date. Proteins related to reproduction (e.g., Vitellogenin-1 and -2) and
inflammation (e.g., CRP, S100 proteins) were identified, the latter correlated with the
stages of OVC in both plasma and tumor tissues. OVOS2, a newly discovered
protein in our laboratory **, was detected at elevated levels in the plasma, ovaries,
and oviduct of all Late-Stage OVC birds in this study. Because OVOS2 is secreted,
found in plasma, and has biological relevance to cancer with a potential link to

extracellular tissue remodeling, it is a prime candidate for translational studies in
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human OVC. Human OVOS2 expression levels at both mRNA and protein levels
were significantly up-regulated in human OVC cell lines compared to normal ovarian
epithelial cells. We analyzed OVOS2 protein expression in human OVC tissues by
immunohistochemical staining. Malignant epithelial cells in all 5 OVC tissues were
highly positive for OVOS2 while surrounding non-cancerous tissues were negative
or only faintly stained. Collectively, these results provide convincing evidence that
the up-regulation of OVOS2 is conserved in both chicken and human OVC with the
potential to serve as a clinical biomarker for the detection and management of

human OVC.
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CHAPTER 4

Global Proteomic Analysis of Functional Compartments in Immature Avian
Follicles Using Laser Microdissection Coupled to LC-MS/MS

The following work was reprinted from the recently submitted manuscript:
Nepomuceno, A.l.; Muddiman, D.D.; Petitte, J.N. Journal of Biological Reproduction

4.1 Introduction

The avian ovary is unique among vertebrates in that it contains hundreds of
follicles but has about 5 large yolky follicles arranged in a hierarchy based upon size
from about 9mm to 40mm in diameter. The largest follicle is designated as the F1
follicle which is the most mature and is destined for the next ovulation. A
reproductively active domestic hen ovulates roughly every day, and an active ovary
generally contains a succession of preovulatory follicles (F2-F5) that mature to the
next size to take the place of the newly released F1 follicle. A new F5 follicle is
recruited from a pool of 7-9 small yellow follicles (SYF) that range 5 - 9 mm in
diameter. Below SYF lies a pool of large white follicles (LWF) 2-5 mm in size that
contain no apparent yellow yolk. The smallest and most immature of the avian
ovarian follicles are the numerous small white follicles (SWF) that are less than 2
mm in diameter. Maturation of avian ovarian follicles has largely focused upon the
process of recruitment from the SYF to the preovulatory follicles and the maturation
of the F1. Much of this has centered on changes in steroidogenesis associated with
the transition from SYF and maturation of the F1 follicle. Granulosa cells and theca
cells of the follicular wall are the main sources for the production of steroid

hormones.>™ Two hypotheses exist to explain the interplay between the two cell

84



types for the production of steroids. The first suggests that the granulosa cells of
preovulatory follicles produce progestins that are, in turn, used as a substrate by the
theca cells for the production of androgen and estrogen.® The other proposes that
theca cells can synthesize progestins, androgen, and estrogen independently of
granulosa cells.* A key component to the steroidogenic pathway is the synthesis of
the steroidogenic acute regulatory protein (StAR). Recently, it has been shown that
prehierarchal follicles (6-8 mm) fail to express mRNA of the StAR protein.>®
However, it is not well understood how these steroidogenic pathways function, if at
all, in the small white follicles.

Very little research has been done to understand the biology of the smallest
follicles of the avian ovary and most work has consisted in removing the follicles
from the stroma of the ovary for the culture of whole follicles. We wished to gain
access to the smallest follicles; and, if possible, apply global proteomics to the
various compartments. Laser microdissection LMD) was used to isolate the following
specific compartments: follicular wall (granulosa/theca cells), white yolk, and ovarian
stromal tissue. A global proteome profile of each concentrated compartment was
analyzed using LC-MS/MS. In the process we were able to identify 2,889 total
proteins among the three compartments. This is the first report of the identification of
1,984 proteins identified specifically from the white yolk of SWF. Previous reports
have demonstrated LC-MS/MS techniques used to identify 119 yellow egg yolk
proteins.” This mass spectrometric proteomics based approach has proved to be

complementary to that of targeted mRNA studies in follicular development. This
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extensive global proteomic data can be extended towards studying other biological

systems.

4.2 Experimental
4.2.1 Animal Care And Biospecimen Collection

Chicken ovary was obtained from a 22 month old healthy Bovans White
commercial layer chicken. The hen was obtained at 4 months of age from the North
Carolina Department of Agriculture and Consumer Services, Piedmont Research
facility in Salisbury, NC. The hen was transported to the North Carolina State
University Lake Wheeler Poultry Science Facility in Raleigh, NC. The hen was
managed in accordance with the Institute for Laboratory Animal Research Guide
with all the husbandry practices being approved by and under the oversight of North
Carolina State University Institutional Animal Care and Use Committee. Birds were
housed in individual cages under 16L:8D photoperiod and fed an 18% protein layer
diet. The health and egg-laying status of the birds were monitored daily and only
reproductively active hens were chosen for the study.

The chicken ovary was then removed and cleaned with phosphate buffered
saline, pH 8.0. The ovary was cut and portioned into cryomold intermediate holders
(Miles Inc., Elkhart, IN) frozen in optimal cutting temperature (OCT) compound
(Leica Microsystems, Buffalo, IL). Each mold was placed into isopentane (Sigma
Aldrich, St. Louis, MO) bath surrounded by liquid nitrogen. Serial slices of 10 pm

thick pieces were cut using a CM1950 (Leica Microsystems, Buffalo, IL). Sections
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used for laser microdissection were placed onto PEN membrane slides (Leica
Microsystems, Buffalo, IL). Sections used for Hemotoxylin and Eosin staining were

placed onto microscope slides (VWR, Radnor, PA).

4.2.2 Laser Microdissection

Each PEN membrane slide was prepared individually for laser
microdissection. The protocol is as follows. A starting rinse was accomplished using
100% ethanol (Anhydrous KOPTEC USP, VWR, Randor PA) for 2 minutes.
Followed with 1 minute rinses in 95% and 75% ethanol. For 30 seconds the slide
was placed in nuclease free distilled water (Molecular Devices, Sunnyvale, CA). 100
uL of Paradise®™ staining solution (Molecular Devices) was used to cover the
entire section for approximately 30 seconds. The excess stain was gently removed
from the slide prior to washing with 75% then 95% ethanol for 30 seconds. An
additional wash was performed in 100% ethanol for 1 minute. The slide was then
placed into xylene (Sigma Aldrich, St. Louis, MO) for approximate 5 minutes for
complete dehydration of the tissue section.

Nine follicles were targeted; the white yolk, follicular wall cells, and stromal
tissue portions were excised utilizing a laser microdissection (LMD 7000, Leica
Microsystems). Diameters of each follicle were extrapolated using an algorithm
processed in MATLAB (MathWorks, Natick, MA). Calculated follicle sizes ranged
from 270 pum to 1600 um. A fourth sample consisting of random regions of the ovary

were also sampled. Proteins samples were extracted using lysis buffer consisting of

87



30 pL of 100 mM Tris HCI pH 7.5, 100 mM DTT, and 4% SDS. The solution was
then heated at 95 °C for 5 minutes. For separation of the intact PEN membrane from

the solution, the samples were then centrifuged for 20 min at 14,000 g.

4.2.3 Filter Aided Sample Preparation (FASP)

The samples were digested using a modified filter aided sample preparation
(FASP) method®® with minor changes. Briefly, the disulfide bonds were reduced by
adding 3 pL of 50 mM dithiothreitol (DTT) to each sample and incubated for 30 min
at 56 °C. The sample was then mixed with 200 pL of 8 M urea solution which was
made with 100 mM Tris HCI pH 8.0. The solution was then transfered onto a
Vivacon 500 30 kDa MW cutoff filter (Vivacon Products, Littleton, MA). To prevent
carbamylation caused by the presence of urea a refrigerated centrifuge (Eppendorf,
Hauppauge, NY) was use and the samples were centrifuged for 15 mins at 21 °C.
Another wash of 200 pL of 100 mM Tris HCI pH 8.0 was repeated and the flow
through was then discarded. The alkylation step was accomplished when 100 pL of
50 mM iodoacetamide was added and incubated for 20 min in the dark at room
temperature. Wash steps then ensued with 100 pL 8 M urea and 100 pL of 100 mM
Tris HCI pH 7.0 with each wash repeated 3 times. At each step the filters were
centrifuged for 10 mins at 14,000 g. Trypsin digestion occurred when a total of 0.25
Mg of trypsin in 40 pL of 200 mM Tris HCI pH 7.0 was added onto the filter. Allowing
for 16 hours of digestion at 37 °C, the peptides were eluted through the filter by

centrifugation for 10 min at 14,000 g. An additional 40 pL of 100 mM Tris HCI pH 7.0
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was added and then spun down for 10 min at 14,000 g. The sample was then

reduced to dryness.

4.2.4 Nano-LC-MS/MS

A thermo scientific Easy nLC Il (Thermo Scientific, San Jose, CA) was
coupled to a quadrupole Orbitrap benchtop mass spectrometer (Q-Exactive) using a
vented column configuration.’® The column and trap were packed in-house with
Magic C18AQ stationary phase (5 um particle, 200 A pore, Auburn, CA). Each
sample was reconstituted in 25 pL mobile phase A which was composed of
water/acetonitrile/formic acid (98/2/0.2%). 5 uL was then loaded onto the 75 pm x 5
cm trap (IntegraFrit, New Objectives, Woburn, MA) at a flow rate of 3.5 pL/min using
100% mobile phase A. Mobile phase B comprised of water/acetonitrile/formic acid
(2/98/0.2%). Flow was diverted onto the column the which began the start of the
gradient: 2% B (0-5 min), 2%-5% B (5-7 min), 5%-40% B (7-208 min), 40%-95%
(208-218 min), 95% (218-228 min), 95%-2% (228-230 min), 2% (230-240 min).

Global proteomics parameters were utilized on a Q-Exactive platform.** Full
scan MS transients were acquired in the orbitrap with a 70 kewnm resolving power at
m/z = 200. The automatic gain control (AGC) target for MS acquisition was set to
1E6 with a maximum ion injection of 30 ms. All full scan spectra were acquired with
a m/z range of 400 to 1,600. MS/MS acquisition was acquired in data dependent
acquisition mode where the maximum MS/MS events were set to 12 and the

dynamic exclusion was set to 30 sec. The resolving power for all MS/MS spectra
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was set to 17.5 kenm at m/z = 200. With a maximum ion injection time of 250 ms for

an AGC target of 2ES5.

4.2.5 Data Analysis

Proteome Discoverer was utilized for converting all RAW LC-MS/MS
chromatogram files into an MGF format. The resulting MGF format was then
searched using MASCOT (Matrix Science, Boston, MA)'? against a concatenated
target-reverse Gallus gallus reference database (NCBI, Nov 2013). The data was
also searched with a fixed carbamidomethyl (C) modification, while oxidation (M)
and deamidation (NQ) were set to variable modifications and a maximum of 2
missed cleavages. The precursor ion search tolerance was set to 5 ppm and the
fragment ion tolerance was set to £ 0.02 Da. Statistical filtering using a 1% false
discovery rate for identifying protein was performed using ProteolQ.*¥*°

Quantification of proteins was accomplished by calculating SpCs and NSAF
values. A SpCs is calculated for each protein and that number coincides with the
number of MS/MS spectra that result in the identification of its tryptic fragments.
Proteins were then compared between samples by calculating the NSAF values.
NSAF values are calculated by taking the SpC for a given protein and dividing it by
its length (L) to give a spectral abundance factor (SAF). The SAF for all the proteins

within a run are summed to generate a Normalized SAF (NSAF) that is used to

compare the relative abundance of proteins between samples.
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4.3 Results
4.3.1 Protein Identification

LMD was utilized for the collection of tissue compartments obtained from a
reproductively active hen. Figure 1 illustrates an H&E stained ovary tissue outlining
the three types of tissue compartments collected separately. First, white yolk
components from follicles less than 1.6 mm with no presence of nuclei were
accumulated. Once the white yolk samples were removed and collected, their

complementing follicular walls were then excised. Next the adjacent stromal tissues

£

Figure 4.1 H&E stained slide of actively reproductive hen ovary. Outlined are
representative areas of white yolk, follicular wall and stromal cells excised and
collected for protein extraction.
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from each of the follicles were collected for proteomic analysis. It is typical to
consume the entire tissue when conducting a global proteomic profile of tissues. To
represent an entire tissue sample, a “Pooled” sample was collected from random
regions of the tissue. This included portions of the white yolk, follicular wall, and
stromal tissue.

Figure 2a is a Venn diagram which displays the distribution of identified
proteins from each tissue compartment. A total of 2,889 proteins were identified from
the three individual sample compartments. A majority of proteins identified resulted
from the ovarian stroma and the follicular wall cells, each with 2456 and 2470
proteins identified, respectively. The white yolk resulted in the identification of 1,984
proteins. This is the first comprehensive reported protein list of white yolk proteins
from SWF. A total of 2903 proteins were identified in the white yolk, stromal cells,
and follicular wall compartments as well as the “Pooled” sampled (Figure 2B).
99.5% of the total proteins were identified from summing the proteins from the three
compartments. While the “Pooled” sample resulted in only 2507 proteins identified
(86.4%). An increase in proteome coverage was gained through the concentration of

tissue compartments from the use of LMD.
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White Yolk
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Pooled Sample
158 (2507)
79 193

1554

182 641 82
Individual Compartments

Stroma Follicular Wall (2889)
(2456) (2470)

Figure 4.2 (A) The number of proteins that were in the white yolk, stromal cells and
follicular wall. A total of 1984, 2456 and 2470 were identified in each cell type
respectively. (B) Random areas of the ovary containing all three cell types were
excised and analyzed. The “Control” sampled resulted in a total of 2507 proteins.
2493 proteins overlapped with the 2889 proteins that were identified when
concentrating individual cell types.

An added advantage of discovery-based proteomics methods is the ability to
search data for post-translational modifications. All Proteins were searched with
phosphorylation as a variable post-translation modification. A total of 91 proteins
contained phosphorylated peptides. A total of 4 peptides were identified as singly or
doubly phosphorylated in both Vitellogenin | and Il. Interestingly, Epidermal Growth
Factor Receptor (EGFR) protein had one peptide [SLFATQSQKTKIIQNR] identified

with multiple phosphorylation sites. A total of four phosphorylation sites on EFGR

93



were recognized in both the stromal tissue and follicular cells. For the stromal tissue,
the Serine 1 and 7 positions on the EGFR peptide were phosphorylated as well as
the Threonine 10. However phosphorylation sites in the follicular wall samples
differed by with the Threonine 5 sites as phosphorylated and not the Serine 1 site.
Global proteomic data can be daunting to analyze due to the large number of
proteins identified. Statistical analysis was implemented to consolidate a list of
proteins for further investigation. Proteins with greater than a two-fold difference in
concentration and were statistically significant using a p-value cut-off of 0.05 were
chosen for further investigation. Relative protein abundances between each
compartment are displayed in Figure 3 through the use of volcano plots. Proteins
observed in the orange shaded regions of the volcano plots were calculated as
greater than 2-fold change and statistically significant, and were chosen for further
analysis. The DAVID algorithm program was used to obtain KEGG pathway
analysis, cellular component and biological processes algorithms of the selected
proteins.*® Table 1 lists the KEGG pathways identified from the proteins observed
from the individual compartments. Characterization of white yolk proteins was of
great interest due to the large discrepancy of proteins identified between white yolk
proteins and yellow egg yolk proteins. The top two GO annotations for cellular
component classification resulted in “Cytoplasm” and “Cytoplamic part” with p-value
scores of 5.6E-28 and 4.0E-18 respectively. The top scoring Biological Processes
for the white yolk proteins resulted as “generation of precursor metabolites and

energy” with a p-value of 5.8E-8.
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Figure 4.3 Volcano plots graphing —logio(p-value) versus log, expressions.
Highlighted in orange are proteins that greater than 2-fold higher concentration and
statistically significant using a p-value of 0.05.
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Table 4.1 Identified KEGG pathways based on Tissue Compartments

Stroma Follicular Wall White Yolk
X

Focal Adhesion
Ribsome
ECM-receptor Interaction
Spliceosome
Tight Junction
Adherens Junction
Proteasome
Cardiac mudscle contraction
Vascular Smooth Muscle Contraction
Drug Metabolism
Regulation of Actin cytoskeleton
Glutathione metabolism
Glycolysis / glueconeogenesis
arginine and proline metabolism
citrate cycle (TCA cycle)
lysine degradation
limonene and pinene degradation
histidine metabolism
pyruvate metabolism
oxidative phosphorylation
lysosome
RNA degradation
Endocytosis
Pentose phophate pathway

x
X X X X X

X X X X X X X X X X X

X X X X X X
x X

X X X X X X

4.3.2 Targeted Proteins in Follicular Development

Many genes have been targeted in follicles with respect to their association
with follicular activation and development.>*’® Table 2 presents a short list of Gene
names and their corresponding Protein accession numbers that were previously

examined in the development of SWF.>82021

A few of the proteins were not
detectable using LC-MS/MS techniques and can be attributed to low concentrations.
Another series of proteins of great interest are the steroidogenic pathway enzymes.
Figure 4 illustrates the major steroidogenic pathways associated with follicular

maturation in the domestic hen. Table 3. is of all the steroidogenic pathway proteins

that were identified in their respective compartments. Relative quantification of each
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protein present is based on their Spectral Count (Avg-SpC) and Normalized Spectal

Abundance Factor (NSAF). The highest concentrations of proteins were identified in

the follicular wall cells with some trace proteins detected in the stromal tissue.

However, StAR protein was not detected due to the undifferentiated state of the

SWE follicles.

Table 4.2 Protein Detection of Commonly used Follicular Developmental

Genes
Gene Name mRNA Present Protein Accession Number - Protein Name Protein Detected
CGA (F5H - Follide Stimulating Hormone}) + >gi | 487441431 | ref| NP_001264950.1| glycoprotein hormones alpha chain precursor NA
FSHB (FSH - Follide Stimulating Hormone) + >gi | 259414634 gb | ACW82409.1 follicle stimulating hormone, beta polypeptide NA
FSHR (Follicle Stimulating Hormone Receptor) + >gi| 219663002 | gb | ACL30987.1| follicle stimulating hormone receptor NA
BMP6 (Bone Morphogenetic Protein 6) + >gi| 513170824 | ref| XP_418956.4| PREDICTED: bone morphogenetic protein 6 NA
SMAD 2 (Mothers Against Decapentaplegic Homolog 2) + >gi| 17384013 | emb | CAC85407.1| MADH2 protein +
GATA4 + >gi| 1169844 | sp | P43691.1| Transcription factor GATA-4 +
AMH (Anti-Mullerian Hormone) + >gi| 1432158 |gh | AAB04022.1| anti-Mullerian hormone +
EGFR (Epid | Growth Factor ] + gi| 119223 sp| P13387.1| EGFR_CHICK | Epidermal growth factor receptor +
MAPK1 (Mitogen-Activated Protein Kinase, ERK2) + >gi| 45383812 | ref |NP_989481.1| mitogen-activated protein kinase 1 +
FOXL2 + gi|332646982| gb | AEES0502.1 | Transcription Factor FOXL2 +
35
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Figure 4.4 Volcano plots graphing —logio(p-value) versus log, expressions.
Highlighted in orange are proteins that greater than 2-fold higher concentration and
statistically significant using a p-value of 0.05.
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Table 4.3 Quantification of Compartmentalized Steroidogenic Proteins

White Yolk Follicular Wall Stromal Cells
Sequence Id Protein  Protein
NCBI -Accession Number Sequence Name Length  Weight Avg NSAF Avg NSAF Avg NSAF
(AA) (kDa) AvgSpC  (x10,000) | AvgSpC  (x10,000) | AvgSpC  (x10,000)
i1 1906771| dbj| BAA18920.1] cytochrome P450scc 508 58.1 0.0 0.0 7.0 2.6 0.3 0.1
g
2 gi| 1019356 dbj| BAAO7819.1| 3B-HSD-1I 377 42.8 0.0 0.0 7.7 3.8 0.7 0.3
b4
H gi]1944049| dbj| BAA19567.1] 17B-HSD-I 302 328 0.0 0.0 1.0 0.6 0.0 0.0
&
=
g gi|211170|gb| AAA48598.1| aromatase 495 56.7 0.0 0.0 16.7 6.3 2.0 0.8
@
gi|117282|sp|P12394.1|CP17A_CHICK P450c17 508 56.9 0.0 0.0 25.3 9.4 2.3 0.8

As follicles are recruited and enter the preovulatory hierarchy, they increase
in size in large part through the accumulation vitellogenin. Since the SWF are in an
undifferentiated state and are not actively sequestering yellow yolk, vitellogenins
levels should be relatively low. Figure 5 shows the relative abundances of three
types of vitellogenin and very low density lipoprotein receptor (VLDL-receptor) found
in each tissue compartment. Samples were taken from reproductively active hens
meaning that vitellogenin will circulate in the blood stream at relative high
concentrations. As shown in Figure 5, vitellogenins are present at higher
concentrations in the stroma, followed by the follicular wall cells. Follicles in an
undifferentiated state do not need necessarily need vitellogenins to transport
nutrients into the yolk. Thus the reason for the small amounts of vitellogenin
detected within the yolk. VLDL-receptor is shown to be primarily localized within the
white yolk. Once the follicle enters follicular differentiation, the VLDL-receptors will
migrate towards the follicular wall allowing for the endocytosis of vitellogenin into the

yolk.
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Figure 4.5 The bar graph depicts the Average Normalized Spectral Abundance
Factor (NSAF) values of the Vitellogenins and VLDL-receptor with respect to their
localization in the ovary. It can be seen that the VLDL-receptor is located in the white
yolk, while Vitellogenins remain mostly outside the yolk since the follicles have not
undergone vitellogenesis.
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4.4  Discussion
4.4.1 Global Protein Profile

A global proteomic mass spectrometry based approached is demonstrated by
the identification of proteins extracted from compartments obtained from chicken
follicles ranging from 0.3 — 1.6 mm. Tissue compartments were harvested through
the utilization of LMD. Global proteomics profiles were provided for each
compartment analyzed using LC-MS/MS. The white yolk proteome resulted in 1984
proteins, while the stroma and follicular wall resulted in 2456 and 2470 respectively.
Prior to this study, only proteomes of egg yolk plasma, granule and whites were
established.”?*** Researchers have identified up to 158 proteins in the egg white
portion®* while only 119 proteins were identified in the chicken egg yolk’. This is the
first report of proteins identified from yolk cells that were isolated from SWF. The
explanation for the large discrepancy in total proteins is not yet understood. It can be
hypothesized that the highly abundant proteins such as vitellogenins, albumins and
alpha-2-macroglobulins that are deposited during the development of the egg and
can mask the detection of low concentration proteins. The deposition of added
proteins occurs during follicular differentiation, a series of white and yellow yolk
spheres appear to surround the latebra.”® The latebra as well as the Pander’s
nucleus is made up of white yolk spheres. While the yellow yolk spheres
concentrically surround the latebra in an alternating light and dark yolk sphere

pattern. Yellow spheres constitute a majority of the yolk. It can be proposed that the
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proteome identified in SWY is identical to the white yolk which constitutes the
latebra.

In the present study, 50, 53, and 53 mitochondrial proteins were identified in
white vyolk, follicular wall and stroma compartments. The identification of
mitochondrial proteins within the yolk samples agrees with Bellairs et. al. which
demonstrated electron microscopy of small follicles in the chicken ovary revealed
numerous mitochondrial structures lying at the periphery of the yolk adjacent to the
granulosa cells of the follicular wall.”® The most statistically significant biological
processes was “generation of precursor metabolites and energy”, this is partially due
to the number of mitochondrial proteins identified. The mitochondria are considered
the power source of the cell due to the production of adenosine triphosphate (ATP)
that takes place.

The DAVID Bioinformatics Database was used to categorize proteins found in
their respective compartments based on biological processes and cellular
component. Figure 6 illustrates the clustering of proteins based on biological
processes. As shown in Figure 2, 1554 proteins were proteins were identified in all
three compartments. In Figure 6, the highlighted lavender pie pieces are some of
the biological process shared throughout all three compartments. However, a few
processes that were present in the follicular wall and stromal cell proteins were
cellular Macromolecule metabolic process, Negative regulation of biological process,
and Negative regulation of cellular process. These biological processes are

important for regulation of cell death and atresia. Figure 7 illustrates the
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classification of proteins based on their cellular component. There were cellular
components identified only in the follicular wall and stromal cells. Many of these
proteins are expected to originate from the nucleus. The absence of proteins
originating from the nucleus supports that no nuclei were sampled from the white

yolk of the follicles chosen.
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Biological Processes

White Yolk

Protein Transport - 3%
Establishment of Protein Localization- 3%
Protein Localization- 4%
/ ~ . Establishment of localization in the Cell — 4%
Cellular Biosynthetic Process - 6% < Intracellular Transport — 3%
Vesicle mediated transport — 2%
Generation of precursor metabolites and energy - 2%
Cellular Macromolecule Metabolic Process - 2%

Gene Expression - 4%

Transport - 8%

Protein Metabolic Process - 9%

Follicular Wall

Cellular Macromolecule Metabolic Process - 8%

Establishment of Protein Localization- 2%
Generation of precursor metabolites and energy - 2%
Intracellular Transport - 2%
Protein Localization - 4%
Establishment of localizationin the Cell - 2%
Protein Transport - 2%
Protein Localization - 2%

Gene Expression - 4%

Negative Regulation of
cellular process - 2%

Protein Metabolic Process - 7%

Cellular Biosynthetic Process - 5%

Transport - 7%
Negative Regulation of biological process - 3%

Stromal Cells
. Generation of precursor metabolites and energy - 2%

Cellular Macromolecule Metabolic Process - 9% Protein Localization - 3%
Vesicle-Mediated Transport - 2%
Establishment of Protein Localization - 2%
Protein Transport - 2

Establishment of localizationin the Cell - 2%

Intracellular Transport -2%

Negative Regulation of cellular
process - 2%

Cellular Biosynthetic Process - 5%

Protein Metabolic Process - 8%

Transport - 6%

Negative Regulation of biological process - 3%

Figure 4.6 Biological processes of the proteins identified from the individual
compartments using DAVID algorithm. Major biological processes that differed
from the follicular wall and stroma to that of the white yolk are highlighted in

maroon.
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Biological Processes

White Yolk

Protein Transport - 3%
- Establishment of Protein Localization - 3%
Protein Localization - 4%
), Establishment of localization in the Cell — 4%
Intracellular Transport — 3%
Vesicle mediated transport — 2%
Generation of precursor metabolites and energy - 2%
Cellular Macromolecule Metabolic Process - 2%

Gene Expression - 4%

Cellular Biosynthetic Process - 6% /'

Transport - 8%

Protein Metabolic Process - 9%

Follicular Wall

Cellular Macromolecule Metabolic Process - 8%

Establishment of Protein Localization - 2%
Generation of precursor metabolites and energy - 2%
Intracellular Transport - 2%
Protein Localization - 4%
Establishment of localizationin the Cell - 2%
Protein Transport - 2%
Protein Localization - 2%

Gene Expression - 4%

Negative Regulation of
cellular process - 2%

Protein Metabolic Process - 7%

Transport - 7%

Negative Regulation of biological process - 3%

Stromal Cells

Generation of precursor metabolites and energy - 2%
Protein Localization - 3%
Vesicle-Mediated Transport - 2%
Establishment of Protein Localization - 2%
Protein Transport - 2%
Establishment of localizationin the Cell - 2%
Intracellular Transport -2%

Cellular Macromolecule Metabolic Process - 9%

Negative Regulation of cellular
process - 2%

Cellular Biosynthetic Process - 5%

Protein Metabolic Process - 8%

Gene Expression - 4%

Negative Regulation of biological process - 3% Transport - 6%

Figure 4.7 Cellular components of proteins identified from the individual
compartments. Expressed in the follicular wall and stroma were proteins
identified to be nuclei related.
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4.4.2 Protein Compartmentalization

Compartmentalization of proteins are demonstrated through cellular
separation provided by using LMD, a prime example is shown by the detection of
Vitellogenin LI, 1ll. Figure 5 is a bar graph demonstrating Average Normalized
Spectral Abundance Factors (Avg-NSAF) of Vitellogenin 1, 2, 3 and VLDL receptor
in the white yolk, granulosa cells and stroma obtained from SWF. Concentrations of
vitellogenin are greatest in the stromal tissue. Vitellogenins are yolk precursor
proteins produced by the liver and circulate within the bloodstream till the follicle
enters a stage of vitellogenesis in which endocytosis of vitellogenins transporting
them into the yolk. These proteins are essential for egg production in order to
provide the nutrients to the follicles at defined developmental stages. SWF were
obtained from healthy egg-producing hens, levels in which vitellogenins are high,
especially in the stroma and granulosa cells. While concentrations of vitellogenins
were minimal within the white yolk of undifferentiated follicles, it is not uncommon for
Vitellogenin 2 to be present in the yolk even at early stages. Vitellogenin 2 has been
shown to enter the yolk proceeding Vitellogenin 1, and 3 which has been reported by
Williams and co-workers in striped bass ovaries.?” The proportional abundances of
Vitellogenins 1, 2, 3 in this study are similar to what was found in egg yolk plasma
and granule presented by Mann et. al..” The opposite trend of was observed with
very low density lipoprotein (VLDL) receptor protein. VLDL receptor mediates a key
step in the reproductive efforts of the hen, in the absence of VLDL receptor, oocytes

are unable to enter the rapid growth phase of the follicle.?® These receptor proteins
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are maintained in the cytoplasm of the follicle till transport of lipoproteins
(Vitellogenins, apovitellenin) are needed within the oocyte. They will then assemble
towards the follicular wall allowing for endocytosis of essential lipoproteins.

A shift in steroidogenesis during follicular maturation and development is a
hallmark event.'® Targeting the identification of steroidogenic enzymes becomes
very important. Figure 4 is a schematic of the steroidogenic pathway, labeled are
the metabolites and enzymes associated at each step of the pathway. All enzymes
were identified in the pathway except for the StAR protein. Table 3 shows the
Average Normalized Spectral Counts (AvgNSpC) and the Normalized Spectral
Abundance Factors (NSAFs) for the proteins identified in the steroidogenic pathway.
The proteins identified are predominantly found in the follicular wall cells while
minimal amounts were found in the stromal tissue. Steroidogenisis can occur in
stromal tissue containing cortical follicles, producing estrogen.*® Our findings of not
observing StAR protein corresponds with transcript analysis Johnson et. al. which
notes that undifferentiated cells from prehierarchal follicles will fail to express StAR,
meanwhile differentiated granulosa cells from the preovulatory follicles display an
up-regulation of StAR leading to the production of progesterone.® The small white
undifferentiated follicles are known to be a major source of dehydroepiandrosterone
(DHEA), estradiol, and androsetendione® and are produced through the A>-3p-
hydroxysteroid pathway(Figure 5). Knowing that undifferentiated follicles go through
the A°-3B-hydroxysteroid pathway and relatively high amounts of P450c17 present,

pregnenolone is converted to DHEA. While in turn the DHEA is converted to
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androstenedione. Relatively lower amounts of the 173-HSD-I protein, it can be
suggested that not all the androstenedione is converted to testosterone. However,
with higher amounts of aromatase present in can be conceived that all the
testosterone is converted to estradiol. In the early stages of follicular development,
studies have demonstrated estradiol as a key component in preventing follicular
atresia and the oxidative stress pathways since it can influence the expression of
antioxidants.?®*° The relative amounts of each steroid cannot be quantified based on
solely the amounts of proteins present. The relative levels of enzymes correlates
well with the production of DHEA, androsenedione, and estradiol produced by
gonadotropin-stimulated cultured small white follicles.®

Along with steroidogenic gene mRNA that are studied in the follicular
development, the transcript levels of many other genes are studied.” Table 2 is of a
few gene mRNAs typically studied in follicular development, on the right side of the
table are the corresponding translated proteins that were identified or not detected in
our global proteome data. Anit-Mullerian Hormone (AMH) an important protein
studied by researchers to because it's known to be involved in the regression of the
Mullerian ducts in birds. In male birds the Mullerian ducts regress completely, while
in females, only the right ducts regress allowing the left oviduct to develop. The left
ovary is protected from the AMH due to the presence of estrogen.®**? Johnson and
co-workers have used quantitative real time PCR to study Anit-Mullerian hormone
(AMH) expression in the granulosa cells of various follicles sizes.®* Their study

concluded that granulosa cells obtained from follicles of 1 mm in size had expressed
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the largest amounts of AMH over the larger follicles examined. Observations made
from the global proteomics data indicated that AMH was present and only detected
in the follicular wall cells. Other ovary developing associated proteins identified were
Retinoic Acid Receptor-alpha isoform 1, and retinaldehyde dehydrogenases
(RALDH1, RALDH2, RALDH3). Retinoic acid (RA) is studied because it is involved
in numerous cell functions such as cell growth, differentiation and is used in binding
to nuclear receptors RAR and RXR to regulate gene expression.*** These cellular
processes occur by binding to nuclear receptors RAR and RXR which in turns
regulates gene expression. However, RA is controlled by the expression of RA-
synthesizing retinaldehyde dehydrogenase (RALDH1, RALDH2, RALDH3).%® Unlike
AMH which is primarily found in the follicular wall cells, the RALDH family of
enzymes was found mainly in the stromal and white yolk cells. Smith et. al. observed
RALDH2 mRNA is expressed in the ovarian cortex.®” They concluded expression of
RALDH2 and CYP26B1 potentially leads to the RA synthesis and degradation
suggesting a conserved role for retinoic acid in vertebrate meiosis.

Follicular Stimulating Hormone (FSH) and Follicular Stimulating Hormone
Receptor (FSHR) are valuable biomarkers used to study the ovarian follicular
maturation. Woods and co-workers have noted follicles can express Follicular-
Stimulating Hormone receptor (FSHR) mRNA as early as 1-2 mm follicles.®®
However, the highest levels occur in prehierarchal follicles (6-8 mm) and newly
selected preovulatory follicles (9-12 mm). FSHR was not detected in the current,

possibly due to low concentrations in follicles between .3 — 1.6 mm. Woods et. al.
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studied three distinct stages of follicular maturation, undifferentiated granulosa cells
obtained from preheirarchal follicles, granulosa cells recently selected follicles (9-12
mm), and differentiated cells from the preovulatory follicles. Their study of
undifferentiated granulosa cells demonstrates the activation of either EGFR receptor
mediated MAPK or PKC signaling suppresses FSH-induced StAR protein
expression and progesterone production. In our study, the presence of EGFR, PKC,
and MAPK proteins and the absence of StAR and FSHR protein agrees with mRNA
data of undifferentiated granulosa cells presented by Woods and co-workers.

In a global proteome study a large number of proteins were identified. Sorting
through the data is a daunting task. Several articles have sited many important
genes that are expressed in the ovary. These genes were then target for protein
identification. Several important transcription factors identified were; GATA-4,
SMAD2, and FOXL2. The GATA4 and FOXL2 were only detected in the follicular
wall cells. Unlike SMAD2 which was found at slightly higher concentration in the
stroma than in the follicular wall. More recently studies have involved BMP6 as its
role in follicular development. Ocon-Grove and co-workers demonstrate that a
concentration of BMP6 mRNA is greatest in small follicle (1 — 2 mm) and that levels
decrease with the maturation of the follicle.?* Unfortunately, BMP6 was not detected
in the proteomics data. BMP6 was undetectable due to its low level of circulation in
the system. Researchers have employed several enrichment steps to detect BMP

proteins using mass spectrometry.®
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4.5 Conclusion

Results from this study shows that LMD can be successfully be employed for
global proteomics on follicles that are less than 2 mm in size. Many of the proteins
that were identified are currently being examined by the mRNA complement for
follicular development. However, the measured mRNA levels will not necessarily
correlate to the protein abundances.®® Abundances between mRNA and protein
levels can differ greatly due to post-translation modification, translational and protein
degradation regulations. An added feature of proteomics studies allows for post-
translation modifications to be studied. Though this study examined only follicles of <
2 mm, it can be amended to other stages of development. This method was to
assess its ability to utilize laser microdissection of small amounts of tissue and

obtaining ample proteomics data for further studies.
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