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ABSTRACT
THE USE OF PROTEOMIC TECHNOLOGIES TO IDENTIFY SERUM
GLYCOPROTEINS FOR THE EARLY DETECTION OF LIVER AND PROSTATE
CANCERS
Elizabeth Ellen Schwegler
Eastern Virginia Medical School and Old Dominion University, 2006
Director: Dr. Richard R. Drake
The application of proteomic technologies to identify serum glycoproteins is an

emerging technique to identify new biomarkers indicative of disease severity. Many of
these newly evolving protein-profiling methodologies have evolved from previous global
protein expression profiling studies such as those involving SELDI-TOF-MS technologies.
Though the SELDI approach could distinguish disease from normal by utilizing protein
patterns as shown herein with the HCC study of chapter Il, it was unable to offer
sequence information on the selected peaks, and did not have the ability to analyze the
entire dynamic range of the serum/plasma proteome. To address these deficiencies,
new strategies that incorporate the use of differential lectin-based glycoprotein capture
and targeted immuno-based assays have been developed. The carbohydrate binding
specificities of different lectins offers a biological affinity approach that both complements
existing mass spectrometer capabilities and retains automated throughput options. A
prostate cancer study using disease stratified samples is utilized herein to determine
whether lectin capture can identify glycoproteins, which are indicative of different stages
of prostate disease. By utilizing upfront lectin fractionation we show here evidence of
glycoproteins and glycoprotein isoforms, which are specific to cancer progression. In
addition, the incorporation of lectin fractionation followed by albumin depletion allows for
a more in depth analysis of the entire dynamic range of the human serum and plasma
proteome. Taken together we believe this approach is an attractive strategy for the

discovery of proteins indicative of the early detection of liver and prostate cancers.
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CHAPTERI
INTRODUCTION
1.1 Introduction and Goals of Dissertation
The successful completion of the Human Genome Project in 2002 left an immense impact
on the scientific community since, for the first time a comprehénsive list of all genes within the
human genome was readily accessible (1-3). Also forthcoming from this work is an interesting
discovery regarding protein expression, in that less than 30,000 genes within the genome have
encoding‘ regions, yet there are over 400,000 known proteins and likely many more thousands
uncharacterized (1-3). The combination of a defined human genome with numerous
uncharacterized proteins has sparked great interest in the identification and characterization of
biomarker proteins associated with disease onset and/or progression (4). In proteomics, a
biomarker is defined as a “protein or protein fragment” which is easily detectable in a patient’s
sample, usually blood or urine that is specific to a disease or disease stage (5). The goal of thfs
thesis research project is to use current proteomic technologies to determine whether disease
specific protein expression patterns exist in clinical fldids of prostate and liver cancer patients.
Whether these protein patterns can be used to predict and monitor cancer occurrence and
progression will also be determined.

The specific hypdthesis of this thesis is that the tumorogenic progression of liver and
prostate cancers produces distinct disease-associated biomarker proteins derived from the tumor
or surrounding environment that are detectable in clinical fluids, in particular serum or plasma.
These newly discovered tumor associated proteins could then be further assessed for the
development of novel diagnostic cancer aséays, such as a blood test for cancer detection or
reoccurrence (6-8). In theory, disease specific proteins could be shed directly from a tumor cell,
or from cells in the tumor microenvironment, and include a range of protein classes such as

truncated protein products, proteins with altered post translational modifications, and up-regulated

This manuscript is modeled after the Journal of Cancer Research.
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proteins working to enhance the growth and maintenance of tumor cells (4, 7, 9). Fundamental to
this biomarker discovery is the belief that newly discovered biomarkers will not only be able to
enhance current clinical diagnostic tests, but also serve as prognostic markers of disease
progression providing clues to the molecular meéhanisms Ieading‘btocancer progression.

Since current proteomic technologies are a key component of this research broject, a
brief history of the evolution of proteomic fechnologies and their role in biomarker discovery will
be included. This section will provide an overview of the specific methodologies used within this
project and other techniques being used for detection of protein biomarkers. This section will then
be followed by an overview of the clinical properties, detection strategies and pathology of liver
and prostate cancers in humans, the two cancers assessed within this project.

1.2 Proteomics: History and Instrumentation
The common use of the term “proteome” found its origins in the early 1990s as a word to

refer to the “protein complement of the genome,” although to this point it h'adb been used to
describe 1970's and 1980’s biochémistry based techniques useful for protein separation and
small molecule analysis (10). During this same period, protein sequencing was achieved using
Edman degradation, a method which owes its successes td the early accomplishments of the
Nobel prize winner Fredrick Sanger whom, following 10 years of intense research, produced
information describing the complete chemical structure of insulin (2, 11). Sanger’s early insulin
studies were accomplished by use of a novei method, which labeled the end terminus of a protein
or peptide to be sequenced. This technique is known as the ’DNP (dinitrophenyl group) labeling
method. DNP labeling works by covalently modifying the amino terminus of an amino acid in a
peptide. This modification can then be used as a chemical marker of the peptide, since it wi"
continue to be attached to the amino group following hydrolysis (2, 11). Followivng hydrolysis the

| complete sequence of the peptide can be obtained by aligning all of the peptides and looking for
ovérlaps in their sequences (2, 11, 12). Building on these end labeling sequencing methodologies
of Sanger, Pehr Edman, a Swedish biochemist, went on to further develop his namesake the

Edman Degradation, for protein sequencing reactions (2, 12).
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3

Thevprocess of Edman degradation can be divided into three steps: coupling, cleavage and
conv_erSion (2). The coupling step uses phenylisothiocyanate (PITC) which reacts with the N-
terminhs of a protein in a chemical reaction, forming a cyclic intermediate known as PTC or
(phenylthiocarbamyl). In the cleavage reaction, the PTC amino-terminal product is cleaved by
anhydrous acid, which ensures that cleavage will occur at the amino terminal peptide bond. The
cleavage reaction will allow the release of the amino terminal amino acid, which can be extracted
from the remaining polar polypeptide chain due to its newly acquired hydrophobicity. The final
step, conversion, occurs when the unstable free amino acid is converted into a more stable
product (2, 12-15). The identity of the released amino acid can now be determined using
analytical methods such as chromatography or electrophoresis. This “stepwise degradation” can
continue for numerous cycles, removing one amino acid at a time for as many cycles as
necessary (2, 12-15). Although Edman degradation is a reliable method for determining protein
structure and sequence, at this time it required extensively purified, microgram amounts of
sample and, furthermore was a slow process lacking the higher throughput capabilities currently
associated with mass spectrometry based proteomic.techniques (10).

| Concurrently, two-dimensional gel electrophoresié (2DE) methodologies were being
described as an alternative separation strategy for complex protein samples (2, 16, 17). Unlike
one dimensional denaturing gel electrophoresis, which separates proteins by mass, 2DE offers
furfher fractionation of proteins by separating proteins in two dimensions. The first dimension
separates proteins based on their Pl, or bioelectric point, while the second dimension separates
proteins based on molecular weight (2, 16, 17). Though 2DE is an effective strategy for
separating complex protein mixtures that might not otherwise be separated, this technique suffers
various limitations (2, 10, 12, 16, 17).
For example, the original 2-D gels suffered from a variety of reproducibility issues largely

‘ resulting from the need to cast the first dimension isoelectric focusing gels in glass tubes.
Especially for studies done on human clinical sémples, it also became apparent that the dynamic
complexity (e.g. post-translational modifications) and large disparate concentration range of the

proteome contributed to the lack of reproducibility (2, 12). The introduction of commercially
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available immobilized pH gradients (IPGs) on thin plastic strips did resolve many of the issues
associated with first dimension |EF reproducibility. Also, further advancements allowed for 2DE
methodologies to directly correlate protein expression differences between two disease subtypes,
in a quantitative manner (18-20). Yet, nothing could account for the fact that when used alone
| 2DE allowed only a small part of the proteome to be examined, and these proteins ahalyzed were
most likely only the most abdndant proteins within the sample. This dynam ic range issue
continues to be a major hindrance to proteomic studies aimed at developing clinical fluid-based
diagnostic tests. Furthermore, when 2DE analysis was coupled with Edman degradation for
amino acid sequencing of peptides, it was clear that it wouldvnot be feasible for high throughput
analysis, in part because Edman sequencing reactions can only sequence proteins with at mbst
60 amino acids, which was a large disadvantage (10).

Fortunately, around this time long-standing problems associated with the production of
gas-phase ions of large molecules like proteins were being solved, offering new opportunities for
these samples to be analyzed by hass spectrometry methods (2, 12). The first attempts to ionize
proteins were electron and chemical ionization approaches, which included a vaporization step
amenable only to small peptides with a maximum of 4 to 5 amino acids (12). Fast atom
bombardment (FAB) was the first ionization method to allow analysis of proteins by mass
spectrometry, developed in 1981 (12). The FAB experiments of this time were always run in
tandem with Edman degradation reactions to ensure they could achieve the success of the
Edman methods. In 1990, two new ionization methodologies capable of ionizing large molecules
were made commercially available, electrospray ionization (ESI) and matrix-assisted laser
desorption ionization (MALDI). These technologies are commonly referred to as soft ionization
methods since they'efficiently ionize a protein for identification without causing fragmentation of
the protein/peptides. Therefore, soft ionization methods do not offer structural information; making
it necessary to couple these technologies with tandem mass spectrometry. Tandem mass
spectrometry allows the molecular weight of various peptides to be assessed in an initial scan,
and then a particular peptide of interest can be selected and re-fragmented using energetic

dissociation to see its product ions, thus allowing structural characterization of a protein (12, 21,
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22). Emergence of soﬂ ionization technologies coupled with tandem mass spectrometry
essentially revolutionized approaches to protein sequencing, allowing the mass spectrometer to
emergé as a mainstream technology for high throughput protein bsequencing experiments, thus
quickly replacing the use of Edman degradation reactions (12, 21, 23). Electrospray and MALDI
technologies are distinct approaches that achieve ionization in different ways. Electrospray
ionization requires the peptides of interest to be dissolved in an acidic organic solution, which is
then sprayed through a small diameter needle. A voltage applied to the needle produces droplets
of the analyte, and protons from the acidic solution give the droplets a positive charge, causing
them to move from the needle to the negatively charged instrument (2, 12). As the positive
particles migrate towards the instrument, the droplets undergo a series of evaporation and
condensation reactions. The evaporation process is aided by a flow of gas, typically nitrogen,
and heat. This evaporation and condensation process repeats until the small size and charge of
the droplets desorbs protonated peptides into the gas phése where they are directed into the
mass spectrometer detector by different electric fields (2, 12). Electrospray is usually coupled to
ion trap instruments, and liquid chromatography is aléo widely used with these technologies.

Matrix-assisted laser desorption/ionization, often referred to as ‘MALDI,’ achieves
ionization by dissolving peptides into a solution of an energy-absorbing matrix, which is then
placed on a target plate and inserted into the mass spectrometer. Theb idea is to saturate the
solvent with an abundance of the matrix material, which co-crystallizes with the sample. This is
highlighted in Figure 1 (12). Matrix choice is dependent upon the laser within the instrument,
being either IR (infrafed) or UV (ultraviolet), wifh the UV being more widely used. There are
many different matrix compounds available, and their use is dependent upon the experimental
design of the project. For example, a-cyano-4-hyroxycinnaminic acid (CHCA) is a good matrix for ‘
use with most samples allowing analysis of proteins and peptides of masses less then 10,000
Daltons. On the other hand if glycoproteins or glycolipids are being analyzed, 2,5-
dihydroxybenzoic acids which are com‘pletely water soluble would be a more compatible choice
(2, 12). In a MALDI instrument, the UV laser works by firing short pulses of laser light at the

target, which vaporizes the matrix and peptide ions converting them to a gas phase. Thus,
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Figure 1. Saturation of Solvent in Matrix (MALDI-TOF/TOF). The
matrix allows co-crystallization of solvent and sample so they can travel
down the flight tube into the mass spectrometer.
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ionization occurs by protonation of the solvent facilitated by the acidic matrix solution added to the
sample (12). |
MALDI is usually used with time of flight (TOF) analyzers. Time of flight instruments measure

the mass to charge ratio (m/z) of the analyte by measurin§ the time it takes the ions to travel a
distance down a flight tube and reach the detector, which should be proportional to their mass.
Tandem TOF, or TOF/TOF, instruments contain two time of flight regions, separated by a
collision source. This aliows ions to be accelerated through the first TOF via linear mode to gather
a scan of the peptides relative to their mass to charge values. If further fragmentation is
warranted, a parent ion can be selected from the first scan by molecular mass, and only this
parent ion will be introduced into the collision cell where it will be fragmented by an inert gas
within a voltage cell (usually helium). The data from the fragmentation of the parent ion can now
be used to search a genome database and determine the protein sequence (2, 10, 12). The
MALDi—TOF/T OF can also operate in MS or reflectron mode which is utilized for peptide mass
fingerprinting of protein samples previously digested with an appropriate enzyme, most often
trypsin. In reflectron mode the ions will travel down the flight tube, but be reflected back by an ion
mirror at the end of the tube. This lengthens the flight time of th‘e ions, and compensates for
similarly charged ions, which may have slightly different energies. This feature thereby produces

‘ higher mass accuracies and improved resolution. Whether using peptide mass fingerprinting in
MS mode or fragmentation of parent ions in MS/MS mode, both approaches rely upon peptide
database search engines and algorithms for the identification of unknown proteins (2). Peptides
with the same m/z value will be broken down ihto two fragments forming N terminal ions or C
terminal ions. This peptide fragmentation will generate a peak map, with the peaks corresponding
to the ions, and the peak intensity representative of the frequency of ions with a particular m/z
value (24). The peak masses will then be labeled and compiled into a peak list, which can then be
used to search the appropriate database to find amino acid combinations that correspond to the
indicated masses, and therefore indicate the possible identity of the protein (12, 24). There are

numerous protein databases available for this analysis. Deciding on a database is reliant upon
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personal preference, experimental design and the amount of redundancy within the database the
investigator is willing to tolerate (12).

There are three basic types of public sequence databases currently available: primary

nucleotide sequence databases, comprehensive nucleotide sequence databases and curated

| protein sequence databases (12). For example, the GenBank database is a nucleotide sequence
database including over 5,691,170 total entries. These types of databases _avre notoriously
complex since they have been constructed based upon sequence submissions from individual
scientists. Although they have broad coverage, large databases suffer from high redundancies
and error rates. Conversely, the Swiss-Prot database has 85,824 total entries and is a curated
database, which means that every entry has been carefully evaluated by a group of scientists
prior to inclusion. Curated databases will have lower redundancy and error rates, yet due to their
size may also be unable to identify a protein if it is not included in the détabase (12). The
GenBank and Swiss-Prot databases use amino acid sequencés and peptide molecular masses to
identify a protein; yet, SEQUEST is a more complex database, which makes use of uninterrupted
product ion spectra for the seafch query. The SEQUEST program uses an algorithm to correlate
the product ion spectra with a theoretical spectra generated in the database which it thinks
matches. In this process a cross correlation value known as Xcorr will be generated which ranks
the matches found within the database. The higher the number, the closer the match, and the
better the fit between the two spectra. SEQUEST therefore is a more complex data sequence
program, since it uses both the mass and intensity data (12).

Currently, the mass spectrometer is the core component to virtually all proteomic
methodologies and high throughput biomarker discovery laboratories. The era of large-scalé
clinical proteomic analysis essentially began in 2000 with the use of SELDI-TOF/MS, a

| modification of MALDI approaches. SELDI (surface enhanced laser desorption ionization) made
use of aluminum chips with eight spots containing different surface chemistries/affinities as a pre-
fractionation step prior to the mass spectrometry analysis the entire process is illustrated in
Figure 2 (25). The multiple affinity surfaces on these Protein Chips allowed for targeted capture of

proteins within complex mixtures (25). With this technology, serum samples could be assessed
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for patterns or peaks specific to disease, as shown by mass to charge ratios, and sample sets
could be stratified Using different algorithm-based data analysis programs. One large
disadvantage of this approach is the inability to routinely determine the identity of the differentially
expressed peaks observed in the sample sets. The instruri1ent does not allow for direct
fragmentation of the peptide of interest for database searchirig, which must be identified using
other techniques (25, 26). v

Other complications with the SELDI technology, in particular the lack of reproducibility of |
results obtained from different groups and institutions, surfaced around the time it was gaining the
most popularity as a biomarkér discovery tool (9, 27, 28). Since this time, validation studies have
helped to alleviate some of these problems, which now seem to be more attributable to the study
design and individual research institutions, than .actual defects with the instrumentation (9, 27,
28). Yet better proteomic technologies are continually being developed, and in the time it has
taken to validate many of the early SELDI studies, newer maSs spectrometry platforms have
virtually replaced the early SELDI instruments (9). Also contributing to the decrease in SELDI use
has been the ongoing concerns regarding the mining of the dynamic range of the proteome.
While SELDI seems to be very efficient from a global profiling perspective, it does not allow
analysis of the less abundant proteins in clinical specimens. For these reasons there has been a
recent transition into a more targeted, specific approach to biomarker discovéry. One instrument
with the capability to aid this transition, which was designed for large-scale clinical biomarker
studies, is the Bruker Daltonics MALDI-TOF/TOF instrument with ClinProt analysis software.
With better instruments that have higher detection sensitivities, the field of cancer-specific |
proteomic biomarker discovery has emerged as an area with the promise of improving the early
detection of cancers, by identifying disease specific proteins within clinical specimens (9).
Putative cancer biomarkers could be tumor-associated proteins or host-response proteins to the
tumor, which could then be incorporated into a clinical assay, such as a blood test for cancer

detection or recurrence (9).
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1.3 Overview of Biomarker Discovery

Over the past ten years, proteomic profiling and biomarker discovery as applied to cancer
research has produced many potential biomarkers for various cancers including prostate,
pancreatic, nasopharyngeal and ovarian (29). In addition, the future implications of this research
are tremendous, and biomarkers could serve as the bridge to personalized medicine (5). The
roots for this type of research can be traced to the mid 1960°s with the discovery of
carcinoembryonic antigen (CEA), a protein thought to only be»in fetal tissues, surprisingly found
elevated in the blood of patients with colon cancer (5). In the 1970’s and 1980’s, discovery of -
other biomarkers continued including CA 19-9 for colorectal cancer and pancreatic cancer, CA15-
3 for breast cancer and CA-125 for ovarian cancer (5). Although elevations of the levels of these
biomarkers in serum can be used to diagnose an indi.vidual with cancer, they are not necessarily
specific for the type of cancer. Currently, there are several early detection tests in use within the
clinical setting. Two of these include prostate specific antigen (PSA) for prostate cancer and
alpha-fetobrotein (AFP) for the occurrence of Hepatocellular Carcinoma (HCC) (26, 30). Although
clinical use of both markers has led to success in decreasing the overall death associated with
disease, they are still limited when used alone (26, 30). For example, AFP elevation is thought to
correlate with HCC occurrence, yet AFP concentration is not a consistent indicator of disease, as

it is known that it can be elevated in non-cancer related cases and in patients without serious
disease. Furthermore, whether AFP can be used to detect the earliest cases of HCV derived
HCC remains unclear (30). In relation to this thesis, an overview of the use of biomarkers like
PSA for prostate cancers and AFP for HCC will be presented, including a discussion of their
strengths and limitations for clinical use in éarly detection and prognostic assays.
1.4 Hepatocellular Carcinoma Incidence and Risk Factors
According to the Amefican Cancer Society, over 18,510 new cases of liver cancer, or

hepatocellular carcinoma (HCC), will be diagnosed in 2006 in the United States, accounting for
over 16,200 deaths associated with disease. Furthermore, due to the long latency associated
with cancer development, it is suggested that the number of new HCC cases will steadily

increase, producing an anticipated 3-4 million new cases each year over the next 20 years (31-
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35). Although the specific mechanisms leading to liver cancer remain undeﬁn'ed, there are several -
known risk factors associated with disease development including chronic infection either with
hepatitis B (HBV) or hepatitis C (HCV) viruses, and incidence of chronic alcohol abuse.
Individuals with either HBV or HCV infections account for Qreater then 80% of all HCC cases

| worldwide (36, 37). All of these risk factors produce an inflammation/cirrhosis of the liver, the key
symptom associated with HCC development (33). Because the research prpject of this thesis
involves a serum cohort consisting of HCV infected patients, HCV pathogenesis will be discussed |
in more detail in the following section.
1.5 Hepatitis C Virus (HCV) ﬁathogenesis

Over 170 million people currently suffer from chronic HCV infections, which along with HBV

infection, is the main risk factor for cirrhosis and liver cancer (36, 38). HCV is a singlé stranded,
enveloped RNA virus from the Flaviviridae family, originally isolated from the serum of a person
with non-A, non-B hepatitis in 1989 (36). The virus is transm iﬁed by contact With contaminated
bload, and high risk behaviors include b_Iood transfusions prior to 1992, intravenous drug use,
high risk sexual activity, hemodialyéis, occupational exposure, birth to an infected mother and
intranasal cocaine use (36, 38). Currently in the U.S., the largest populations with hepatitis C are
those individuals involved with IV drug use and/or high-risk sexual behaviors (36).

Information on the HCV viral life cycle has been impeded by the lack bof a replication
competent in vitro cell culture model; therefore most of what is known has been‘ elucidated in
related cell model systems (39). From these models, it is thought that HCV replicates similar to
most positive strand RNA viruses in the following steps: viral attachment and entry, transiation of
viral RNA, and release of viral particles. HCV is thought to gain access to its host target cell, the
hepatocyte, by two glycoproteins within the HCV envelope, E1 and E2 (40). Currently there are
several cellular receptors proposed to be involved in this process, including the CD81 receptor,
the scavenger receptor class B type | (SR-BI) receptor and the low the low density lipoprotein
(LDL) receptor, all of which are associated with lipid and lipoprotein metabolism (39).

Once HCV gains entry to the hepatocyte, the virus will begin to replicate in.the cytopiasm.

This replication is thought to occur at a rapid rate, although levels of detectable viral proteins and
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RNA in the infected tissue will remain low for some time (36, 40). Upon completion of this viral
replication cycle, the patient is said to have an acute HCV inféction. Interestingly, the majority of
acute HCV infections will be asymptomatic, and 20-30% of adults will experience mild symptoms
including malaise, weakness or anorexia and jaundice (36). Elevation of serum alanine
aminotransferase levels and the detectability of HCV RNA in a patient's serum is a good indicator -
that they have an acute HCV infection (36). The antibody to HCV will not become positive until
the patient presents with symptoms, which usually occurs 1 to 3 months following exposure (36).
Although it is possible to clear the virus at this stage of acute infection, this occurs in only about
20% of the cases, while the other 80% of patients cannot clear the virus and thus develop chronic
hepatitis (36). Furthermore, this viral clearance is difficuit to study, since, as discussed, most
acute cases are largely asymptomatic (41). |
Chronic HCV infection is defined as the persistence of HCV RNA in the blood for at least

6 months following acute infection, and could be defined as a state of viremia (41). The
development of chronic HCV is variable, and can take as long as 20 years to develop. The
variability of this stage is dependent upon many diffefent factors (36). Contributing factors include
speed of virus production and cell-to-cell spread, and presence or absence of a T cell immune
response to HCV antigens. Other factors not immediately related to the virus, but rather the
patients, are also importaﬁt and include amount of alcohol consumption, age of initial infection,
degree of inflammation of liver, and the presence of HBV or HIV co-infection (36). Roughly 10-
15% of patients with chronic HCV will develop cirrhosis, which in most cases leads to liver
cancer. Diagnosis of HCC is performed by liver biopsy, which measures the number of
mononuclear inflammatory cells present in and around the portal area of the liver, and the
number of necrotic hepatocytes. Fibrosis of the liver suggests possible progression to cirrhosis,
and more advanced stages of liver disease will have “bridging fibrosis” as opposed to more
benign conditions of confined fibrosis (36).
1.6 Proteomic profiling of Serum for the Detection of HCC progression

HCC has a poor survival rate, especially when diagnosed at advanced stages where

effective therapies are lacking. Therefore surveillance of patients at highest risk for developing
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HCC (patients with cirrhosis) has been an important strategy to decrease the cancer related
mortality rate (31, 34, 35). Abdominal ultrasound is currently the most common imaging modality
used for surveillahce of HCC, and while it has been successful in increasing the survival of
patients with cirrhosis by allowing earlier disease managehent strategies, it still has limitations.
For example, often times tumors within the liver can remain undetected until they reach a size of
3cm, which normally occurs only in the latest stages of disease. Further limifations of ultrasound
include the subjectivity of the operator or clinician, which can differ from place to place (42, 43).
Alpha-fetoprotein, or AFP, is the biomarker currently used for the detection of
hepatocelluar carcinoma (44). In normal circumstances, AFP is a glycoprotein produced by the
liver of human fetuses beginning when they are around five weeks old. AFP levels can increése
to levels of 4mg/ml at 12 to 16 weeks of gestation, and after birth, levels progressively decline to
concentrations of less then 10 ng/ml, where they usually remain for the fest of an individual’s life
(33, 44). Because increases in AFP levels-can signify liver cancer in an aduit-, an AFP
concentration exceeding 20 ng/ml is used to diagnose an individual as having HCC (45). Between
30-60% of patients diagnosed with HCC will have AFP levels greater then 50ng/ml, and thus can
readily be detected with an AFP ELISA test. However, 40% of cases will be missed, highlightihg
the problems of AFP as the sole early detection diagnostic marker for HCC. For this purpose,
AFP tests suffer from low sensitivity and specificities, and AFP levels have béen shown to
fluctuate in different ethnic groups, as well as chronically infected individuals. Furthermore, AFP
is not a good indicator of small tumors (45). Therefore, only a handful of liver cancers are
detected in the early stages using AFP, thus new efforts have emerged to find additional serum
markers. | |
One candidate, des-gamma carboyxprothomin (DCP), also known as prothrombin
induced by vitamin K absence-ll, is an abnormal prothrombin protein shown to be elevated in the
serum of HCC patients. In some studies DCP has been shown to be better than AFP at
differentiating HCC from nonmalignant chronic liver disease, and high levels of DCP in late stage
tumor tissues have been linked as poor prognostic indicators for patients with HCC. Another

candidate serum marker, GP73, is a novel type 1l Golgi membrane protein of unknown function
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expressed in the hepatocytes of patients with adult giant cell hepatitis. Increased expression of
GP73 in hepatocytes appears to be a halimark feature of advériced liver disease(30).

| Proteomic technologies are continuously being applied to identify biomarkers in serum
indicative of advanced liver disease, specifically for viral hepatitis and HCC. Surface-enhanced
laser desorption time of ﬂight mass spectrométry is one recent technology within the proteomics
area with the potential to identify novel disease biomarkers. Initial applications of this technology
to clinical fluids showed great promise for the early detection of prostate, breast, head-neck,
ovarian, pancreatic, bladder and liver cancers (46-52). The immediafe goal of proteomic profiling
is to identify tumor-associated proteins or host-response proteins to the tumor as biomarkers in
the development of novel diagnostic cancer assays, such as a blood test for cancer detection or
recurrence. Novel technologies such as proteomic ahalyses should allow the identification of new
diagnostic markers as well as therapeutic and preventive targets (53).
1.7 Prostate Cancer Pathogenesis and Hormonal Regulation-

The prostate is a small gland found only in men, which is located in front of the rectum and
beneath the urinary bladder. The prostate is made ub of secretory epithelial cells or glandular
cells responsible for producing the fluid for semen (54). Most prostate cancers originate in these
glandular cells, and are referred to as adenocarcinomas. Adenocarcinomas begin growing slowly
(in a confined manner within the prostate gland. When prostate cancers are detected in this
confined state there is a high survival rate. In contrast, when prostate cancers undergo continued
growth without detection, the tumor cells can invade the prostate gland eventually spreading to
the tissues surrounding the prostate (54). The cancer will metastasize to the pelvic lymph nodes
eventually reaching the bone and more distant tissues such as the brain, liver, lungs. When
cancers metastasize to these distant organs the treatment options and survival rates decrease,
thereby highlighting the necessity for a better understanding about the metastasis of prostate
cancers (54). There are several potential oncogenic signaling pathways thought to be involved in
the origination and sbread of prostate cancers, which involve hormones and growth factors,
cytokine pathways and neuropeptide signaling cascades. Detailed descriptions of each of these

pathways are beyond the scope of this thesis. However as foliows, an overview of the hormone-
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regulated pathways will be presented since they are a critical part of current therapeutic
strategies and could also benefit from better prognostic biomarkers (54).

The circulation of male hormones or androgens, including testosterone and
dehydroepiandrosterone produced by the testis and adrenal glands, regulates the physiological
activities of the prostate gland (54, 55). At birth and early adolescence androgen Ievels are high,
yet over the lifetime of an average male, these hormones begin to fluctuate» euch that with
increasing age, older males will possess higher estrogen leveis than androgen. Interestingly, this |
transition has been shown to correlate with prostate cancer incidence (54, 55). Androgens
regulate the prostate gland by maintaining a healthy prostatic epithelium. Therefore, the
androgen receptor is a critical component for the signaling cascades of the prostate. 5-a-
Dihydrotestosterone is responsible for binding to the androgen receptor, resulting in activation of
many androgen dependent genes, including those involved in the growth of prostate tumor cells
including: PSA, c-fos, Drg-1 and caveolin (54, 55). Highly metastatic prostate cancers can often
transition to an androgen independent state. As the tumor cells adapt to androgen, they become
more highly metastatic by being able to activate cancer genes in the absence of androgen.
Concomitant with this drop in androgen dependence is an increase in estrogen dependence,
since the levels of estrogens rise in relation to this decrease in androgen levels (54-56). Removal
of androgens or blocking of androgen action are the main therapeutic options for treating
advanced prostate cancer, however, the development of androgen independence ultimately limits
the treatment effectiveness and frequently leads to terminal disease outcomes (56, 57).

Androgens are essential for the growth and maintenance of the healthy prostatic epithelium,
a process largely regulated by the stroma celis of the prostate. In response to androgen |
exposure, the stroma cells maintain a healthy epithelium by the production of growth factors
known as Andromeda’s (58).

1.8 Early Detection of Prostate Cancer

According to the American Cancer Society, 27,350 men will die in the year 2006 from

prostate cancer, which accounts for 10% of all cancer related deaths in men. Although the

definitive pathways leading to prostate cancer occurrence remain unclear, there are numerous
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risk factors known to increase the probability of cancer incidence. These include advanced age,
poor diet, and a positive family history of prostatic disease (54). >When prostate cancers are
detected in their earliest stages, individuals are predicted to have a five-year survival rate of
100%, yet when prostate cancers are not found until the latter stages of disease, the five-year
survival rate plummets to 34% (59). Clearly, early detection of prostate cancer is an important
strategy for maintenance, treatment and overall life expectancy of men with disease (9,
59).Therefore, there is great interest in the clinic to use of biomarkers capable of detecting
prostatic disease in its earliest form (9, 60). Since gaining FDA approval in 1994, prostate specific
antigen (PSA) has become the most commonly uéed marker for the early detection of prostate
cancers. PSA is a 33-kDa-serine protease produced by the prostatic epithelial celis secreted into
seminal fluid to maintain liquefaction of the semen (55, 61). Within the seminal fiuid, the PSA
concentration can reach levels of 0.5-3 ng/ml (55, 61, 62). Any damage to the prostate,
specifically to the prostatic basement membrane, can result in the release of PSA into the
circulation thereby producing detectable levels of PSA in blood or serum (61). Elevation of serum
PSA levels strongly suggest prostate cancer, yet high levels of PSA are also seen in benign
conditions such as benign prostatic hyperplasia, which is a common occurrence in older men
(61).‘ PSA levels have greater success in determining the probability of clinical recurrence fof
carcinoma patients whom have recently undergone radiotherapy (59).

Although PSA is the “gold standard” diagnostic marker in clinical use for the early
detection of prostate cancers, it does have some limitations (9, 26). For example, elevation of
serum PSA levels greater than 4ng/mL and up to 10ng/mL are indicative of prostate cancers, yet
when using these values alone, a clinician Will miss greater th‘an 25% of prostate cancers (9, 63).
Clearly this is of great concern for clinicians, since PSA yalues are critical for determining whether
a biopsy is necessary. It also puts pressure on individual clinicians to use their own discretion to

‘ decide whether it is best to adhere strictly to the PSA level guidelines and potentially miss cases,
or lower the PSA level thresholds to detect more cases, which could potentially result in a higher
incidence of unnecessary biopsies (63). In truth, neither PSA threshold nor a single marker for

cancer detection is perfect, yet possibly a combination of markers or a range of parameters for
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early detection could help clinicians decide on the biopsy question. For these reasons there has
been much interest in development of additional parameters to be utilized with PSA. For example,
it is now‘widely accepted that PSA shouid be used along with DRE (digital rectal examination) to
increase the early detection of prostate cancers (60, 64). Also, it is re‘commended that more
patient criteria should be taken into consideration including assessment of patient age, as well as
other specific characterisfics of PSA including: PSA velocity, PSA density and the proportion of
free to total PSA ratio (60, 63, 64).

Assessment of patient age is a critical strategy for the maintenance and early detection of
prostatic disease since increasing age is a key risk factor for development of prostate cancers. It
is therefore recommended that men the age of 50 years or older with an anticipated lifespan vof 10
or more years, as well as men 40-50 years old with a family history of prostate cancer receive
testing. These men would be labeied as high risk, and be recommended to receive a digital
rectal exam as well as PSA test every year, and if one of these tests were abnormal they would
be referred for a biopsy (64). As discussed earlier, 25% of men with localized prostate cancers
will have PSA values outside of the measured ranges, and it is therefore important to individualize
each case by additionally assessing patient age and family history.

Other correlates of PSA levels such as PSA velocity, age-adjusted PSA, free to total PSA
and PSA density have also begun to be incorporated in this testing (64). PSA velocity is the
change in PSA over time and is assessed using three measurements spanning 1 to 1.5 years.
The acceptable range is .75ng/mi/year, and it is thought that this test may save up to 30% of
unnecessary biopsies among men with elevated PSA and prior negative biopsies (64). The
inherent advantage of using PSA velocity is its ability to take patient age into consideration,
based on the assumption that PSA levels naturally increase with age. This therefore will raise the
upper limit of normal for older men to reduce unneeded biopsies, while not compromising its
ability to detect cancer cases. Even though it seems promising, currently PSA velocity is thought
to miss up to 5-20% of cancers (64). Another parameter, PSA density, is calculated by dividing
the serum PSA level ng/ml by the estimated prostate volume in cubic cm as calculated on

transrectal ultrasound (TRUS). PSA density shows the most promise in decreasing the rate of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

false biopsies of men with PSA values which would otherwise suggest cancer, in the 4-10ng/mL
range (64). | |

The free to total PSA ratio is measured as the proportion of free-floating PSA in serum
compared to the amount of PSA complexed with other proteins. In serum the majority of PSA is
found complexed with alpha-1-antichymotrypsin, leaving only a small amount of PSA in a free-
floating state. This ratio has shown great promise in discerning men with benign prostatic
diseases from those with cancer since the amount of free PSA is generally lower in men with
prostate cancer (64). Unfortunately, like total PSA testing, this ratio is affected by factors other
than the presence of cancer. For example free PSA levels correlate with large prostate sizes and
increasing age. Therefore, many of the same problems that affect total PSA testing also impact
this ratio. |
1.9 Inmune Response to Cancer

Many tumors have the ability to mimic the normal reguiatory and signaling functions
associated with the immune system, properties that generally seNe to mask detection of tumors
‘by the immune system (65). The immune system is a. complex network of régulated effector cells
that work in a collaborative and synergistic manner to defend the body from invading pathogens
or foreign agents (65). Cumulative mutations in DNA during tumorigenesis affect the signaling
pathWays that regulate the processes of tissue homeostasis, cell survival and cell death,
ultimately leading to un-regulated growth of the tumor (65). The immune response to the
tumorigenesis process is equally complex and continues to be a critical area of cancer biology
research (65). In the following paragraphs, a brief summary of the function of the immune system
is provided first, followed by an overview of the immune response to cancer and the problems
associated with this process that can lead to tumor evasion. Finally, the strategies used in
current immunotherapies which seek to accentuate the response of the immune system toward
detection and elimination of tumor cells are described.

The immune system is composed of two distinct branches termed innate immunity and
adaptive immunity. Both branches have specific roles in the process of antigen/pathogen.

detection and elimination (65). The innate immune response is the body’s first line of defense to a
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pathogen, requiring no prior memory of infection, and occurring at the moment the body first
recognizes a foreign non-self invader (65). Pathogens are recognized by macrophages and
natural killer (NK) cells which initially rush to the site of infection to destroy the foreign agent.
Following this recognition, the macrophages and mast cellé will release cytokines, chemokines
and matrix remodeling proteases, to recruit leukocytes into the damaged tissues to aésist in the
destruction and containmént of the pathogen or foreign substance (66). If the innate immune
response fails to completely contain and destroy the pathogen, it will be necessary for the
adaptive immune response to mount a more specific and exhaustive attack of the pathogen (66).

Activation of the adaptive immune responsé occurs via the antigen presenting dendritic cells,
which take up foreign antigen and migrate to lymphoid organs where they present the antigen to
naive B and T cells (65). Upon activation by the antigen presenting cells, the B and T cells will
be committed to this specific antigen and undergo clonal expansion, producing more B and T
cells with the same recognition capability (65, 66). In addition, the adaptive response will
generate memory B cells to be present in case the same antigen is found again. In this way under
normal circumstances the different components of the immune system provide a unified defense
against invading pathogens (65, 66). However, in the context of cancer, the immune response
can be compromised primarily due to tumor’s ability to mimic signaling componénts of the
immune system. The tumor alters signaling cascades to create a more suitable environment for
tumor growth (65, 66).

Tumors are largely heterogeneous, and often composed of fibroblasts, epithelial cells, innate
and adaptive immune cells, cells that form blood and lymphatic vasculature as well as specific
mesenchymal cell types (65). Tumor heterogeneity is advantageous to the cancer cell and |
provides the essential components for remodeling the tumor environment into one suitable for
tumor propagation (65). From its initial site of disease, cancer cells can spread to distant sites of
the body causing organ dysfunction eventually leading to death of the cancer patient. When
tissue homeostasis is disrupted, interactions between innate and adaptive immune cells may also
be altered, which can lead to the cancers ability to escape immune detection (65). Hovﬁ a tumor

can escape immune detection is still being heavily researched. It was originally thought that
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tumors did not produce sufficient levels of detectable antigens, such that the APCs (antigen
presenting cells) did not have enough stimulatory signal tb secrete the appropriate cytokines to
mount an efficient immune response (65). Current research has focused more on the tumor cells
themselves in regards to their ability to alter their microen\)ironment to reject the immune
response, and overcome immunosurveillance (65). |

Tumor immunosurveillance refers to the hypothesis that the immune system is capable of
protecting its host against the development of cancers of non-viral origin and was first
hypothesized in 1957 by Burnet.and Thomas (67). This initial hypothesis was widely criticized
because there were few examples of the immune system overcoming cancer. However,
cumulative studies conducted between the mid 1970’s and 1990’s have provided experimental
evidence to support the surveillance hypothesis (67, 68). Currently it is accepted that the immune
system does attempt to constrain tumor growth, yet tumor cells may escape or attenuate this
immune function (67). The duality of the immune system for both host protection and tumor
progression has re-emphasized the immunosurveillance hypothesis, which has evolved into the
cancer-immunoediting hypothesis (67). The immunoéditihg process consists of a series of three
sequential phases, elimination (protection), equilibrium (persistence) and progression which
allows a tumor to escape surveillance (65, 67).

Ih the elimination phase the transformed cells are recognized by the innate and adaptive
immune system, which immediately attempt to eliminate the transformed cells (67). This achieved
first by natural killer (NK) cells of the innate immune response. Following activation of the
adaptive immune response from antigen presenting cells, CD4 *T and CD8 *T cells can also
recognize tumor specific or tumor associated antigens via their appropriate MHC class il and |
molecules and destroy them. In addition B cells produce antibodies that recognize antigens at
tumor cell surfaces (67). Tumor cells, not eliminated in this phase, will continue to grow and
proliferate into the equilibrium phase. In this phase, further expansion of these persisting tumor
cells can still be prevented by the impending adaptive immune response. Failure to contain and
eliminate the tumor cells in the equilibrium phase allows the cancer to persist and enter the

escape/progression phase (67).
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The escape phase can occur when the balance between the immune reSponse and the
tumor shifts in favor of tumor growth (67). Tumors can escape immune detection by creating an
environment that does not allow leukocyte extravasation or local recruitment of immune cells,
which is the beginning step of inflammation. In addition proliferating tumors can secrete |
cytokines, such as IL-10, which is an anti-inflammatory cytokine capable of inhibiting vsynthesis of
the pro-inflammatory cytokines such as IFN y and TNFa (69). Tumors may also secrete colony
stimulating factor, vascular-endothelial growth factor and IL-6, which promote the accumulation of
a heterogeneous population of immature myeloid cells as a result of continuous JAK2-STAT3
signaling. These myeloid cells possess specific immune suppressive properties. For example,
these cells can suppress T-cell immunity by depletion of arginine and elaboration of reactive
oxygen species (ROS) and nitric oxide (NO) (69). in addition to all of these potential mechanisms
of immune evasion, the tumor microenvironment also supports the formation of regulatory T cells,
which specifically suppress T cell function (69). An additional feature that assists immune escape
is the overall genetic instability of a tumor, which increases with tumor progression. The end
result is a tumor composed of cells that are genetically and epigenetically different from one
another and very unstable (69, 70). This instability allows tumors to escape immune detection by
down regulating the tumor antigens or the antigen processing machinery (69).

In addition to the ability of the tumor to directly influence the inhibition of immune detection,
intracellular communication occurring between cancer cells and stroma cells can aiso contribute
to this process (71). The stroma is composed of immune, inflammatory, endothelial, and
fibromuscular cells and contains numerous growth factors and their receptors (69). Manipulation
of growth factors and their receptors couid have additive affects resulting in feedback loops which
could propagate aggressive cancer growth (71 ) In addition, there are also many soluble factors
that can be secreted by the stromal celis including chemokines and cytokines, wh’ich could
negatively influence the immune response (71). Stroma derived soluble factors can also play a
role in tumor invasion. For example during tumor invasion the ECM or extracellular matrix
barriers are compromised, and most of the enzymes responsible for this process are not derived

from tumor cells but rather the stroma cells (72).
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Clearly the ability of a tumor to escape immune detection presents a large obstacle for
treatment and survival of cancer patients. Therefore development of immunotherapies capable of
treating the disease and assisting the immune response are being assessed (68). The underlying
goal of immunotherapy is to enhance the immune response t6 cancer, to prevent tumor from
escaping immune detection and aliow for clearance of the disease. There are two primary tumor
immunotherapy approaches currently in use. The first approach is based on the hypothesis that
immune response elements are missing in the tumor microenyironment of patients with tumors
(68). Therefore, the immunotherapy strategy is to supply or supplement the missing components.
These treétments include injection of cytotoxic T lymphocytes, DC vaccinations, injection of
activated natural killer cells, and administration of effector cytokines. The second branch of tumor
immunotherapy is based on the hypothesis that immune tolerance is dominant in tumor patients.
Therefore, reversing or blocking the suppressive mechanisms to the immune response is the goal
of: these therapies, specifically blocking the activities of regulatory T cells or dysfunctional
dendfitic cells and suppressive cytokines (68). Another attractive therapeutic approach is in
targeting the normal stroma cells. Since the stroma éells surrounding the tumor stroma are
dipioid, genetically stable they have limited proliferative activity targeting the stroma is thought to
decrease the incidence of immune evasion (73). It is thought that targeting therapies to recognize
tumor stroma components might be a promising immunotherapy approach and one which needs
further research (73).

It has been suggested that proteomics could offer an alternative approach to monitoring the
immune response to immunotherapy, which could complement existing immunological assays
(74). In this way biomarkers that aid in the early detection of cancers may also provide
information about the quality of the immune response ocgurring within the cancer patient.
Similarly, newly identified biomarkers are useful for early detection cancer biomarkers could be
immune system components, as well as aid in choosing the most appropriate therapies for a

particular individual (74).
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1.10 Altered Glycoproteins and Cancer

Glycosylation is one of the most common post translational modifications of secreted
proteins ‘Iike those found in blood or on the membrane proteins of the extracellular surface (6, 75-
78). Glycosylation events can be extremely diverse, and afe known to influence many cellular
processes including cell adhesion, signaling, stabilization of protein structure and prdtein
trafficking (79-81). Alterations in glycoslylation patterns are strongly associafed with oncogenesis
and disease development (75-77, 82). Malignant associated glycosylation events include:
increased glycan branching, greater lewis antigen expression and increased sialylation (80, 83).
Therefore due to this longstanding relationship between abefrant glycosylation and oncogenesis,
there has been great interest in determining whether glycoproteins within clinical samples coﬁld
be used as tumor markers or biomarkers of disease (6, 77, 84-86). It is thought that either the
_glycoproteins themselves, as well as the differences in oligosaccharide moieties and/or enzymes
responsible for the formation of ihe oligosaccharide structures attached to the glycoprotein of
interest may be indicative of a specific d_isease state (6, 42, 79).

For example, altered activity of N-acetylglucosaminyltransferase V (Gnt-V), the enzyme
responsible for the formation of branching asparagine-linked oligosaccharides, has been linked to
tumor invasion and metastasis. Gnt-V activity, is reported to be increased in hepatocellular
carcinomas, breast cancers-and colon cancers (87-90). This has been suppoﬁed by Handerson
et al. who found an increase of 31-6 branched oligosaccharides present on the surface of breast
carcinoma cells within metastatic lymph nodes (88). When present, this was highly indicative of
poor prognosis (88). The role of sialylated oligosaccharides in cancer has also been widely
researched.  In 2001, Dwek et al. evaluated the role of sialylated oligosaccharides within primary
breast tumors, ﬁndihg an overall reduction in the- diversity of sialylated and neutral
oligosaccharides with disease progression (81). In addition to assessing the overall glycosylation
profiles of cancer and normal samples, it is also important to note that many of the current
biomarkers in clinical use are well characterized secreted glycoproteins (91-94).

For example, multiple glycoforms of PSA have been described, and in prostate cahcers,

the glycoforms of PSA from seminal plasma have been shown to differ from those of PSA
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secreted by the metastatic tumor cell line LNCaP (91-93). Other studies evaluating the difference
between PSA glycoforms from seminal plasma and serum from healthy control and prostate
cancer patients have also been performed (94), although these will need to be re-assessed using
a larger set of clinically relevant samples to discern whether they could be potential markers. AFP
is another glycoprotein useful for early detection. Like PSA, rhultiple glycoforms of AFP exist
which again emphasizes the potential of using these PSA and AFP glycoforms for the diagnosis
of disease state, as well as the implications of adapting these methodologies to other known
serum components, (42, 95-97), characterization of these glycoformé represents a targeted
proteomic strategy amenable to quantitative mass spectrometry strategies, which could be an
effective future biomarker discovery strategy (98, 99).
1.11 Glycoproteomics and Lectins |

Glycoproteomics is a newly emerging branch of proteomics that focuses on characterizing
the carbohydrate residues added post-translationally to proteins (30). Structural elucidation of the
oligosaccharides on mammalian glycoproteins has long reﬁed upon the use of lectins, a class of
proteins found in plants and animals known to bind sbeciﬁc sugar moieties (100). Unlike antigen-
anﬁbody binding affinities, the affinity constants for the binding of monosaccharides and
oligosaccharides to most lectins are in the low micromolar range, but can be millimolar (101,
102). These affinities are still sufficient to allow use of lectins for effective chromatography
separations based on oligosaccharide binding, as well as capture of a specific classes of
glycoproteins (101). Recently, lectin affinity approaches have been utilized to study disease
progression in a variety of cancers (82). HoweVer, few studies have applied lectin capture to
characterize serum glycoforms indicative of disease. This is a relatively new area of research,
called targeted glycoproteomics, which coupled with mass spectrometry is currently being used to
identify serum glycoproteins specific to disease stage. This is an emerging strategy in
glycoproteomic biomarker discovery studies since the glycoproteins that are selectively captured
from the serum of a diseased patient may havé altered expression of the glycoprotein, or possibly

contains an altered oligosaccharide structure on the glycoprotein (42).
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There have been many research groups utilizing numerous different strategies in an effort to
define the cancer serum glycoprbteome as summarized in Figure 3. Fortunately, lectin based
fractionations are adaptable to many different approaches involving capture of total glycoproteins
or glycopeptides upfront without additional strategies to deplete the most abundant serum/or
plasma proteins such as albumin. There have also been studies focusing specifically on
characterizing the glycan structures alone by the use of an enzyme, which specifically cleaves N-
linked sugars (PNGase F) (103). Clearly there are many potential ways to achieve glycoprotein
information and numerous ongoing research efforts exploring these possibilities. For example,
Block et. al has recently found a panel of proteins that becorﬁe hyperfucosylated with HCC
progression (30, 37, 104). The increase is seen in the level of core a-1,6 linked fucosylation 6f
AFP. This fucosylation event has also been seen in testicular cancers, and can be seen as a

~change from a common biantennary glycan to a 1,6 linked core fucosylated biantennary glycan

‘ (37). In addition, the analysis of the total serum of patients infécted with HCC found additional
proteins which were hypeﬁucosylated including a-1-acid glycoprotein, ceruloplasmin, alpha-2-
macroglobulin, hemopexin, Apo-D, HBsAg, kininogen and GP73. Also, within the same patients,
an overall decrease of fucosylation on haptoglobin was shown. Furthermore, when the
fucosylated glycoforms of GP73 and hemopexin were used to stratify serum safnples with HCC
vs. healthy subjects, HBV carriers or HBV cirrhosis, the sensitivities and specificities were greater
than 90% (37). Although larger validation studies will be needed to confirm these findings, these
results highlight the potential of the glycoproteome as a gold mine for biomarker discovery for
cancer detection.

Also, lectin panels can be used to increase the amount of glycoproteins selectively captured,
as demonstrated by a recent study by Zhao et. al. This study looked specifically at sialic acid
glycoproteins within a pancreatic serum cancer cohort by using a mixture of sialic acid binding
lectins. Using this strategy, a sialylated plasma protease C1 inhibitor was found to be déwn '
regulated in serum from pancreatic cancer patients (105). This may be due to thé glycosylation
event on the protein as it relates to pancreatic cancer progression. in addition, a céncer sbecific

glycosylation event on Asn-83 of alpha-1-antitrypsin was detected, which could
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also be a potential marker of pancreatic cancer (105). In addition to the aforementioned studies,
lectin capture of serum glycoproteins following enzymatic digestion has been utilized to
characterize more low abundance proteins within the proteome, thus allowing a greater dynamic
range of the proteome to be assessed (24, 99, 106). The cbmmon strategy is to use trypsin to
digest total serum proteins, isolate the glycopeptides with one or more lectins linked fo a support
resin, elute and deglycosylate the bound peptides with Protein N-Glycanase F (PNGaseF). The
sequence and protein identities of these peptides‘are then determined by tandem mass
spectrometry, (24, 99, 106), or Fourier transform ion-cyclotron resonance (FT-ICR) mass
spectrometry (107-109). These strategies have been useful for identifying low concentration
serum glycoproteins, though they are not amenabile to high throughput clinical studies. Balanbing
the number of clinically relevant samples to be analyzed with depth of analysis is often the trade

~ off in current proteomic profiling experiments.
1.12 Dynamic Range of Clinical Fluids

Proteomic profiling for disease biomarkers is widely performed in clinical fluids such as

serum and plasma, since these fluids are presumably rich in proteins that leak from diseased

- tissues or are secreted from a tumor, and thus indicate disease. (110, 111) One downfall of using
these protein rich fluids is they possess a wide dynamic concentration range. For example, the
concentration of albumin, the most abundant plasma protein, is 10 orders of magnitude higher
than:the lowest abundant proteins within plasma (110, 111). In addition, the top v22 most »
abundant proteins in plasma account for 99% of the total protein content, making it difficult to
analyze low concentration proteins that may be masked by the highly abundant ones (112). Also,
many prospective biomarkers identified by SELDI and MALDI technologies are highly abundént
known serum/plasma proteins, suggesting that when used with one-step affinity capture methods,
only highly abundant proteins will be detected (105, 110, 111). Due to these concerns, there has
been a concerted effort by the scientific community to resolve these issues, including
development of more pre-fractionation approaches to reduce overall sample complexity prior to
mass spectrometry, as well as the establishment of protocols to guide or standardize sample

handling and collection (9, 110, 111, 113)) .
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These strategies include depletion of the most abundant proteins, as well as pre-enrichment
methodologies to capturev specific subsets of proteins (112). Currently there are numerous
different strategies for depletion of the most abundant proteins within serum and plasma samples.
These techniques range from antibody based albumin and IgG removal to high-end, expensive
immunoaffinity kits capable of removing the top 12 and top 20 most abundant serum/plasma

- proteins (114, 115). The depletions are performed prior to mass spectrometry analysis, which will
theoretically allow visualization of lower abundant proteins. Because these abundént proteins
function primarily as carrier proteins, there is a possibility that with these depletibn approaches
other proteins will also be lost non-specifically in the process (116, 117). This possibility was
recently evaluated by Gong et. al, whom analyzed the bound fraction of albumin depleted from
human plasma. From this research 57 unique proteins were identified in the albumin bound
fraction. These proteins, which would havé otherwise been discarded, could be of interest, since
albumin functions as a transporter of many substances in the body including drugs, hormones
and fatty acids (108, 116, 118). Furthermore, recent biomérker discovery groups have found
many of the high abundant serum proteins, which aré thought to mask low molecular weight
proteins of the proteome to be differentially expressed in cancers. For example, aipha-1 acid
glycoprotein, a known acute phase protein is thought to be down regulated in breast cancers,
while levels of transthyretin, a thyroid binding protein is decreased in ovarian canceré. Also,
haptoglobin has been shown to be over expressed in late stage ovarian cancers as well as
cancers of the pancreas and lung (29, 38, 105, 119, 120). Another strategy to reduce the
complexity of the proteome has been to perform a selective capture of a specific subclass of
proteins, such as glycoproteins, to analyze the serum or plasma glycoproteome (29, 38, 42, 105,
113, 119, 120). Inherent in this approach is the high abundance of serum proteins thought to be '
glycosylated, in fact over 60% of this proteome is thought to be glycosylated (78). This has been

~ achieved by the use of lectin capture, which allows selective isolation, and enrichment of the
serum/plasma glycoproteins. This technique offers an upfront-targeted biological affinity
approach, which not only captures glycoproteins, but lectins generally have minimal binding to

abundant non-glycosylated serum proteins like albumin. Lectin capture as a first fractionation step -
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therefore has the potential to significantly decrease the levels of albumin in subsequent protein
fractions comparable to levels obtained with high-cost depletion kits (113).
1.13 Dissertation Rationale and Specific Aims
The overall focus of this research project is on the use of proteomic profiling for the
| discovéry of novel protein biomarkers indicative of the early detection or progression of cancers.
Inherent in this approach is the assumption that these biomarkers will be cancer specific because
either they were shed directly from a tumor cell, or they were derived from cells or other factors in |
the tumor microenvironment. Clearly this allows for a diverse range of protein classeé with the
potential to be a biomarker, including proteins with altered posttranslational modifications or
truncated protein products (4, 9). Therefore, the specific hypothesis of this dissertation iS
“that the tumorigenic progression of liver and prostate cancers produces distinct disease-
associated biomarker proteins derived from the tumor or surrounding environment that
are detectable in serum or plasma. It will aiso be determ inéd whether protein patterns obtained
during this analysis can be used to predict and monitor cancer occurrence and progression. Since
newly discovered tumor associated proteins-could be further assessed for the development of
novel diagnostic cancer assays, such as a blood test for cancer detection or recurrence, the
biological significance of this project is inmense. The hypothesis was evaluated by the following
spécific aims.
Specific Aim I: Determine whether protein profiling of serum using SELDI-TOF-MS can
distinguish patients with different stages of liver disease ranging from chronic hepatitis C to HCV-
HCC. This will be assessed by:
A. A serum cohort with varying stages of liver disease will be profiled by SELDI-MS using
copper-coated immbbilized metal affinity capture (IMAC-Cu) protein chips (Ciphergen
Biosystems, Fremont, CA) to assess whether differential protein patterns exist between the
disease groups.
B. Data analysis will be performed on the spectra to determine whether there are differentially

expressed protein peaks across the sample cohort. This will be accomplished by géneratibn ofp
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values and peakK lists across all sample groups for each detected peak for construction of
classification algorithm regression trees (CART). |

C.A sérum sample cohort blinded to the investigator will be profiled identically to the initial test
set run from A. Following the data analysis, the blinded samples will be classified using the
decision trees derived in B ahd scored on their ability to be cbrrectly classified.

D. The serum concentrations of other known HCC markers such as AFP or GP-73 will be
compared and included with the SELDI data to determine whether these values improve or
change classification of disease groups.

Specific Aim II: To use a targeted multi-lectin affinity approach to identify and differentiate
glycoproteins present in serum from subjects with benign prostatic disease and those with
prostate cancers. This will be determined by: |

A, Lectin capture of serum glycoproteins will be performed with a panel of bead-based lectins with
varying oligosaccharide-binding specificities. The bound glycoproteins will be eluted and
separated by SDS-polyacrylamide gel analysis.

B. All glycoproteins of interest will be identified with péptide mass fingerprinting on a Bruker
MALDI-TOF/T OF coupled with an appropriate protein database search engine.

C. Any putative glycoprotein markers identified will be validated using specific ELISA or other
immunologic methods within the different prostate serum groups. |

D. The structures of the oligosaccharide released from glycoproteins of interest will be assessed
using MALDI-TOF analysis.

Specific Aim lll: Determine whether use of lectins as an initial pre-fractionation step is a
reproducible approach for profiling the entire dynamic range of the serum/plasma proteome.

A. Determine to what extent the amount of albumin within a serum and plasma sample is
decreased using combinations of albumin depletion kits and lectin fractionation followed by SDS-
polyacrylamide gel analysis.

B. Determine if lectin fractionation is reproducible and adaptable for automation by utilizing ‘

magnetic bead based lectins.
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C. Compare lectin fractionation and depletion of albumin with commercially available kits as a
pre-fractionation approach to decrease the sample complexity of serum and or plasma.
D. Determine whether albumin depletion prior to lectin fractionation allows capture of different
glycoproteins when no albumin depletion step is done. |

| E. Use lectin fractionation followed by albumin depletion to determine whether this allows a

greater number of proteins to be identified.
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CHAPTERH .

AIM I: TO DETERMINE WHETHER PROTEIN PROFILING OF SERUM USING SELDI-TOF-MS
CAN DISTINGUISH PATIENTS WITH DIFFERENT STAGES OF LIVER DISEASE RANGING
FROM CHRONIC HEPATITIS TO HCV;- ASSOCIATED HCC

2.1 Introduction

Proteomic profiling of serum to identify new biomarkers indicative of disease severity and
progression is an emerging technique important for the maintenance and early detection of
cancers. Surface enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-
TOF MS), is a profiling technology introduced by Ciphergen Biosystems in 1999 specifically
designed for high throughput global proteomic profiling of clinical samples such as serum and
plasma (25). Initial SELDI-TOF experiments emphasized the enormous potential of this approach
in the discovery of new diagnostic markers of cancer. The potential biological significance of this
research is immense since new biomarkers could improve detection of cancer in its earliest form,
as well as provide clues in the diagnosis of disease stage and existing tumor grade (9). To
assess the utility of this approach and establish apprbpriate protocols, there were many early
studies conducted (7, 25, 28, 121). One of these studies sought to determine whether SELDI-
TOF MS profiling of serum could reproducibly detect prostate cancer patients from those with

' benign disease. This was assessed by comparing the protein peak selection and sample

stratification at six different institutions, and showed that SELDI-TOF MS could reproducibly
genérate identical protein profiling spectra for quality control sera, and correctly distinguish
healthy from prostate cancer subjects based oh serum protein profiles (28). In addition, SELDI-
TOF MS technologies have successfully identified biomarkers capable of distinguishing multiple
cancers including: prostate, bladder, ovarian, lung, colon, breast and pancreatic (46-48, 50, 51,
122-128).

Using similar experimental protocols to those standardized in this multi-institutional study,
and in an effort to build upon the earliest successes of this technology, (28). The objective of aim
1 reported herein was to determine if protein profiling of serum using SELDI-TOF-MS could

accurately distinguish patiénts with different stages of liver disease, especially those associated
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with hepatitis C virus (HCV) infections, ranging from chronic hepatitis to HCV-associated HCC.
This study addresses a significant clinical problem since the current early detection marker of
HCC; alpha-fetoprotein (AFP) suffers a poor sensitivity and specificity rate and can be expressed
at normal levels in over one third of patients whom have small HCC tumors (129, 130). When
HCC is not detected until it is in an advanced stage, the patient's five-year survival réte is roughly
50% following surgical resection (130, 131). Furthermore, it is possible that a panel of biomarkers
may be a more attractive diagnostic assay than one single marker. Therefore, we also assessed |
whether inclusion of other known biomarkers of HCC in combination with the protein peaks found
by SELDI-TOF MS could improve detection of disease. In this way it could be determined
whether information from other known diagnostic markers could be combined with the SELDI
peaks to improve HCC detection, or vice versa. Incorporation of known markers along with
SELDI peaks had not been previously shown, and was a novel aspect of the approach outlined
here. |

These additional markers include: des-gamma carboxyprothrombin (DCP), or
prothrombin induced by vitamin K absence-ll, GP73 or type 1. Golgi membrane protein, and AFP.
In previous studies, DCP was shown to be better then AFP in differentiating HCC from non-
malignant chronic liver disease in serum obtained from patients in the United States. Also, high
DCP values in serum or late-stage tumor tissues have been linked as poor prognostic indicators
for patients with HCC (132, 133). Although GP73 function remains unknown, it is expressed in the
hepatocytes of patients with adult giant-cell hepatitis, and it is over expressed in the hepatocytes
of HCC patients. A recent study has shown that expression of GP73 can discriminate individuals
with cirrhosis from those with HCC with a sensitivity of 69% and specificity 75% (134). Therefore,
a comparison of the performance of these serum markers (AFP, DCP, GP73) singly, grouped, or
in combination with the SELDI protein peaks will also be presented to determine if this approach

increases sensitivity or specificity of detection.
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2.2 Materials and Methods
Patient Specimehs
Ail patients were enrolled from the liver and liver transplantation clinics at the University of
Michigan Medical Center between September 2001 and May 2002 with Institutional Review
Board (IRB) approval. Written informed consent was obtained from each patient. Four groups of
consecutive subjects were enrolled. The first group included subjects with no history of liver
disease and normal liver biochemistry, no risk factors fér viral hepatitis, and alcohol consumption
less than 40g/wk (135). The second group consisted of subjects with histological confirmed
chronic hepatitis. The third group consisted of patvients with histological proven cirrhosis and
compensated liver disease (Child-Turcotte-Pugh score <7).- A fourth group consisted of patients
with histologically proven HCC (135). A 20-mL blood sample was drawn from each subject for
AFP and DCP testing more then 2 weeks after liver biopsy was performed. Blood samples were
spun and serum was aliquoted and stored at -80° until testing. Each sample used for proteomic
profiling had not been thawed more that once. Blood samples froh HCC subjects were drawn
before initiation of treatment. |
Serum Liver Biomarker Assay
AFP was tested using commercially available immunometric asséys using enhanced
chemiluminescence at the University of Michigan Hospital Clinical Diagnostic Laboratory. The
upper limit of normal was 8ng/mL. DCP levels were measured using an enzyme-linked
immunosorbent assay kit (Eitest PIVKA-II, Eisai Co., Tokyo, Japan) per the manufacturer's
instructions and were performed in duplicate. Levels of GP73 in serum were determined ‘by
Western Blot analysis (136, 137). Equal volumes of patient sera (0.5 ul/lane) were separated via
SDS-PAGE on 4% to 20% polyacrylamide gels. For normalization, each gel also included a lane
containing 0.5 pL of serum from a pool of sources negative for HCV and hepatitis B virus (Sigma,
. St. Louis, MO). GP-73-specific signals from the 73-kd species were quantified from X ray film |
using Alphalnnotech FluorChem CCD camera with AlphaEase spot densitometry software (both

from Alpha Innotech Corp., San Leandro, CA) and were expressed as integrated intensity units
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relative to the GP73 signal detected in Sigma control serum standard. Values were calculated as
the mean of duplicate or triplicate determinants for each serum sample.
SELDI Processing of Serum Samples

Aliquots of each serum specimen at the University of Michigan Medical Center were mixed in
a 2:3 ratio of serum to 8 mol/L urea, 1% CHAPS, and were frozen at -80°C before being shipped
to the Center for Biomedical Proteomics at Eastern Virginia Medical School. Serum samples
were processed robotically on a Biomek 2000 liquid handling system (Beckman Coulter,
Fullerton, CA) in a 96-well format for SELDI analysis in the following manner: A further dilution
(1:5) of the thawed serum in the 8-mol/L urea buffer was made in 1mol/L urea, 0.125% CHAPS,
and phosphate-buffered saline. Diluted serum was randomly spotted in duplicate onto copper-
coated immobilized metal aﬁihity capture (IMAC-Cu) protein chips (Ciphergen Biosystems,
Fremont, CA) for SELDI-TOF analysis with the aid of a 96 —well bioprocessor. The sample was
allowed to bind to the protein chips for 30 minutes at room terﬁperature, followed by washes of
phosphate-buffered saline and water. The IMAC-Cu chip arrays were allowed to air dry and a
saturated solution of sinapinic acid in 50% (vol/vol) acetonitrile, 0.5% (vol/vol) trifluoroacetic acid
was added to each spot. A detailed diagram of this process is included in Figure 4.
SELDI Data Analysis

The protein chip arrays were analyzed using the SELDI ProteinChip System (PBS-I;
Ciphergen Biosystems). The spectra were generated by the accumulation of 192 shots at laser
intensity 220 in a positive mode. The protein masses were calibrated externally using purified
peptide standards. Spectra were analyzed with Ciphergen ProteinChip software (version 3.f)
and normalized using total ion current. Peak clustering in the 1.5 to 20-kd range was performed
using Biomarker Wizard Software ProteinChip software (version 3.1) and normalized using total
jon current. Peak clustering in the 1.5 to 20-kd range was performed using Biomarker Wizard
Software (Ciphergen Biosystems) at settings that provide a 5% minimum peak threshold, 0.2%
mass window, and 2% to 3% signal/roise determination. Intensity values for each peak were
then averaged for each duplicate sample pair analyzed and input into BioMarker Patterns

software (Ciphergen Biosystems) for classification tree analysis as described previously (50, 51,
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Figure 4. Robotic Serum Sample Preparation for SELDI-TOF MS.

20 yl of human serum is incubated with 8M urea and CHAPS and vortexed for

10 minutes. This is followed by addition of 1M urea and .125% CHAPS. This was
further diluted and added to IMAC-Cu chips and spotted with SPA matrix.
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138-140). Briefly, classification trees split the data into two nodes, using one rule at a time in the
form of a question. The splitting decisions in this case were based on the normalized intensity
levels of peaks from the SELDI protein expression profile. Each peak or cluster identified from
the SELDI profile is therefore a variable in the classificatioii process. The process of splitting is
continued until terminal nodes are reached and further splitting has no gain in data classification.
Multiple classification trees were generated using this process, and the best performing tree was
chosen for testing. During the analysis, a pruning step occurs in which branches are removed
and the cost of the removal is determined to establish a minimal tree size. This is referred to as
the “learning set.” Second, the decision tree was subjected io cross-validation. In this step, the
data is portioned such that randomly selected samples are categorized with the decision tree
being tested to ensure that the decision tree is valid. Only these cross-validated values are
presented in the data tables herein, The nine SELDI peaks that formed the main splitters of the
tree(s) with the highest prediction fates in the cross-validation analysis were selected for further
analysis with the different serum markers.
Principle Component Analysis

Principle component analysis (PCA) was performed by CiphergenExpress Software. PCA
analysis is a multivariate analysis method useful for reducing the dimensionality of the data. Itis
used in CE to visualize two and three dimensional graphs. The correlation matrix setting was
utilized, which weighs each variable (sample intensity at an individual peak) eqtially. The graphs
are plotted against three componenté. The CE software picks the components automatically
based on the peaks detected in biomarker wizard, and clustered according to specified groups
(normal vs. control).
Statistical Analysis

Specificity was calculated as the ratio of the number of negative samples correctly classified
to the total number of true negative samples. Sensitivity was calculated as the ratio of the
number of correctly classified' diseased samples to the total number of diseased samples.
Comparison of relative peak intensity levels between groups was calculated using the Student t

test.
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2.3 Results
Sample Processing and SELDI analysis

T'he SELDI-TOF approach was applied to serum from 170 patients as summarized in Table
1, which shows statistics on the samples used within the étudy including: patients with no liver
disease (n =39), liver diseases not associated with cirrhosis (n = 36), cirrhosis (n = 38), or HCC (n
= 57). Of these, a subset with only HCV-related disease was identified: HCV-HCC (n = 28), HCV
cirrhosis (n = 22), chronic HCV (n = 27). Each serum sample was applied to cobper-coated
immobilized metal affinity chips (IMAC-Cu) in duplicate. All sample loading, processing and
analysis steps were fully automated to minimize sample-processing errors. Following baseline
subtraction and normalization using total ion current peaks present in all of the samples were
labeled and clustered. The peak intensity values of 39 differentially expressed peaks
identified in all samples in the 1.5 to 20-kd mass ranges were used for further analysis.
Comparison of SELDI spectra

Representative spectra in the 6,000 to 12,000 —Da range is shown in Figure 5. This
particular spectra is from four individual samples as ihdicated by the sample numbers. This initial
data was encouraging as it clearly showed the potential of detecting differential peaks across the
four different samples as shown by the boxes drawn to illustrate the differences in intensities for a
given peak (5,808, 8,939, 9,501, 11,735 m/z). To determine if these features Were reproducible
across the sample sets, multiple samples from each condition were assessed. The gel-view
representation of five sample spectra from four groups (healthy, HCV-no cirrhosis, HCV-cirrhosis,
and HCV-HCC) in the 5,000 to 12,000-Da range is presented in Figure 6. The four different
distinguishing mass values for the given peaks are included. Again, in order to assess these
patterns in the entire serum cohort, which was run, the intensities of the four peaks were
assessed in all of the samples analyzed. This was achieved by plotting the peak intensity of each
sample for the m/z of interest. Scatter plots of the intensities of these same four peaks in all of
the HCV related samples analyzed are shown in Figures 7-10. Using the mean intensities of

each sample as indicated by the bar, the proteins represented by the 5,808 and 11,735 m/z
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Table 1. Demographic Information and Etiology of Liver Disease

Note: All data are presented as thé mean % SD.

Group 1 Group 2 Group 3 Group 4

(n=39) (n=36) (n=38) {(n=157)
Sex (Male/Female) 21:18 20:16 22:16 35:22
Age (yr) 5111 506 528 5413
Ethnicity % NHW/AA/H/Asian  90/10/0/0 78/16/4/2 69/11/9/11 88/6/4/2
Etiology %
HCV 75 58 49
HBV 10 11 4
Alcohol 0 2 13
Autoimmune 6 4 2
Cryptogenic 6 20 26
Other 3 5 6
MELD score 410.7 5+0.8 7213 8+23
ALT (IU/mL) 2869 67 £ 41 1121124 81 49
AST (IU/mL) 225 53 +36 94 + 85 109 % 59
Bilirubin (mg/dL) 04102 05204 09106 1.2+09
AFP (ng/ml) 294£1.6 10.8 £23 19.7 £ 38 11,788 + 60, 359
% < 20 100 88 77 55
% 20-200 0 12 23 24
% > 200 0 0 0 21
DCP (mAU/mL) 2514 3118 3612 1,925 £ 235
GP73 (mAU/mL) 51+34 6915 1039 16.6 £ 8
TNM stage % (I/I/III/IV) NA NA NA 16/22/21/13

Abbreviations: NS, non- significant, MELD, model for end-stage liver disease; NHW, non-hispanic white; AA, African American; H Hispanic; HBV,
hepatitis B virus; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
TNM, primary tumor/lymph node/distant metastasis; NA, not applicable
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Figure 7. Expression levels of the 5,808 m/z protein. For each sample in all of

The indicated HCV disease stratified data sets. Black bars indicate the mean

normalized intensity;open circles represent values of individual samples. HCV,

Hepatitis C virus infection but no cirrhosis; HCV cirr, HCV-associated cirrhosis; HCC, HCV
associated hepatocellular carcinoma.
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Hepatitis C virus infection but no cirrhosis; HCV cirr, HCV-associated cirrhosis; HCC, HCV
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peaks increased with disease severity. The levels of the 8,939-m/z protein were also increased
following HCV infection and were actually highest in the serum from the HCV-associated cirrhosis
subjects. Conversely, the intensity of the 9,501-m/z protein decreased in all HCV-associated
serum samples relative to the healthy subjects. Table 2 shows p-values of the mean intensities
of each of the four peaks for six pair wise comparisons between the different patient groups.
When comparing normal samples to liver diseases, the p-values decreased with disease severity.
The changes were variable when comparing differences among chronic hepatitis, cirrhosis, and
HCC samples, although the 5.8 and 11.7m/z markers were able to distinguish HCV patients with
cirrhosis from HCV-associated HCC. The cumulative data illustrate how changes in multiple
biomarker proteins can be used as fingerprint patterns reflective of disease state, even though
any single protein would not be sufficient for classification.
Principle Component Analysis

Classically principle component analysis or PCA is a multivariate analysis method that
attempts to reduce the dimensionality of the data. It is used in CiphergenExpress software to
visualize two and three-dimensional graphs. Unfortuhately, the software automatically picks the
three components by which it stratifies the samples so they are unknown, what is known is the
analysis uses the peaks detected in the software and clusters them by disease group i.e. HCC or
Normal. In this way we only utilized this analysis as a snapshot for the ability of the data to group
together according to disease group. The PCA analysis for HCC and normal is included in
Figure 11 and the HCV cirrhosis vs. HCC in figure 12. The PCA analysis was our initial clue this
dataset might have the ability be stratified according to severity of disease. Interestingly, the
HCC and Normal analysis appears to differentiate between the classes as shown in figure 11.
However, figure 12 demonstrate the difficulty and overlap between the later stages of disease, re-
emphasizing how difficult it is to distinguish HCV-cirrhosis from the development of HCC.

‘ Decision Classification Tree Analysis

For each sample analyzed, intensity values for each peak in the 1.5 to 20-kd range were

averaged for duplicate samples and input into the BioMarker patterns software (Ciphergen

Biosystems) for classiﬁcaﬁon tree analysis as described in Materials and Methods. The
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Table 2. Comparison of P Values for the Indicated Markers in Different Sample Pairs

Marker Normal vs. HCV  Normal vs. HCV-Cirrhosis Normal vs. HCC
(m/z)
5.8 12 <5x10% <5x10°
8.9 .0002 <5x 107 <5x 107
9.5 <5x10°% <5x 107 <5x10°%
11.7 .0015 <5x 107 <5x 103

HCV vs. HCV
Cirrhosis

077
.109

037

151

HCV vs. HCC

<5x 107
91

.02

<5x 107

HCYV Cirrhosis
vs. HCC

.002
.050

.800

.001

8Y
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Figure 11. Principle component analysis of HCC Vs. normal. As shown in
the three dimensional chart, the normal samples appear to form a tight cluster with
themselves, whereas the HCC samples appear more scattered.
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Figure 12. Principle component analysis of HCC Vs. Disease. In contrast
to figure 11 all the samples seem to over lap and it is hard to see any stratification.
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classification trees split the data into two nodes, using one rule at a time in the form of a question.
The splitting decisions in this case were based on the normaliied intensity levels of 39 shared
peaks from the SELDI protein expression profile across each sample, such that each peak was
used as a variable in the classification process. An internal 1/10-sample exclusion, cross-
validation process was done automatically for each decision tfee generated, and the most
significant and best performing tree for each condition was chosen. A separate blinded sample
set of sera from healthy individuals (n = 42) and those with HCC (n = 56) (Table 3) was also
evaluated for the validation of the classification trees. The clinical characteristics of these sera
were analogous to those described in Table 1 for the learning set sera. Initially, serum profiles
from healthy subjects were compared individually with serum profiles generated from non-
cirrhosis, cirrhosis or HCC samples, including the subset of HCV-infected samples (Table 4). A
representative diagram of a decision tree for the comparison of all HCC versus healthy patients is
sh_ownr in Figure 13, the result corresponding to group lILA. in Table 4. A similar process was
used to generate a decision tree for each sample pair presented ih Tables 3 and 4. Only the
cross-validation results for each decision classificatioh analysis are presented.. Following
generation of the SELDI spectra for the blinded sera on the IMAC-Cu protein chips, the obtained
peak clusters were applied to the previously optimized decision tree (Figure 13). A correct
classification of 91% (51 of 56) for HCC and 76% (33 of 42) for healthy patients was obtained.
The results in Table 4 indicate that the SELDI peak profiles were progressively more
effective at distinguishing normal samples from non-cirrhosis, cirrhosis and HCC conditions as
the severity of the disease increased, regardless of etiology. A separate stratification of these
samples was performed based only on an HCV-associated etiology and analyzed separately.
The sensitivities of HCV-associated diseases versus normal were better compared when all other
liver disease were combined as presented. For example, correct classification of HCV-cirrhosis
conditions increased to 91% compared with 72% in the cirrhosis sample set that included other
types of liver disease .The ability to correctly classify the more clinically relevant scenarios for
surveillance of HCV disease progression from chronic hepatitis to cirrhosis to HCC was examined

using the HCV disease stratified sample set used in the initial training set. The results are
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Table 3. Demographic Information of the Validation of the Classification Tree

Healthy HCC P Value
(n=42) {n=56)" (p > .05)

Sex (Male/Female) 28:14 38:18 NS
Age (yr) 53 <11 55<13 NS
Ethnicity (%)

NHW/AA/H/Asian 88/12/0/0 90/4/6/0 NS
Etiology (%)
HCV 56 <.001
HBV 3 NS
Alcohol 10 <.001
Cryptogenic 18 .01
Other 13 NS
MELD score 5<0.7 8<2 <.01
ALT (IU/mL) 219 75 <40 <.001
AST (IU/mL) 18<5 111 <65 .003
Bilirubin (mg/dL) 0.3<0.2 1.5<1 .07
AFP (ng/mL) 1.8<0.6 234,871 < 3,592 .003
% < 20 100 32
% 20 - 200 0 45
% > 200 0 23

NA

TNM stage % (I/I/1I/1V)

13/24/38/25

(43
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Figure 13. Decision classification Tree of healthy patients and those with HCC.

0 Normal
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The squares are primary nodes and the circles are terminal nodes. The mass value in the root

nodes is followed by the intensity value or less. For example at each node a question is
asked to stratify the data into its appropriate group based on SELDI peaks.
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Table 4. Decision Tree Class Results for Normal Samples Vs Different sets of Liver Disease

Condition Sensitivity
I.A. All non-cirrhosis liver disease vs. normal 67% (25/38)
"1.B. HCV non-cirrhosis vs. normal 74% (20/27)
ILA. All cirrhosis vs normal . 72% (26/36)
I.B. HCV-cirfhosis vs normal | 91% (20/22)
HILA. All HCC vs. normal 82% (47/57)
II1.B. HOV-HCC vs normal 89% (25/28)
lI.C. All HCV disease vs. normal 79% (65/82)

Specificity
66% (26/39)

74% (29/39)
72% (28/39)
91% (35/39)
90% (35/39)
95% (38/39)

82% (32/39)
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reported as sensitivity or ability to correctly classify disease cases, and specificity or ability to
correctly classify the patients without disease. Chronic HCV sarhples could be distinguished from
HCV-HCC samples with a sensitivity of 71% and specificity of 64% (Table 4). When both chronic
hepatitis and cirrhosis samples were combined and compéred with HCV-HCC samples,
sensitivities decreased to 61%, but specificity increased to 76% (Table 4). To test whether the
accuracy of classifications could be increased by including clinical data in the analysis, values for -
AFP, DCP and GP73 were included in the classification decision tree analysis with all of the
SELDI peaks. These values were considered by the algorithm to be additional “peaks” to be used
with thosé from SELDI analyses to build classification trees. As seen in Table 5, inclusion of
these marker protein values increased the correct classification of disease states to 79%/86%
and 75%/92% sensitivity/specificity, respectively, for both sample sets.
2.4 Discussion

Proteomic analysis of tissue or serum derived from HCC subjects is an emerging technique
for the identification of biomarkers indicative of disease se\)erity ahd progression (37, 49, 141,
142). To date, new HCC biomarkers have been found primarily by using differential two-
dirﬁensional gel separations of tumor tissues, (141), or serum together with mass spectrometry
for protein identification (37, 131, 142). Although these approaches have greatly increased the
ability to quantitate the expression of individual proteins between case and control samples, they
are not useful for identifying proteins with masses less than 10 kD and are not amenabile to high
throughput analysis (9). Using a clinically defined serum sample set reflective of liver disease
progression to HCC, we have obtained results that support the use of SELDI-TOF profiling as a
surveillance tool to follow disease progression. We also show that known serum markeljs or other
clinical test data can be incorporated into SELDI peak analysis. The SELDI analysis was
comparable to the performance of AFP, the only clinically used marker in this pilot study. The

~ combination of the SELDI-derived protein peaks with known serum marker data has also been

reported to increase correct classification of a pancreatic cancer serum cohort (143).

Another HCC serum proteomics study using SELDI and immobilized metal affinity protein

chips was reported by Poon et al (49). This study took a different approach in that the serum
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Table 5. Analysis of All 38 SELDI Peaks and Determined Serum Levels of 3 Marker Proteins (AFP, DCP, GP73)

Condition Sensitivity Specificity
Chronic HCV vs. HCV-HCC | 71% (20/28) 64% (14/22)
Chronic HCV vs. HCV-HCC 79% (22/28) 86% (19/22)

+ (AFP/DCP/GP73)
HCV disease vs. HCV-HCC 61% (17/28) 76% (37/49)
HCV disease vs. HCV-HCC 75% (21/28) 92% (45/49)

+ (AFP/DCP/GP73)

9¢
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samples were initially pre-fractionated into six separate components before application to the
copper affinity chips (or a weak cation chip), and a neural network type cluster analysis algorithm
was used for classification following peak selection. The best sensitivities and specificities of
92%, and 90%, respectively, were obtained for distinguishing chronic liver diseases (n = 20) from
late-stage HCC, (lI/IV, n = 24) samples. Our study differs significantly in that more early-stage
HCC samples (I/1l) were evaluated, no prefra_ctionaticn of serum was done, a larger sample size
was used, and the clinical serum set analyzed was more fully stratified for the different liver
diseases. Also, we chose to use a non-fractionation of the serum prior to protein chip analysis,
since this allows a higher throughput and minimizes reproducibility problems for large numbers of
serum samples. Use of a decision tree classification algorithm further enhanced our studies by
allowing the inclusion of other serum marker data. Even though two distinct sample preparation
and algorithm analyses were applied, the Poon et. al. study and our study demonstrate that
SELDI protein profiling of serum could provide discriminating protein peaks in classifying chronic
liver diseases and HCC (49).

Although the decision classification analysis heré is suitable for analyzing two disease
groups, it is not effective for intraspectral analysis; its use was limited in that it is able to compare
qnly two conditions when four sets required analysis. Still, the methods described in this research
project do demonstrate the potential of this type of platform in the development of a direct clinical
assay, because the process involves minimal processing of serum, a fully automated loading and
chip-binding procedure, and enough peak features to determine differences in disease states.
This approach emphasizes peak/protein selection prior to classification and can allow the
subsequent identification of potential biomarkers of known molecular mass. There is also enough
flexibility in the process to allow inclusion of other clinical data from known tumor or disease
markers (e.g. AFP, DCP, GP73). The ability of SELDI-TOF MS technologies to use protein
fingerprints or patterns to discriminate case from control in a high throughput manner is the real
strength of this methodology. The largest drawback to this approach is in its inability to identify
any of the proteins, which make up the patterns, without the use of an additional purification

method.
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At the time of publication, it was originally hypothesized that the discriminating peaks and
subsequent protein profiles detected in our study by SELDI software could itself be diagnostic,
and that this utility would not be dependent upon identification of the proteins in discriminating
peaks. The original hypothesis was based on the supposiﬁon that the proteins are shed directly

| from the tumors since serum and plasma remain in continuous contact with tissues and cells.
Thus, serum from a healthy individual would consist of different proteins than serum a from
cancer sample, which in theory would contain tumor derived products (49). Since this time, this
hypothesis has been met with much skepticism, résulting in two basic theories as to the true
identity of these proteins detectable by SELDI profiling. The first theory is that these are not
tumor proteins at all, but acute phase reactants produced in response to injury of local
inflammatory cells such as neutrophil granulocytes and macrophages. Since HCC primarily
effects the liver causing inflammation it is possible that this could account for the identified SELDI
peaks, yet if this is the case the discriminatory peak would haVe to be there from the earliest time
of inflammation, at pre-cirrhosis, and not arise in the late stage HCC; In.our study differential
protein patterns were obtained across the three liver disease states, which suggests that these
peaks are more than just acute phase reactants.

The second theory is that the detected proteins are actually cleavage products from
proteases secreted from the tumors (144). There have been numerous studies designed to
investigate whether peptides bound to circulating carrier proteins could be fragments of proteins
associated with cell growth and oncogenesis (45, 104). One study, which supports this protease
cleavage hypothesis, is the finding of differentially expressed proteins within HCC tissues that are
ER resident proteins, which were identified to have lower masses then expected. It was
determined that these proteins are actually cleavage products of their intact versions, and

| included such ER resident proteins as calreticulin and calnexin (131).

In our serum-processing protocols, protein fragments attached to carrier proteins or cleaved
by tumor specific proteases would be stripped off their carriers by the urea/CHAPS dilutions,
which is one explanation for the presence and detection of the disease-specific peptides. In

addition, it is possible that the lower-mass polypeptides found in our study represent fragments of
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acute .phase proteins, generated from tumor proteases as mentioned above. Therefore, the
pattern of their appearance and, ultimately, identification of the proteases that generated them,
could provide direct insights into disease pathogenesis.

One recent study has identified an 8.9-dalton peak capable of discriminating patients with
HCV-cirrhosis and HCC to be complement C3a (124). We speculate that this 8.9 is the same as
the 8.9 peak identified in our study. Biologically, C3a is a complement protein resulting from the
activation of the complement pathway and subsequent cleavage of C3 into C3a and C3b. The
C3b product often remains with the pathogen, while C3a, the smaller portion of C3, can diffuse
from the site of activation. Clearly this could be an indication of disease to find an activated
innate immunity protein within the serum of a patient with HCC. However, within this study C3a
was not found to correlate with any definitive clinical feature of HCC and has been identified as a
marker of breast and colon cancers (145, 146). Also of concern is that C3a is a high abundant
serum protein, which adds yet another highly abundant serum protein to the list of potential
cancer serum biomarkers.

The observations seen with C3a highlight the issues associated with the dynamic range
of concentrations of serum and plasma proteins (111). As discussed in section 1.11, the most
abundant proteins (albumin and immunoglobulin) in serum and plasma are ten orders of

' magnitude higher then the lowest abundant proteins (cytokines) (111). Technologies such as
SELDI, do not have the capability of profiling the entire dynamic range of the proteome. In a
recent study by Zhou et. al, normal serum was fractionated using a SELDI ProteinChip with WCX
affinity coupled to tandem mass spectrometry for identification of all proteins captured (45). Over
300 proteins were captured ahd sequenced, most of which would be considered high abundant
serum proteins including apolipoproteins, haptoglobin and ceruloplasmin. Consequently, none
could be considered low abundant proteins within serum or plasma (45). These results
subsequently highlight the weakness of our HCC SELDI analyses, especially in regards to the
identities and concentrations of the potential disease biomarkers of interest (9).

To address the deficiencies of technologies such as SELDI-TOF, there has been much

recent technological advancement including the development of better fractionation approaches
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to target the lower abundant proteins with serum and plasma (9, 45). Though there are many
different strategies, most of them include an upfront depletion of the highest abundant proteins
within serum and plasma to decrease the sample complexity of the starting material (114).
Another area which needs to be assessed is the role of posttranslational modifications in regards

| to serum biomarkers, as has been described for apolipoprotein All (26). N-linked glybosylation is
a common posttranslational modification previously associated with disease development, (75-80,
113), which has recently been assessed for its role in HCC progression (30). For example,
fucosylated alpha-fetoprotein has been shown to be a highly specific tumor marker for HCC. In
addition Nakagawa et. al has éhown direct evidence for fucdsylation as a regulation. mechanism
allowing secretion of hepatic specific glycoproteins into bile ducts (147), Although these markers
would only be found in bilary secretions in normal physiological situations, in HCC these proteins
could be otherwise targeted to secretion into serum and other liver compartments.

There is also evidence for these disease specific glycosylation events in HCC serum. For
example. Block et. al has developed a targeted glycoproteomic approach to assess whether
glycoproteins could serve as serum markers of HCC (30). This approach allowed for the
discovery of GP73, which had elevated expression in animals with HCC compared to normal
samples when captured using a lectin recognizing fucosylated structures. This study therefore
shows direct correlation between aitered glycosylation, specifically fucosylation and progression
of HCC (30). This was assessed further in a research effort by the same group, which assessed
the oligosaccharide structures in serum from HCC patients as opposed to those with HBV
infection only, or those without disease (37). This study found an increase in the level of core
fucosylation in serum of patients with liver cancers as compared to those without HCC (37). Since
the authors of this work are collaborators of this study described herein, the larger cohort of HCC,
which is being collected from the SELDI study, will be assessed for glycosylation variants using
the similar protocols developed by this group and adapted to the studies outlined in the following
prostate chapter.

In conclusion, our initial HCC serum analysis made use of the strengths of the SELDI

technology by including a relevant clinically defined serum cohort, as well as including additional

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

clinical diagnostic values, which was novel at the time. Within the Early Detection Research
Network, our collaborator Dr. Jorge Marrero at the University of Michigan has been accruing over
450 néw, prospectively collected HCC-related serum samples at five clinical sites. This cohort will
be further assessed for the effectiveness of DCP and GP73 as cirrhotic and HCC biomarkers, as
well as be made available to EVMS for follow-up serum protebmic studies. As alluded to earlier, it
is clear that the future of proteomic profiling with mass spectrometry technologies will need to
include multi dimensional approaches that should allow for identification of many more proteins
(111). Assessment of posttranslational modifications in relation to disease progression is one
area that we feel has the potential for the discovery of new biomarkers, which is the direction that

was pursued following this initial SELDI exploratory phase.
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CHAPTER Ill
AIM Ii: TO USE A TARGETED MULTI-LECTIN AFFINITY APPROACH TO IDENTIFY
GLYCOPROTEINS PRESENT IN PROSTATE CANCER SERUM FROM BENIGN PATIENTS
AS WELL AS THOSE WITH LATE STAGEF PROSTATE CANCERS -

3.1 Introduction

Glycoproteomics is a newly emerging branch of proteomics that focuses on characterizing
any changes in the glycosylation patterns occurring on pfoteins. (30, 37, 42) As discussed in
section 1.10 changes in glycosylation patterns may be of great significance, since they are known
to influence many cellular processes (24, 30, 79, 80, 148). In addition, aberrant glycosylation of
glycoproteins and glycolipids has been observed in many cancers including breast, liver, and
prostate. (30, 37, 79, 80, 94) One recent glycoproteomic study by Comunale et al found an
overall increase in the fucosylation of proteins in patients with advanced liver cancers. An
increase in fucosylation of glycoproteins with progression to cancer has also been shown to occur
on PSA in prostate cancers (94). These vstudies have generated a great interest in characterizing
the serum glycoproteome to identify potential biomarkers for cancer occurrence and progression.

Consequently, many lectin based strategies to capture serum glycoproteins sbecific for
cancer detection have been developed. Many of these approaches include an upfront antibody or
affi-gel based depletion of the most abundant serum proteins such as albumin and
immunoglobulins, followed by lectin capture and characterization (24, 148, 149). We present
here a different approach that does not invoive an upfront depletion. In the study reported herein
we chose to utilize a panel of different lectins shown in Table 6, to enrich for serum glycoforms
found in serum from prostate cancer. The experimental design for aim #2 can be seen in Figure
14. One unique feature of this study is the use of the prostatic serum sample groups listed in
Figure 15, which were stratified by a pathologist as a relevant clinically defined sample set. By
using these serum samples we sought to identify serum glycoprotein isoforms that could be

correlated with specific prostatic disease pathologies. This type of clinical relevance has not
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Table 6. Lectin Panel

Lectin Specificity' Binding Buffer Elution Buffer §
AAA alpha 1,2 R0 mM TBS pH 7 200 mM fucose
Pnguilla anguilla ~ Jinked HmM manganese
fresh water eel)  [UCOS€  [hloride, 1mM calcium
chloride,1mM magnesium
chloride
AAL alpha 1,6 RO mM TBS ph 7 200 mM fucose
Rleuria aurantia inked 1mM manganese chloride,
mushroom) fucose  HmM calcium chloride, 1mM
magnesium chloride
ConA. Blpha 20 mM TBS pH 7 200 mM mannose
Concanavalin A mannose  HmM calcium chloride, 1mM
(jack bean) alpha manganese chloride, 1mm
olucose  magnesium chloride
HPA GlcNac |20 mM Tris-HCL 200 mM GicNac or
Helix pomatia GalNac |50 mM NaCL pH 7.6 GalNac
pgglutinin (snail)  [sialic
acids ’
MAL alpha 2,3 20 mM Tris-HCL 100 mM glycine
aackia amurensis finked 50 mM NaCl pH 7.6
seed) sialic acids
SNA1 plpha 2,6 RO mM TBS pH 7 100 mM lactose
fSambucus nigra 1 finked 1 mM manganese chioride,
bgglutinin sialic acids{tmM calcium chloride, 1mM)|
tree bark) magnesium chloride
WGA erminal |05 M NaPQO* 200 mM GlcNac
F/heat germ lcNac {02 M NaClI
gglutinin ialic
cids
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Experimental Plan — Specific Aim I

Serum Samples
Prostate Cancer Samples at different stages of
disease i

Serum Lectin Incubation
16 hr shaking

SDS-PAGE  SDS-PAGE
-~ N\

Glycan capture and

Identify Glycoprotein sequencing with
biomarkers MALDI PngaseF and MALDI-
TOF/TOF & LC MS/MS TOF/TOF

Figure 14. Experimental Design of Aim Il.
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Group A: Predicant Like study : Cancer vs. Non-cancer with normal
PSA (2-4ng/ml)
A1 biopsy -, A2 biopsy +

Group B: Staging Groups }
B1= 5 patients with early localized cancer T1,T2
B2 = 5 patients wih stage T3,T4 advanced localized cancer
B3 = 5 patients with + bone scan and PSA > 60 metastatic

prostate cancer

Group C: Benign Disease vs. Cancer
C1 = healthy donors PSA<4.0 ng/ml, normal DRE
C2 = BPH 5 patients with benign disease PSA 4-10 biopsy
negative
C3 = low grade cancer Gleason score < or =10 6
C4 = High grade cancer Gleason > or =to 7

Figure 15. Prostate Serum Cohorts Utilized in the Lectin Capture Study. Each
group consisted of a pool of five serum samples.
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been fully addressed in other studies, which have been more deeply concerned with method
development (24, 115, 148, 149).

In addition, since glycoslation is a complex process resulting in different glycoforms, (37, 94),
which cannot be visualized using 1D SDS-PAGE vyet could be an important diagnostic feature, we
also present a strategy for the capture and purification of glycans from both prostatic acid
phosphatase (PAP) and IgG using MALDI-TOF/TOF. |
3.2 Materials and Methods |
Serum Samples

All serum samples utilized within this projeCt were obtained from the Virginia Prostate Center
Tissue and Body Fluid Bank. Blood samples collected under the same protocols from properly
consented patients were obtained from the Department of Urology, Eastern Virginia Medical ‘

School (EVMS). All samples were collected following IRB approved protocols.
Lectin Capture |

To determine differential glycoprotein profiles of each sample, bead-bound lectins with
known oligosaccharide binding properties were utilized see (Table 6). The panels of lectins
chosen have varying oligosaccharide binding patterns including: Anguilla anguilla (AAA: EY
laboratory) which recognizes alpha 1,2 linked fucose residues, Concanavalin A (ConA: EY
laboratory) binds alpha mannoses and alpha glucoses, Aleuria aurantia (AAL: Vector Labs)
recognizes alpha 1,6 or 1,3 linked fucose, Maackia amurensis (MAA: EY laboratory) binds alpha
2,3 linked sialic acids, Helix pomatia agglutinin (HPA: EY laboratory) binds GicNAcs and
GaiNAcs, Sambucus nigra (SNA1: EY laboratory) which binds sialic acid residues linked alpha
2,6 and Wheat germ agglutinin (WGA) which binds terminal GlcNAc and sialic acids. The lectin
incubations were carried out as follows: 30 pl of patient sera was incubated with 100 pl of lectin
beads, processed with the appropriate binding buffers which are detailed in Table 6. Incubation
volumes were adjusted to 50 ul patient serum incubated with 150 pl of lectin beads and eluted
with 300 pl of elution buffer for the MALDI-TOF/TOF analysis to enable peptide mass fingerprint
analysis. The bead/serum mixture was allowed to shake and incubate in the cold for 16 hdurs.

Following incubation all unbound material was collected; the beads washed of ail remaining
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unbound material, and the bound glycoproteins eluted. The eulates were either next separated
using SDS-PAGE on 8-16% Criterion gradient gels (BioRad) and visualized by either Silver Stain
(Invitrogen) or Coomassie Birilliant Blue (BioRad). Glycoproteins of interest were cut from the gels
and then trypsin digested. All digested peptides were coubied to a MALDI TOF/TOF or LC
MS/MS for rapid protein identification. Quantitation was performed using the Bradford assay,
where appropriate.
Trypsin Digest and Peptide Mass Fingerprinting

Trypsin digests of Gel Slices For gel bands to be analyzed on the LC MS/MS, Promega
trypsin was used, whereas, for gel bands to be analyzed on the MALDI-TOF/TOF, Roche trypsin
was used. All gel bands were excised and placed into 1.5 m| Axygen Maximum Recovery tubes
and washed with 100 mM NH,HCO; to ensure correct pH. To destain silver stained gel pieces,
these were incubated with a 1:1 mix of destain A and B reagents (Invitrogen) and allowed to
shake for 20 minutes followed by two 5 minute washes with 100 mM NH,HCO,. Coomassie
stained gel pieces were destained by incubation with a 50% acetonitrile (ACN), 50% 100 mM
NH4HCO; solution for 10 minutes. Following destainiiig, the gel bands were dehydrated with 50 ul
ACN (HPLC grade Fisher) for ten minutes or until the gel slice appeared thin and grainy. Next,
the gel bands were reduced with 60 ul of 20 MM DTT (BioRad) for 30 minutes at room
temperature (RT). Following reduction, the proteins were alkylated with 60 ul of 50 mM
iodoacetamide at RT in the dark. Following alkylation, the gel pieces were dehydrated three
times with ACN, and rehydrated once with 10 mM NH4HCOQ; for ten minutes. Next the gel pieces
were dehydrated three more times with ACN and dried in under reduced pressure in a bench-top
vacuum centrifuge. Roche trypsin (25 ug) was mixed 200 ul 100 mM NH,HCO;, diluted 1:1 with
acetonitriie (ACN) and added to the gel pieces. Promega ti'ypsin was mixed to a final
concentration of 20 ug with 100 mM NHHCO; and added to the gel pieces. The digest was
carried out at 37° C for no longer than 16 hours. Following digestion, the samples for MALDI
analysis were spotted directly, while the samples for LC-MS/MS analysis were subjected to two

incubations with peptide extraction buffer (50% ACN and 0.1% trifluoroacetic acid (TFA) with 1
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minute spins between additions. Extraction eluates were pooled and dried in the bench-top
vacuum centrifuge.

Trypsin digests of ConA Eluates 4 ul (100 pg) of eluate from ConA fraction of samples A1 and A2
was digested with Promega trypsin (1:20), 100 ug protein was digested 16 hours at 37°, following
digestion samples were further fractionated with Imac-Cu* Bruker beads according td
manufacturer protocol (Bruker) and spotted on an Anchor plate with a CIinProt liquid sample
handling robot. Eluates were prepared with a-cyano-4-hydroxycinaminic acid (10mg/ml) and
analyzed using an Ultraflex MALDI-TOF/TOF mass spectrometer (Bruker Daltonics) read in
reflectron mode.

ELISA Analysis

Alpha-1-antitrypsin (AAT) ELISA analysis was carried out according to the manufacturer protocol.
and was purchased from Genway (San Diego, CA). The 96 well plate was coated with AAT
capture antibody diluted with .05M carbonate-Bicarbonate at pH 9.6. and allowed to incubate for
60 minutes. Next the plate was blocked using 1% milk in PBS for 60 minutes. Following
blocking, the plate was washed 2 times using HPLC grade water (Fisher). The standards were
prepared according to the manufacturer protocol and 100 ul of the lectin eluate was added its
appropriate wells. The lectin eluates were run in duplicate and prepared in the following manner.
WGA, Con A and SNA1 eluates were prepared for ELISA assay be bead capture previously
described. Briefly, 50 ul serum was incubated with 150 ul lectin bead and allowed to incubate for
16 hours at 4°. Lectin beads were eluted by competitive inhibition using 200 ul of their
appropriate sugar. Lectin eluates were further diluted 1:1 with 1% non-fat milk in PBS. 100 ul of
sample was added to the coated plate. The sample was allowed to incubate for 60 minutes and
then followed with 2 wash steps with HPLC grade water (Fisher). Next the HRP conjugate was
added, it was prepared 1:1 and 100 ul was added according to manufacturer and incubated for 30

minutes. To this substrate 100 ul stopping solution was added and the plate was read at 450 nm.
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Glycan Analysis

Analysis of Standards standards were purchased from Prozyme (San Leandro, CA). Standards
were reconstituted in 20 pl HPLC grade water and spotted 1:1.8 with DHB 10mg/mt on the
AnchorPlate. |

PNGase F Gel Analysis this protocol was adapted from Prakash et al. (93)50 ul of lectin eluate
was precipitated with 1mL cold acetone and the pellet was resuspended in PBS + SDS (35ul)
PBS + 0.5 ul SDS (5%). The sample was next aliowed to heat to 100°C for denaturation, and
then cooled on ice to RT. When the sample had reached RT, 2.7 ul of 7.5% NP40 + 2 ul of
PNGase F was added and the sample was allowed to incubate at 37°C overnight. For the ID
PAGE analysis, the sample was acetone precipitated with 1 mL cold acetone, and resuspended
in 30 ul rehydration buffer (4M Urea, 20mM DTT, 100 mM tris pH 8.0, 4% SDS and bromophenol
blue) and loaded onto a BioRad 8-16% gel, visualized with Brilliant Bilue Coomassie (BioRad).
G‘chah Isolation Proteins with attached glycans of interest were first separated by 1D-SDS PAGE
and visualized with coomassie brilliant blue staining (BioRad). Protein bands were sliced from
the gel and washed with 20 mM NaHCO; two times for 30 minutes each. To this solution 40 pl of
45 mM DTT (BioRad) was added and the solution was incubated for thirty minutes at 60 C for 30
minutes. Next the samples were cooled to room temperature and 40 pl of 100 mM iodoacetamide
was added and allowed to incubate for 30 minutes in the dark. The DTT and iodoacetamide
(BioRad) was removed and the gel plugs were incubated in a 1:1 acetonitrile/20 mM NaHCO, pH
7.0 solution for 60 minutes.

PNGaseF digestion After incubation, the gel plugs were cut into smaller pieces and completely
dried in a speedvac. For the in situ digestion 40 pl total volume was added of the following:
PnGase F (Prozyme) (100 U/mL) in 20 mM NaHCQO3 pH 7.0. All digésts were covered with
additional buffer (100 ul) and incubated at 37 © for 12-16 hours.

Glycan Extraction Glycans were extracted from the gel pieces by removing the incubation buffer
and using 3 changes of 200 pl HPLC grade water (Fisher) with sonication for 30 minutes. The

extracted glycans were purified using a Glycoclean H cartridge (Prozyme).
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Glyoclean H cartridge clean up_ each cartridge was prepared according to the manufacturer
protocol as follows. Each cartridge was washed with 3 mLs of NaOH, followed by 6 mLs of HPLC
grade water (Fisher). Next 3 mLs of acetic acid was added (Fisher) followed by 3 mLs of HPLC
grade water (Fisher). This was followed by 3 mLs of solvent A (50% ACN + 0.1% TFA) and then
| 3 mLs of solvent B (5% ACN + 0.1% TFA) that was allowed to completely drain. Each cartridge

was placed over a collection vessel and the glycans added to the column aﬁd aliowed to drip into
the collection vessel. The glycans were further eluted by addition of 4 (0.5 mL) additions of
solvent, A which were forced through the column by pressure. The collected glycans were
completely dried down using a speed vac.
Glycan analysis on MALDI-TOF/TOF Glycan pellet was resuspended in HPLC grade water ahd
spotted on a Bruker Anchorplate with saturated DHB matrix (9 HPLC water/1 ACN). The sample
was spotted in a 1.2/2.0 ratio with matrix. All glycans were read using reflectron mode.
Western Blot Analysis

Roughly 40 ug of protein was loaded based on protein concentrations determined by the
Bradford assay (Biorad). Semkinal fluid samples were mixed 1:1 with sample loading buffer (4M
Urea, 20mM DTT, 100 mM Tris pH 8.0, 4% SDS and Bromophenol Blue) and boiled for 5 min.
prior to loading. Pre-cast 8-16% SDS-PAGE NuPage mini-gels (Invitrogen) were used for
western blots. Proteins were transferred to a PVDF membrane (Immobilon P, Millipore) for 45
minutes at 400 mA at room temperature. Anti-PAP was incubated at 1:500. Krista Yaudes is
responsible for the PAP western shown in Figure 39.
3.3 Results
Preliminary Quantitation and Assessment of Lectin Capture

To determine the extent to which the lectin beads could bind serum efficiently, we first
performed a titration experiment with QC serum and WGA beads that is shown in Figure 16. In
lanes 7-12 the bead volumes were increased while the serum levels remain constant. As
indicated by the albumin band which runs at 66 kD, the beads reach a saturation point to the
amount of protein they bind, despite increasing the bead volume. Following this experiment we

determined that 30 ul serum and 100 ul of beads would be a sufficient volume to carry out serum
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200 kDA

66.3
55.4

36.5
31.0

21.5

14.4

6.0

1 2 3 .4 5 6

1.30 pl serum 70 ul beads 2. 30 pl serum 100 pl beads
3. 30w serum 120 pl beads 4. 30 ul serum 130 pl beads
5. 30 wl serum 140 pl beads 6. 30 pl serum 150 pl beads

Figure 16. WGA QC Bead Titration. QC serum was added to
different bead volumes to determine if a saturation point

of bound material could be reached. Eluates were separated
by 1D polyacrylamide gel analysis and visualized by silver
stain..Roughly 10 ul of eluate was loaded.
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glycoproteomic capture. Next, to determine if our lectin capture methodologies would be
sufficient for glycoprotein capture from serum, we first performed the affinity capture using pooled
normal and cancer prostate samples. To visualize whether lectin incubation resulted in a specific
capture, the bound eluates from the lectin were run next to the unbound serum fraction and
visualized by silver stain, as shown in Figure 17. Although there are some redundant. proteins in
both the bound and unbound fractions, there are also unigue proteins which are enriched in the
bound sample. For example the protein band at 20kD. Also interesting is the decrease in
albumin as evident by the albumin band at 66 kD. It should be.noted that for comparison reasons
only 1pl of the UB fraction was run, compared to 25l of the bound eluates, which further
highlights the simplification/fractionation occurring with lectin capture. These preliminary resQIts
were promising, since they confirmed that glycoprotein capture was occurring yet it remained
unclear as to how specific and uniform this approach could be.

Therefore, to determine the amount of protein being captured by lectin fractionation, and to
assess the reproducibility of this approach consecutive bead experiments using the same quality
control serum sample was performed. Three different beads were utilized including: AAA, SNA
and WGA, roughly 30 ul of serum and 100 ul of beads were used with each bead éxperiment.
The protein concentrations of the starting QC serum, eluates following lectin incubation, as well
as the unbound fraction can be seen in Table 7. The numbers highlight the rénge of lectin
specificities utilized in this project. For example in the first set of AAA captured serum the protein
concentrations average 1.44 ug/ ul as opposed to the WGA lectin which increased to 6.9 ug/ ul,
which is directly related to their oligosaccharide binding specificities since AAA binds fucose
residues, which are less common, than the GlcNac or GalNac residues recognized by WGA;
Figure 18 isa snapShot of each lectin utilized in this research project as applied to benign
prostate hyperplasia samples versus prostate cancer serum. Clearly differences exist between
benign and cancer groups, and it is clear that there is a definitive range of binding _speciﬁcities
dependent upon the lectin utilized. The two lectins, which bind the most proteins by gel analysis

is Con, A which binds alpha mannoses, and WGA, which binds GicNac and sialic
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Figure 17. Representative 1D Gel Analysis of Bound
and Unbound Lectin Capture. 30 pl of BPH or PCA
serum was incubated with 100 pl beads for 16 hours
and eluted with 100 mM Fucose. Samples were
separated on 8-16% SDS-Criterion BioRad gels and
visualized by silver stain. Roughly 20 pl (30u pg/pl)
of AAL bound material was run in comparison to 1 ul
of unbound sample. :
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Table 7. Lectin Binding Efficiencies.
QC serum 76 ug/ul
[QC serum P:A-:A l-anound 60 ug/ul
(QC serum AAA 1 1.22 ug/ul
QC serum AAA 2 1.44ug/ul
(QC serum AAA 3 1.01 qg/ul
(2C serum AAA 4 .22 ug/ul
QC serum AAA 5 1.33 ug/ul
AAA Average = std. 1.44 + 462
deviation '
QC serum ISNA Unbound 53 ug/ul
QC serum SNA 1 3.22 ug/ul
(QC serum ISNA 2 3.66 ug/ul
QC serum ISNA 3 4.01 ug/ul
(QC serum ISNA 4 3.53 ug/ul
QC serum SNA 5 3.78 ug/ul
SNA Average std.  [3.64 * .204
deviation
(QC serum WGA Unbound 64 ug/ul
(QC serum WGA 1 .64 ug/ul
QC serum WGA 2 7.22 ug/ul
(QC serum WGA 3 p.55 ug/ul
QC serum WGA 4 6.79 ug/ul
QC serum WGA 5 7.44 ug/ul
WGA Average tstd. 5.928 + .38
Meviation
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SNA WGA

AAL ConA HPA

97 -

68 -
56 -

36 -

31- |

21-

14 -

BPH PCa BPH PCa BPH PCa BPH PCa BPH PCa BPH

Figure 18. Differential Lectin Capture of Serum Glycoproteins.
Pooled serum samples (30 pl) from BPH and PCa patients were
incubated with the appropriate lectin agarose beads (100 pl)

for 16 hours and eluted with the appropriate monosaccharides.
Bound proteins were separated on 8-16% Criterion-SDS-

PAGE gels and visualized by silver stain.
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acid residues. In contrast, AAA and AAL recognize fucoses and are known to capture far fewer
proteins as shown here by gel analysis.

To determine the proteins being captured using this strategy, gel bands from the AAA lectin
capture of the BPH and PCa samples as shown in Figure 19 were digested and sequenced by
LC-MS/MS analysis. Alpha-fetoprotein, myotubularin related protein, haptoglobin and
transthyretin were among the proteins identified. These initial results were promising, since
alpha-fetoprotein has been shown previously to hyperfucosylated with HCC progression (147). In
addition, haptoglobin has been shown to have different isotypes as shown with 2D-PAGE
analysis (150). Figure 20 shows three different BPH samples and three different PCa samples so
the protein identities can be visualized in replicate samples. These preliminary experiments |
prompted us to apply this technique to a clinically stratified and relevant prostate serum cohort in
order to determine whether the captured serum glycoproteins could stratify disease stage, and if
more potentially relevant glycoproteins could be identified.

Lectin Capture and Identification of Serum Glycoproteins with LCQ-MS/MS or MALDI-
TOF/TOF

As detailed in Figure 15, three clinically defined prostate serum groups were included for this
study. Since PSA levels are not always a perfect indication of prostate cancers, group A included
10 patients with normal PSA values. Group A1 included five patients having e positive PCa
biopsy and Group A2 included five patients with negative biopsy. Clearly, fhe biological
significance here would be to find a marker that could assist and improve PSA in distinguishing
these two groups. Group B represents the staging groups: B1 consisted of five patients with early
localized cancer versus B2 and B3, which are more advanced stages of disease. Group C |
provides a range of disease stages including healthy (C1), BPH (C2) iow grade prostate cancer
(C3) and high-grade prostate cancer including some with metastatic disease (C4). Each lectin
listed in table 6 was utilized and applied to each sample. Captured glycoproteins were separated
by 1D PAGE and visualized using either silver stain or Coomassie blue. Figure 21 shows.a
representative gel picture of the lectin- AAL run on each sample group and visualized by silver

stain. At the beginning of this research project, the only instrument available for protein
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68 - — Alpha-fetoprotein
56 -
36 -
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Figure 19. Protein Identities from AAA Lectin Capture.

30 i of BPH and CA samples were incubated with 100 i
beads for 16 hours. Lectins were eluted and separated

on 8-16% Criterion SDS-PAGE gels and visualized by
silver stain. Gel slices were trypsin digested according

to protocol and protein 1Ds obtained by LC-MS/MS analysis.
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AAA (Fuc) 2 Gel
CA
MW (kD)
97 -
68 -
56 - —> AFP
36 -
31 -
Prostaglandin E2 receptor.
21 - Myotubularin related protein 6
Transthyretin precursor
14 —
6 -

Figure 20. Lectin Capture of 3 BPH and 3 CA Serum
Samples with Corresponding Protein Identities. 30 pl of BPH
and CA serum samples were incubated with 100 p! beads
for 16 hours. Lectins were eluted and separated on 8-16%
Criterion SDS-PAGE gels and visualized by silver stain.

Gel slices were trypsin digest according to protocol and the
identities obtained by LC-MS/MS.
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Figure 21. AAL Lectin Capture of Prostate Serum Groups.
30 ul of each serum group was incubated with 100 pl of AAL
Lectin bead slurry and incubated for 16 hours. The samples
Were eluted with 200 mM fucose and separated on 7.5%
Criterion SDS-PAGE gels and visualized by silver stain.
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sequencing was the LC-MS/MS. Therefore, many of the initial lectin capture experiments were
carried out in this way. Figure 22 is the same gel from above with the numbers added to ‘
correqund to the gel slices that were digested and run on the LCQ. Figure 23 lists the identities
which were determined from the LCQ run, some numbers}are absent, since not every band gave
| an acceptable protein match. From this protein list it is clear that many of the proteins being
identified here are very abundant serum proteins such as alpha 2 macroglobulin, serotransferrin,
as well as the immunoglobulins. Whether they are present due to their abundance in the serum |
proteome or differentially glycosylated is unknown from this initial analysis. This could be
determined by glycan sequencing which will be discussed lafer. Also interesting is the presence
of albumin, which is non-specifically captured even though it is not glycosylated. Peptide scores’
above 60 with a high degree of sequence coverage determined by matching the peptide digest
with possible protein identity was utilized to determine whether the protéin hit was accurate.
Figure 24 is gel representative of lectin capture of groups A1 and A2 with lectins: AAA, HPA
and SNA with the subsequent protein identifications in figure 25. The protein ID results did find
both differences and redundancies by utilizing different lectins, for example alpha-1-antitrypsin,
and complement factor B were both identified from the SNA eluate which recognizes sialic acids,
proteins which had not been previously identified with the fucose recognizing lectin AAL. Yet
serotransferrin was identified again but this time using SNA1. Figure 26 is ConA, MAA and WGA
lectin eluates, which unfortunately only one provided one protein identification that was albumin.
Since glycoproteins. can be very large, the eluates were run on 7.5% gradient gels as well as 8-
16% gels. Following visualization of these gels it did not seem to show us the breadth we had
hoped, and the identifications from these gels were proteins we had previously seen on the
original gradients such as Albumin and AFP, therefore the subsequent studies were run on the 8-
16% gels. It is possible that a total in solution trypsin digest without gel separation could be a
better alternative to this protein complex question, which will be discussed in more detail later.
Around this time, a Bruker MALDI-TOF/TOF instrument was purchased within our
laboratory, and made available for subsequent protein profiling and sequencing studieé. Due to

the high throughput capabilities of this instrumentation, many of the protein sequencing reactions
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Figure 22. Capture from A1 and A2
Gel Slices Cut for Protein Identification.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

81



Protein ID results (significant hits Score
290: Desmoglein 4 precursor 113 47
Slit homolog.3 protein precursor 167k 43
291: too many
292: alpha 2 macroglobulin 163k 359
293: alpha 2 macroglobulin 359
294: versican core protein precursor 372k 41
295: Pericentrin 2 (pericentrin B) 377k 51
296: FUS interacting serine arginine rich 46
protein 372 K
298: Ig Mu heavy chain diseae protein BOT 141
(43K), Ig mu chain C region (49K) 118
299: Serotransferrin precursor 77k 115
Ig mu heavy chain disease protein BOT 43k 111
300: Albumin ‘ 270
Ig mu heavy chain disease protein 102
301: Albumin 567
302: Albumin 92
303: Synaptojanin-1(172k) _ 29
304: Ig alpha chain C region (37k) 59
306: g gamma 2 chain C region (36k) 48
307: lg gamma 2 chain C region (35k) 45

Figure 23. Protein Identities from AAL samples A1 and A2.

Protein hits with subsequent scores and molecular weight cut from the gel.
The proteins were a result of MASCOT peptide database search using

the spectra from LC-MS/MS run. '
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AAA HPA ~ SNA1

116.3
97.4

66.3

55

36
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21.5
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A1 A2 A1 A2 A1 A2

Figure 24. AAA, HPA and SNA1 capture of A1 and A2.

30 wl of each serum group was incubated with 100 pl of the
appropriate bead slurry and incubated 16 hours. The samples
were eluted and separated on 7.5% Criterion SDS-PAGE gels
and visualized with silver stain. The gel slices are numbered
with some of the protein identities labeled.
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Protein ID results (significant hits Score

AAA
310: 30s ribosomal protein
311: keratin 311
312; 31 SNX 14 human sorting nexin 14 31
313: wall associated precursor 50
HPA
314: keratin 65
315: Dna binding protein creA 38
316: Ig alpha 1 chain C region (37k) 71
317: NACHT containing protein (165k)
318: Ig alpha 1 chain C region precursor 168
319: Ig alpha 1 chain C region (37k) 125
SNA1
320: Apolipoprotein B-100 precursor 515k 316
321: Alpha 2 macroglobulin 163k 48
myotubularin related protein 41
322: kinase suppressor of ras2 93k 49
323:Complement factor B precursor 85k 65
324: Zinc finger protein 433 77k 29
325: Complement factor B precursor 90
326: Serotransferrin precursor 77k 356
327: Alpha 1 antitrypsin precursor - 46k 286

Figure 25. Protein Identities from AAA, HPA and SNA Lectin Group A.
Protein hits with subsequent scores and molecular weight cut from the gel
along with sample group identified from. The possible proteins were a
result of MASCOT peptide database search using the spectra from LC-
MS/MS.
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ConA MAA WGA

albumin A1 A2 A1 A2 A1 A2

Figure 26. Con A, MAA and WGA Capture of A1 and A2.

30 ul of each serum group was incubated with 100 pl of bead slurry
And incubated for 16 hours. The samples were eluted with appropriate
elution buffers and separated on 7.5% SDS PAGE gels and visualized
by silver stain. The gel slices are numbered with some of the protein
Identities labeled.
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from the lectin capture experiments were run on this instrument instead of the LCQ. Figure 27 is
a gel picture of the sample groups A1 and A2 with the lectins AAA, AAL, ConA, HPA, MAA and
SNA1. This gel was one of the very first gels trypsin digested and prepared for peptide mass
fingerprinting using the Bruker instrument. Unfoﬁunately, there are no protein identities, which
correspond to this gel despite being fractionated and digested similar to previous gels run on the
LCQ. The reason lies in the sensitivity of the MALDI instrument with regard to protein
concentration on the gel. For example, thé early gels were silver stained and subsequently
identified with little problem. When this same strategy was applied to the MALDI the protein
identification scores were too low to accept, which was the first indication that there would be
many necessary optimization steps to reproducibly sequence proteins on this instrument. The
first trouble shooting strategy we assessed was protein concentration, by switching from silver
stain to Coomassie. Figure 28 is an example of a gel run with the same amount of protein which
when silver stain was appropriate for identifications of the LCQ, yet when coomassie stained is
barely visible. This finding prompted a switch from silver to coomassie, and subsequently an
increase in the amount of protein loaded on all gels to be levels visible by Coomassie which for
peptide mass fingerprinting experiments on the MALDI needed to be at least 50-100 ug, as
compared to 20-50 for LCQ.

Figure 29 is a coomassie stained gel of group B with the lectins AAA, AAL and ConA. All
proteins identified are labeled in the figure, which since this gel is coomasé,ie stained there is not
enough total protein loaded to visualize any proteins below 30 kD. At this point, any protein
above or roughly 30 kD could be identified using the MALDI, whereas proteins below this
molecular weight needed to be identified using the LC-MS/MS instrument. Figure 30 is an
example of a peptide mass fingerprint spectra, which is sufficient to be matched to a protein in the
database, since each peak has a high intensity and is labeled. This spectra was acquired from a
standard for alpha-2-macroglobulin and acquired a mowse score of 300 for alpha-2. Numerous
gels were run to identify as many proteins as possible; figures 31 and 32 are more examples, this
time from group B and C. Figure 33 was purposely overloaded with 400 ug to try and ideniify the

low molecular weight proteins at 30 kD and below and to search for low abundance proteins not
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Figure 27. Differential Lectin capture of Group A.

30 pl of each serum group was incubated with 100 pl of each lectin bead
slurry and incubated for 16 hours. The samples were eluted with appropriate
elution buffers and separated on 8-16% Criterion SDS-PAGE gels and
visualized by silver stain.
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Figure 28. Coomassie Stain of Lectin Eluates. AAL and ConA.
lectin incubations were carried out as previously described

but stained with coomassie instead of silver. The lack of
staining indicates the low amount of protein loaded on the gel.
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Figure 29. Lectin Capture with AAA, AAL and Con A of

Group B. 50 pl of each serum group was incubated with 100 pl
of each lectin bead slurry and incubated for 16 hours. The
samples were eluted with appropriate elution buffers separated
on 8-16% Criterion SDS-PAGE gels and visualized with
coomassie. The subsequent protein identities from PMF

are labeled.
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Figure 30. Representative Peptide Mass Fingerprint Spectra.
Representative picture of a peptide mass fingerprint of alpha-2-
macroglobulin, which yielded a score of 300. The spectra has a high

intensity and the majority of peaks labeled which enables a good protein
match.
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Figure 31. Lectin capture with AAA, Con A, MAA and SNA1 of
Group B. 50 ul of each serum group was incubated with 100 pli
of each lectin bead slurry and incubated for 16 hours. The
samples were eluted with appropriate elution buffers and
separated on 8-16% SDS gels visualized by coomassie.

91



200
kD

66.3
55.4

36.5

31.0

21.5

14.4

6.0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

C1 C2 C3 C4 C1 c2

Figure 32. Lectin capture with AAA and AAL of Group C.

50 pl of each serum group was incubated with 100 pl of each
lectin bead slurry for 16 hours. The samples were eluted with
appropriate elution buffers and separated on 8-16% SDS-gels
visualized with coomassie.
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Figure 33. AAL Lectin Capture of all Groups 400 ug.
To elucidate the low molecular weight proteins of 50 pl of
serum was incubated with 150 pl of appropriate lectin and
roughly 400 pg total protein was separated on 8-16%

- criterion SDS-PAGE gels. The numbers correspond-to protein
IDs listed in figure 38. ‘
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previously identified. Interestingly, we did identify a few haptoglobin fragments, which we had not
seen previously. All of the proteins identified from each lectin capture and subsequent gel
fractionation were compiled and listed in figure 34 corresponding to their appropriate lectin. The
haptoglobin fragment was one potentially interesting identification, as well as AFP, which has
been found fucosylated in other cancers as mentioned previously. Also, alpha-1-antifrypsin was
identified in this study, which has recently been linked to pancreatic cancer (105). In the
pancreatic cancer study a different isoform of alpha-1-antitrypsin was found to be specifically
linked to metstatic cancer. Therefore, it will be necessary to assess whether the protein is
differentially expressed or rather the glycan is changing due to prostate cancer progression. To
determine whether these proteins have differential expression in relation to disease stage théy
were assessed by ELISA analysis.
ELISA Assay of Alpha-1-Antitrypsin

To determine whether alpha-1-antitrypsin is differentiallybexpressed across the different
prostate subgroups, we utilized ELISA assays. From the gel separation and identification
experiments mentioned earlier, we identified AAT (alpha-1-antitrypsin) from more advanced
stages of prostate cancers, therefore we utilized group C of our prostate serum cohort shown in
Figure 15. The ELISA data can be seen in Figure 35. Interestingly, the expression of AAT is
increased in WGA and SNA captured serum from prostate cancer group C3 (low gleason cancer)
compared to fhe other stages C1, C2 or C4. The expression in WGA C3 is higher then SNA C3
which is most likely due to the nature of lectin specificity of each lectin. For example WGA binds
sialic acids linked in every configuration while, SNA1 only recognizes sialic acids linked in the o
2,6 configuration. In each case the samples can be compared to a quality control serum (QC)
sample which is a pool of normal serum which is less then each disease case. Con A eluates
were also assessed for the level of AAT expression. Interestingly, the same pattern shown for
WGA and SNA holds true, though the level of C3 is lower here. This data suggests that AAT is
potentially differentially expressed-in group C3 of the prostate serum samples, and will need to be

further evaluated for its role as a biomarker of prostate cancer. ELISA assays for haptoglobin and
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AAL Con A

Albumin Albumin
a-2-macroglobulin a-2-macroglobulin
Immunoglobulin a Chain C  ApoA-1

Serotransferrin precursor - Serum amyloid P chain
AFP - alpha fetoprotein Serotransferrin precursor -
Haptoglobin*

Complement C-3 precursor

Protocadherin precursor

AAA HPA

Albumin Apolipoprotein C-III precursor
ApoA-1 Haptoglobin precursor *

Apo C-III Transthyre.tin*

AFP - alpha fetoprotein Haptoglobin®

Haptoglobin

Myotubularin protein

Transthyretin precursor®

95

WGA

Apolipoprotein B-100 precursor
Apolipoprotein A-IV precursor
Apolipoprotein A-1 precursor
Alpha-1-antitrypsin*
Alpha-2-macroglobulin

Alpha-1-acid glycoprotein 2 precursor
Complement Clq component

Ig lambda chain C region

SNAL

a-1-antitrypsin

. ApoA-1

Complement factor B precursor
Myotubularin related protein
Transferrin

* .
Potentially differentially expressed in clinically stratified prostate serum groups,

will be confirmed by ELISA.

Figure 34. List of all Proteins Identified . Comprehensive
list of proteins identified from lectin capture.The asterick indicates
potentially differentially expressed proteins across sample groups.
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Figure 35. Alpha-1-Antitrypsin ELISA. Lectin eluates were run on A1AT Genway
(San Diego, CA) ELISA to determine level of expression for A1AT protein when
captured using WGA, SNA and Con A lectins. QC (quality control) is a pool

of normal serum used here as a control.
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AFP weré also carried out simultaneous to the AAT experiment. Initial results suggests similar
patterns as indicated with AAT, though they will need furiher optimization to confirm the findings.
In Solution Trypsin Digest To Visualize High Molecular Weight Proteins

To determine whether high moleculaf weight protein complexes or proteins captured using
the lectin fractionation approach are being missed by separation with 1D PAGE we next
performed a total in solution trypsin digest of the lectin eluates without gel separation. Roughly
100 ul of lectin eluate was incubated with trypsin (1:20) cleaned up with IMAC-Cu beads and
spotted on a MALDI Anchorplate and read in reflectron mode. As shown:in Figure 36, the
digested spectra clearly have more peaks then the undigested spectra. The gel picture also
shows a difference in the samples digested with trypsin vs. those without, since the digested
samples show presence of many more low mass proteins then the undigested eluates. This
demonstrates the potential of using this approach as an alternative strategy to visualize protein
complexes. An analogous approach with the types of proteins identified will be discussed in the
next chapter.

Glycan Analysis:

Elucidation of the N-linked oligosaccharide structures of glycoproteins has relied on release
of glycans using the enzyme PNGase F (peptide N-glycosidase F) foliowed by glycan purification,
end labeling with fluorescent groups, and analysis using HPLC, mass spectrohetw or nuclear
magnetic resonance. PNGase F is an amidase that cleaves between the innermost GicNAc and
asp'aragine residues of high mannose, hybrid, and complex oligosaccharides from N-linked
glycoproteins shown‘ in Figure 37. Since the oligosaccharide chains may undergo alterations
due to disease, which is not visible by 1D gel analysis alone, we were very interested in
developing amenable protocols to perform glycan sequencing on the Bruker MALDI-TOF/TOF.
There are many available forms of the enzyme PNGase F and like any enzyme it has varying

~ degrees of processivity Therefore to assess its activity we initially performed N-terminus glycan
cleavage on serum samples following SNA lectin capture. Figure 38 is a gel view representation
of this experiment. The prominent band at 31kd (arrow 4) is the enzyme, yet in the PNGase F

treated samples there is a recognizable decrease in protein mobilities corresponding to cleavage

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[

o7 -

66-
&5 -

36 -
31 -

21 -

14 -
6 -

BPH PCa BPH PCa
Trypsin - - + +

Figure 36. Con A Bound Serum Glycoproteins Digested with Trypsin prior
to MALDI-TOF. Pooled serum from BPH and prostate cancer sera

were bound to Con A lectin then eluted. A portion of each eluate was
separated on 8-16% SDS gel. (A) ether intact (lanes 1, 2) or digested
overnight with trypsin (lanes 3, 4).
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ASN

Figure 37. PNGase F Activity.

PNGase F cleaves between the Asn-R group on the protein and the
first GIcNAc residue of the oligosaccharide. Following cleavage
the Asn residue is converted to Asp.
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Figure 38. PNGase F Cleavage of N-linked Glycans. Prostate serum pools
of normal or cancer were captured by SNA1 lectin and then either

incubated with PNGase F or mock for 16 hours. The arrows indicate
protein bands with increased mobilities following Pngase F treatment.
(1,2,3,5) This is a representative gel view run on an 8-16% Critierion

SDS gel visualized with coomassie.
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of glycans indicated by arrows ( 1,2,3,5). For example the band in the undigested sample at
molecular weight Gé is no longer there in the digested sample, éince it has migrated to a lower
position. This again is evident in the band at MW 40 in the undigested sample becomes a
doublet in the digested lane running at 38 and 26kd. To determine‘whether PNGase F cleavage
and glycan capture would effectively release the glyans on putative glycoprotein biomarkers,
prostatic acid phosphatase (PAP) was utilized in a proof of principle experiment.

PAP is an enzyme secreted by the epithelial cells of the prostate into seminal fluids, and
determination of PAP levels has previously been used as a biological tumor marker of prostate
cancers (151, 152). Elucidation of the crystal structure.of PAP has found 3 potential glycosylation
sites occurring at Asn62, Asn 188 and Asn 301. At Asn 62 and Asn 301 high mannose
oligosaccharide structures were determined, while at Asn 188, a complex glycan structure was
present. (151) In addition, there is evidenbe that PAP may have differential glycosylation in
relation to cancer, specifically having a decrease in the branching of the high mannose chains of
Asn 62 and Asn 301 (152). Because PAP is a clinically significant marker of prostate cancer, and
it is highly abundant in seminal fluids we decided to iise PAP in our initial approach. PAP is a
homodimer with a molecular weight of 109,000, and when separated in SDS-polyacrylamide gels
runs as a 54,000 dalton monomer. Western blot analysis of human PAP from seminal fluid
samples obtained from men with prostate cancer and from healthy normals, found PAP to run at
50 kD as shown in Figure 39. Figure 40 is a 1D PAGE separation of the same seminal plasma
samples used in the western blot analysis. To be sure that the band we believed to be PAP was
indeed the protein, the 54 kD band in the first two lanes were excised, digested with trypsin and
sequence determined using peptide mass fingerprinting on the MALDI-TQF/T OF. The two bands
were identified as PAP with mowse scores over 100, which encouraged us to proceed with the
planned glycan structural analysis.

From lane three of the same gel (Figure 40), the PAP band was excised, digested with
PNGase F, and the giycans isolated as described in the methods section. The isolated glycans
were spotted 1:2 with DHB matrix and analyzed on the MALDI-TOF. Figure 41 is the

representative spectra, which was acquired from the PAP glycan sequencin'g experiment. Ais
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Figure 39. Western Blot Analysis of PAP from Seminal Fluid.
Roughly 30 ug of seminal fluids was separated on Novex Nu-Page
mini gels and blotted for PAP at a 1:2000 concentration. Lanes

1 and 2 are from healthy men.
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Figure 40. PAP Separation Prior to Glycan Analysis.

Roughly 40 ug of seminal fluid from a healthy male was separated
using an 8-16% Criterion SDS-PAGE gel and visualized with
coomassie stain. Lanes 1 and 2 were verified by PMF on the
MALDI and lane 3 was used for glycan analysis.
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Figure 41. MALDI spectra of PAP Glycans.
Glycans were captured from PAP and spotted 1:2 with saturated
DHB matrix and run in both linear (A) and reflectron (B).

The glycans are labeled according to their m/z or mass to charge ratios.
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the Iinear‘read while B is the reflectron read. Since there are no comprehensive MS database for
glycan masses detefmined on MALD! platforms, it was neceésary to manually assign putative
glycan structures based on the determined masses, the known masses of constituent sugars, and
standard reference glycans. For example; a 2-GlcNAc, 8-mannose glycan structure having a_
mass of 1743 was provided in a Sigma Chemical product Iitefature (Figure 42), which can also be
seen in the PAP glycan spectra shown in Figure 43. This high mannose structure is consistent
with those described for the crystal structure of PAP at Asn 62 and Asn 301(141). In addition, in
order to determine which carbohydrates are making the given peaks, high energy fragmentation
or collision induced dissociation is necessary to fragment the parent ion or in this case the 1743
peak.
IgG glycan analysis

Immunoglobulins represent a reservoir of potential different oligosaccharide biomarkers
since they play such a large role in the body’s defense to disease. In add»ition, our collaborators
have been looking specifically at the oligosaccharide characterization of immunoglobulin classes
in relation to cancer progression (37). Serum IgG is known to have an N linked glycosylation site
at Asn 297 of the CH2 domain (66) . The IgG heavy chain runs at around 50 kD. igG was
separated from normal and cancer seminal plasma and run out on 1D PAGE as shown in Figure
44. To follow up on this data, IgG capture and analysis was performed as described for PAP
above to determine the identities of the IgG glycans from normal or cancer samples, the glycans
captured from IgG are shown in Figure 45.
CID fragmentation of glycan standards

Since we did not have any annotating software available for this experiment, we decided to
run perform CID analysis on some glycan standards, which we had purchased from Prozyme.
The standard s>hown in Figure 46 is an M3N2 or three mannose, two GlcNAc glycan.. From the
initial MS spectrum the intact glycan is represented by the peak at m/z 933. Upon CID of two
parent ions initial scan 609 (middie spectrum) and 933 (bottom spectrum) the fragments or
subsequent components of the 933 peak become apparent. For example the peak at 226 could

correspond to a GicNAc molecule, which is detaching from the core upon fragmentation. Clearly,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



106

B

_ AM3s
100 4
BRITE
Lo
v
s 689
L
i
it
L], s
i M\ 176056
\ N sy 10
MWA\NKMN\MW»M‘: Vﬂ”“ ’ U L' A ple ) ‘\J\‘ﬁd\ﬁ-
c § Sy T T LOMAMEMDIE SRR ELALAMMS LALLM I ".I""Im/l
: ms Mmoo ns UN o U% e WS 0. s pe Wm0 b
2 Mamﬂ--?Manm\
q|: "
- an
20 AN
T 6
g £ Mane1 3Ma\n{ﬂ—:iGIcNAc[H--tiGlcNAc
ﬂ Mani1 == 2Man(11—2Manu1/ Man-8 Glycan
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(GleNAc2 Man8) which is similar to the PAP glycan found in figure 43.
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Figure 43. PAP GIcNAc2 Man 8 Glycan. Peak 17432 is representative
of the sigma high mannose glycan in figure 42.
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Figure 44. 1D Gel Separation of IgG Heavy Chain.

IgG was isolated from human seminal fluid of normal and cancer
patients and separated using Criterion SDS-PAGE 8-16% gels
visualized with coomassie stain.
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Figure 45. MALDI Spectra of IgG Glycans.
Glycans were captured from IgG and spotted 1:2 with saturated
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The glycans are labeled according to their m/z or mass to charge ratios.
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Figure 46. Collision Induced Dissociation of M3N2 Glycan.
Using CID or collision induced dissociation the core M3N2
structure can be broken up into its subsequent sugar molecules.
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software capable of annotating these structures will be necessary for future experiments, though
it is promising that this method is sufficient to allow this type 6f énalysis on the MALDI.
3.4 Discussion-

Chapter Ill highlights one strategy for the characterization of glycoproteins within a clinically
defined serum cohort composed of varying stages of prostatic disease. The approach shown
here uses an upfront lectin capture of serum glycoproteins couplied to a mass spectrometer for
both protein and glycan identification. By incorporating various lectins each with a specific
oligosaccharide binding partner, we were able to capture many classes of glycoproteins. The
lectin panel utilized here was carefully chosen based on current literature, (75, 79-82, 88, 153-
156), and previous research. For example, our collaborators on the HCC SELDI studies have
recently found an increase in fucosylation of serum glycoproteins in relation to HCC progression.
(30, 37) Therefore, AAA (Anguilla anguilla) and AAL (Alueria aurantia) were chosen. In addition,
it _is known that sialic acids are important regulators of cellular and molecular interactions since
they can mask recognition sites or serve as recognition determinants. Therefore the lectins SNA
and WGA were used which recognizes alpha 2,6 Iinked sialic acids (SNA) and sialic acids in any
linkage (WGA) (24). By cataloguing all of the proteins identified we are able to gain an idea
about the post-translational modificatiohs occurring on some of the captured proteins. For
example, alpha-1-antitrypsin was captured from SNA and WGA which both recognize sialic acid
residues. This is very interesting considering a recent publication, which found A1AT to have an
isotype change in relation to pancreatic cancer (105). Con A recognizes alpha mannoses, which
will be very prevalent in all N-linked oligosaccharides and therefore select a large number of
glycoproteins. In addition, HPA which recognizes GicNAc,, GalNAc and sialic acid residues, has
been used to identify the presence of glycans linked to aggressive types of breast ‘cancer, and
thus has a direct biological role linked to metastasis, (80). The variation in specificity of the lectin
panel can be visualized by gel analysis, which was shown in figure 18. Clearly WGA and Con A
capture the most proteins while AAA and AAL capture far fewer proteins see Table 7.

The use of a clinically defined prostate serum cohort of varying disease stages is a novel

aspect of this study since most other glycoprotein studies have involved fewer sample numbers
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and focused more on method development. In contrast to these technical studies, we wanted to
determine whether we could capture glycoproteins indicative of disease stage, and assess
whether this strategy could allow for the identification of potential biomarkers for the early
detection prostate cancers. In addition, the primary meaﬁs of separation utilized herein is gel
electrophoresis unique to our study design. One initial reason to run the gel step was to visualize
patterns between our groups, since we were more interested in changes between groups than
total prbteins identified. This gel separation step also facilitates rapid identification and
cataloguing of all the proteins captured. A complete list of all of the proteins identified by this
approach was shown in Figure 34. Of these glycoproteins AFP, haptogiobin and A1AT showed
patterns which suggested they were differentially expressed across the prostate serum groups.

" To determine whether this was occurring in our sample set, ELISA analysis was performed.
The A1AT ELISA resuits are shown in Figure 35. Interestingly, across the group C prostate
serum samples the leveis of A1AT levels are higher in the WGA and SNA captured samples, and
in Con A eluates as well. These results indicate that A1AT protein levels may be overexpressed
in low gleason scored cancers as compared to the other conditions. It is also apparent that the
WGA eluate C3 is higher then the SNA captured C3 that is due to the specificity of the lectins.
WGA will bind sialic acids linked in every configuration, while the SNA lectin binds only sialic
acids linked in a 2,6 configuration. In addition, it is possible that there may be- more A1AT with
sialic acids in the terminal position then Con A which could account for the difference across the
lectins. These results are interesting in regards to prostate cancer, since recently an isoform of
A1AT with differential sialic acids was identified to be a marker of pancreatic cancer (105). There
have been several recent studies highlighting the potential roles of A1AT in cancer progression
which further validafe our findings.

For example, in a recent study conducted by Huang et al A1AT was found to be secreted
from tumor masses (157). Huang et. al used mass spectrometry to identify the in vivo secretome
from a skin tumor mass injected into a mouse model. Using this approach they could identify the
secretome from both progressive and regressive tumors (157). Five secreted proteins including

A1AT were found from tumor masses at regressive stages. Interestingly, these five proteins three
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were protease inhibitors (157). Though this is an animal model and would need to be re-assessed
in @ human tumor model, it could provide clues to the overexbreésion of A1AT in group C3 (low
gleasdn score cancer) as opposed to the high gleason score group C4. Low gleason score
prostate tumor tissues resemble more normal prostate tissue and are less likely to spread then
high grade gleason scored tumors. Additional studies would be needed to determine if A1AT has
implications on tumor regression, and to determine the number of tumors expressing A1AT which
do regress.

In another study by Petrache et al, A1AT was found to inhibit caspase 3 activity in the lung,
thereby preventing lung endothelial cell apoptosis (158). Native A1AT could prevent apoptosis by
directly inhibiting caspase 3. This finding provides a direct relationship of an anti-apoptotic
mechanism guiding disease progression and is relevant to disease processes characterized by
strdctural cell apoptosis, oxidative stress and inflammation (158).  Of particular interest is the
ability 6f A1AT to be a marker of inflammation which is a well documented phenomenon in.cancer
patients, in prostate cancer patients (158, 159). In a recent prostate cancer study, a direct
correlation between serum prostate specific antigen énd A1AT was found. In this study the levels
of acute phase proteins such as alpha 1 acid glycoprotein, C reactive protein and A1AT were
measured in men without prostate cancer, and those with newly diagnosed prostate cancer.
A1AT levels correlated with PSA levels and were high in. men with prostate cancers as opposed |
to those without prostate cancer (159). Taken together this could suggest multiple roles of A1AT
in prostate cancer progression. It is possible that A1AT could be directly linked to the initial
immune responses to cancer, or the inflammation stages. In this way, A1AT could be secreted by
the stromal cells surrounding the tumor in the initial stages of tumor growth and act as an inhibitor
of apoptosis to allow for continued cancer growth. Yet A1AT could aiso be differentially
glycosylated in the microenvironment of the tumor and regulated by the stromal cells to alter
signaling cascades to promote increased growth receptor pathways. The possibilities of the
involvement of A1AT in cancer progression are numerous and will therefore need to be evaluated
further. One area which could greatly help determine A1AT function here would be the

characterization of the expression levels of A1AT in prostate tumors as well as the glycans

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



114

attached to the protein. It is possible that characterization of the isoforms of A1AT could also
provide information helpful for cancer detection, which has recently been shown to be directly
related tq disease progression in a handful of cancers. For example, a fucosylated version of
AFP is well described in sera associated with liver cancers (95, 97). Identification of an AFP
variant in prostate cancer sera is a novel finding, while identification of the haptoglobin and ApoA-
1 variants are also consistent with previous expression profiling studies of céncer sera (9, 24, 26,
30).

Though we believe the methodology here is an attractive prostate cancer biomarker
discovery approach, other lectin capture approaches for the characterization of the serum
glycoproteome have been reported (105, 115, 149). For example Qiu et. al performed total tfypsin
digestion of the serum first, and then used differential isotope tagging of the disease and normal
samples prior to glycopeptide capture with a sialic acid binding lectin. In this way, glycopeptides
can be captured and quantitated, yet within this study they usé serum purchased from a
company, which has minimal clinical relevance. However, many of the proteins identified from this
study overlap with our protein list. In another study by Zhou et al, a multi-lectin affinity column
which combines the lectins ConA, WGA and Jacalin was used to allow capture of a larger subset
of_ proteins (24).The jacalin lectin recognizes some forms of O-linked glycoproteins, like the mucin
family. This approach is valuable for a large scale approach to capture as many proteins from one
step. Alternatively for our study, one lectin at a time allowed for an opporfunity to differential
profile specificities of the lectins, since again we were more interested in the differences between
the cancer groups. As mentioned earlier, a different approach would be to utilize a combinatidn
of lectins to therefore increase a specific subset of glycoproteins. For example, Zhao et. al have
recently described an approach to selectively target all of the sialic acid glycoproteins within a
subset of pancreatic cancer serum samples (105). They achieved this by using a panel of lectins
that included WGA, SNA and MAL, and over 130 sialylated glycoproteins were identified (105).
This could be a valuable strategy, since it also provides information concerning dligosaccharide
structures. In addition, within the pancreatic study, they chose to use a top 12 depletion strategy

(that removes the 12 most abundant serum proteins) prior to lectin capture and mass
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spectrometry analysis; and then compared this directly to lectin capture without the depletion
step. Interestingly, fhe extra depletion step only yielded idenﬁfication of one unique protein
relaﬁvé to those identified with lectin capture alone without the depletion step.

One characteristié of glycosylation isvthat any single site has the ability to be occupied by in
a diverse heterogeneous popuiation of glycan structures (103). Furthermore, there have been
numerous studies, which have shown the prevalence of many different isoforms of PSA as a
result of prostate cancer incidence and progression (93, 94). These findings suggests there
maybe a great amount of key information obtained within the glycans attached to current markers
of disease, have encouraged the development of methodologies that characterize the attached
glycans. It is our belief that the future of glcyoproteomics for cancer diagnostics is in the different
isoforms of possibly known or existing glycoprotein tumor markers. it is possible that these
glycoprotein isoforms may represent new potential biomarkers for detection of disease,
monitoring cancer treatment, or surveillance for recurrence post-therapy.

In conclusion, we have demonstrated that an affinity lectin fractionation of serum can
reproducibly capture glycoproteins from prostate serﬁm. Alpha-1antitrypsin is one protein
idéntified here which may be a biomarker of prostate cancer aé shown here, though it needs to be
addressed further. Many of the glycoproteins identified are highly abundant serum proteins,
which indicates that the difference may be in the attached glycans. For this reason a strategy for

structural elucidation of the attached oligosaccharides was also evaluated.
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CHAPTER IV
AIM 3: DETERMINE WHETHER LECTIN CAPTURE OF SERUM IS A REPRODUCIBLE PRE-
FRACTIONATION APPROACH FOR PROFILING THE ENTIRE DYNAMIC RANGE OF THE
SERUM/PLASMA PROfEOME ‘
4.1 Introduction
As discussed in section 1.2, there has been much progress in the fietd of mass spectrometry

regarding protein analysis since the introduction of soft-ionization technologies in1990 (12).
These successes have allowed for the development of higher resolution mass spectrometers with
increased throughput capabilities, improved automation for up-front sample fractionation and
processing, as well as ever evolving data analysis and user interface software (9, 111, 112, 116).
Yet, although these efforts have successfully increased the sample throughput capabilities of
protein biomarker mass spectrometry experiments, many aspects of these processes are still not
easily amenable to large scale clinical proteomic applications (9, 112, 116). For example,
biomarker studies using clinical serum/plasma cohorts with SELDI (surface enhanced laser
desorption ionization) and MALDI (matrix assisted laser desorption ionization) time-of-flight (TOF)
mass spectrometers have highlighted both the advantages and disadvantages to using these
platforms for clinical protein profiling and biomarker discovery (45-49, 52, 160, 161). The main
advantages to these methods is their ability to comprehensively analyze all proteins within a
given sample, and when combined with automated sample processing, large numbers of samples
can be efficiently and reproducibly analyzed as shown in chapter 2, (43, 161, 162). However, in
complex clinical fluids like serum or plasma, these profiling methods are ineffective in evaluating
the large dynamic concentration range of these proteomes, (111, 116, 161, 163), and are most
effective at examining the most abundant proteins. In addition, while these profiling methods were
very effective at identifying multiple low-mass peptide/protein biomarker candidates under 15,000
m/z, efficient follow-up methods were lacking for rapid isolation and sequencing determinations of
these candidates. Biomarker candidates that have been identified following these profiling
studies generally represent fragments or truncations of high abundance proteins, (144, 161)

specific disease-associated modifications (26), or potential end-products resulting from the
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presence of disease specific proteases, (144), and/or protease activities associated with sample
preparation (164). Clearly analysis of the entire dynamic range of the proteome has become a
demanding challenge facing the future of clinical biomarker assay development as discussed in
chapters Il and lll of this dissertation (45, 108, 111, 113, 116, 161). Hence, there is a continued
need for the development of efficient methods to improve specific mining of complex proteomes
in an efficient, cost effective and high throughput manner that facilitates identification of novel
disease biomarkers (6, 105, 111). |

The need to identify low-abundance biomarker candidates has Iéd to a rejuvenation in the
application of chromatographic methods to pre-fractionate complex clinical samples prior to mass
spectrometry evaluation (9, 45, 108, 116). One chromatographic strategy gaining widespread
use is to specifically deplete the most abundant serum and plasma proteins (like albumin and
immunoglobulins) as the first step in the biomarker analysis workflow (108, 116). Most of these
approaches use either antibody-based or affinity-gel based resins to deplete the most abundant
proteins in serum or plasma, and many are commercially available as kits. There are a variety of
options within these serum/plasma depletion kits, incl.uding those which target the two most
abundant proteins, albumin and immunoglobulin G (IgG), as well as more progressively
expensive versions that remove from 5-20 of the most prevalent serum/plasma proteins. A list of
the top 20 most serum/plasma proteins depleted by these methods is included in Table 8.
Although these antibody-based approaches do achieve the desired depletions, they are not cost
efficient, require large starting sample volumes, and cannot be easily autdmated, significantly
limiting their use for larger scale clinical studies that require analysis of hundreds and thousands
of samples (108, 111, 116). In contrast, the use of carbohydrate binding lectins as a pre-
fractionation approach has emerged as a more cost effective and fully automated alternative to
other depletion approaches. Lectins have historically been utilized for elucidation of glycoprotein
structure and function, (101, 165-167). Yet, as shown in chapter 3, lectin affinity approaches have
recently been utilized to selectively enrich and catalogue glycoproteins associated with cancer

progression (81). As applied to proteomic mass spectrometry studies, lectins have been used to
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Il'able 8. List of Proteins Commoniy Depleted by Top 20 Depletion Kits.

PROTEIN MOLECULAR WEIGHT
lbumin 66 kDa
Kpolipoprotein A1 P8 kDa
Ppolipoprotein A2 11 kDa
Wpolipoprotein B 550 kDa
mmunoglobulin G 150 kDa
Transferrin 77 kDa
Fibrinogen 340 kDa
Acid-1-Glycoprotein 43 kDa
Immunoglobulin A 150-300 kDa
Ceruloplasmin 130 kDa
Plpha-2-macroglobulin 700 kDa
Complement C4 P00 kDa
Fmmunoglobulin M 950 kDa
Compiement C1q 26 kDa
fAlpha-1 -Antitrypsin 52 kDa
Immunoglobulin D 1180 kDa
Complement C3 187 kDa
Transthyretin 55 kDa
Haptoglobin 400 kDa
Plasminogen 81 kDa
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specifically isolate glycopeptides in complex peptide mixtures (37, 104, 105, 113). These types of
studies have re-introduced lectins as a valid pre-fractionation ‘approach for glycoprotein rich
clinical fluids like serum and plasma (104, 113).

- When we first began using lectins as a glycoprotein enrichment step in chapter 3, we noticed
that the material which bound to the lectins, was more simpliﬁed than our starting serum samples.
For exampile, lectin pre-fractionation decreased the amount of serum albumin then samples,
which were not pre-fractionated with the lectin. This finding led us to question whether lectin
fractionation could be useful as a pre-fractionation approach for proteomic profiling studies of
serum. The study herein shows the potential of using lectin affinity capture as a pre-fractionation
step in proteomic studies to reduce the sample complexity of serum and/or plasma samples prior
to proteomic analysis. We have mainly assessed this approach by gel fractionation, though
recently we have begun assessing the incorporation of a quantitative isotope labeling method
(iITRAQ™) coupled directly to sequencing with an LTQ mass spectrometer.. We have greatly
increased the number of proteins identified by using this strategy. We believe this approach
provides an alternative, low-cost option to decreasing albumin levels within plasma and serum
while providing better sample throughput options important for larger-scale clinical proteomic
studies.

4.2 Materials and Methods

Serum and Plasma Samples

The Virginia Prostate Center Tissue and Body Fluid Bank obtained all serum and plasma
samples. Blood samples were collected under the same protocol from properly consented
patients and obtained from the Department of Urology, Eastern Virginia Medical School. Prostate
seminal plasma samples were also obtained from the Virginia Prostate Center Tissue and Body
Fiuid Bank from patients diagnosed as having either prostate cancer or benign prostatic

hyperplasia.
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Removal of Albumin and igG

Two commercially available kits were used to evaluate depletion of major blood proteins prior to
lectin incubations inciuding an antibody-based albumin and immunoglobulin G depletion kit
(ProteoPrep 1A, Sigma-Aldrich), and a blue-dye affinity resin Montage albumin depletion column
(Millipore). Sigma depletion column — the sigma spin column was incubated with 400 ul of sigma
equilibration buffer and allowed to spin at 8,000-x g for 30 seconds. The flqw through was
collected and the column was equilibrated 2 more times in the same way. Following equilibration,
70 wi of serum or plasma + 30 ul of equilibration buffer was applied to the column and allowed to
incubate for 10 minutes at RT. After 10 minutes the column was spun for 1 minute at 8,000-x g
and the flow through collected and re-applied to the column, which again was allowed to incubate
for 10 minutes. The flow through was collected and combined with 100 ul of equilibration buffer,
which was applied to collect ail the remaining material from the column. To strip the albumin and
IgG from the column, 100 ul of stripping buffer was applied to the column and incubated for 10
minutes, the flow through was collected.

Montage degletikon -to prepare»the column for depletion, 400 ul of equilibration buffer was applied -
to the column and spun at 5,000-x g, and the flow through discarded. The column was processed
this way 2 times. 70 ul + 30 ul of equilibration buffer was added to the newly eqbuilibrated column
and allowed to spun at 5,000 x g. For comparison purposes to the Sigma column, the newly
depleted serum was re-applied to the column subjected to a spin and collected. This was
combined with 100 ul of equilibration wash buffer.

Lectin Capture with agarose beads

Lectins with known oligosaccharide binding properties which were bound to agarose beads were
purchased from Vector or E-Y laboratories. For undepleted serum and plasma samples the lectin
incubations were carried out as follows: 50 pl of patient sera/plasma was incubated with 150 pl of
lectin binding buffer and added to 150 l of lectin beads. The bead/serum mixture was allowed to
shake and incubate at 4° for 16 hours. Following incubation all unbound material was collected;
the beads were washed 3x with appropriate binding buffer (Table 6). The bound glycoproteins

were eluted by competitive inhibition of the lectin’s appropriate sugar 200 ul (Table 6). Con A
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elutes with-mannose, and SNA with lactose. Following elution, protein concentrations were
determined by Bradfbrd assay to assure equal loading of gels. For depleted serum samples prior
to lectin capture, 150 pl of depleted serum was mixed with 50 pl binding buffer and allowed to
incubate with 150 pi of the appropriate Iecﬁn agarose bead slurry shaking at 4° for 16 hours. .
Plasma samples were utilized for the Iectink capture followed by depletion analysis. A combination
of lectins were utilized which included ConA and WGA beads (150ul each). 200 ul depleted
plasma was incubated with the bead slurry and allowed to incubate at 4° for 16 hours. Bead
elution was carried out sequentially, with addition of 100 ul (200mM mannose), which was
allowed to incubate for 10 minutes, and collected followed by 100 ul (200 mM GicNac). The '
eluates were acetone precipitated prior to iTRAQ ™ labeling.

Lectin Capture with Bruker Magnetic Beads

Capture with Bruker Magnetic beads (ConA,WGA ) was carried out according to the manufacturer
protocols and as shown in Sparbier et al (78). The magnetic beads were inverted repeatediy to
shake the bead solution (20 times). WGA bead capture: 20 pl of resuspended magnetic beads
were added to a standard thin wall PCR-tube and 100 pl of WGA-Wash Buffer 1 was immediately
added. The tube was placed in a magnetic bead separator (MBS) and moved back and forth 20
times to aliow mixing. The‘ supernatant was collected. The beads were resuspended in 100 pl
Wash Buffer 1 and the wash was repeated two more times. Next the beads were resuspended in
20 pi WGA-WB1 to which 20 pl of serum was added. The beads were incubated for 1. hour at
room temperature, swirling the tube from time to time to mix the beads. Following incubation, the
tube was placed in the magnetic bead separator and the supernatant (unbound) material was
collected. Next 100 pl of WGA-Wash Buffer 1 was added and placed on the bead separator and
moved back and forth 20 times to wash the beads, and the supernatant collécted. 100 i WGA-
WB2 was added and the tubes in the bead separator same as above, this was repeated 2 times.
For the elution of immobilized peptides and proteins 20 pl of WGA-elution solution was added
and allowed to incubate for 15-20 minutes. Next the tube was placed in the MBS and the eluate
was collected. Con A capture . The beads were inverted to mix same as for WGA. 20 pl of

resuspended magnetic beads were transferred to a standard thin wall PCR tube and 100 pl
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ConA-BS added immediately. The tube was placed in the MBS and moved back and forth
between adjacent wells 20 times. The supernatant was removed. The beads were next
resuspended in 100 pl ConA-BS and washed 2 additional times as above. For sample addition,
20 pl Con A BS was added first, followed by 20 pl serum and allowed to incubate for 1 hour at
room temperature, swirling the tube from time to time to mix. Following incubation the tube was
placed on the MBS and unbound removed. 100 ul ConA WS 1 was added, ‘mixed and removed,
followed by two washes with ConA WS 2, which was removed. For the elution, 20 pl Con A
elution solution was added and allowed to incubate for 10 minutes mixing time to time. For
collection of the eluate the tube was placed in the MBS and the eluate bound material collected.
1D-SDS PAGE Analysis
Either NUPAGE 12% Bis-Tris'geIs (Invitrogen, Carlsbad, CA) or Criterion SDS-PAGE 8-16% gels
(BioRad) were utilized. The NUPAGE system uses a NUPAGE MES SDS running buffer in a
Novex Mini-Cell system (Invitrogen) and is run using constanf voltage of 200 for 45 minutes.
Trypsin Digest
All gel bands were excised and placed into Axygen Maximum Recovery tubes 1.5 mL and
washed with 100 mM NH,HCO; to ensure correct pH. To destain silver stain gel pieces they
were incubated with a 1:1 mix of destain A and B reagents (Invitrogen) and allowed to shake for
20 minutes followed by two 5 minute washes with 100 mM NH,HCO,. To coomassie stained gel
pieces they were destained by incubation - with a 50% ACN, 50% 100 mM NH,HCO; solution for
10 minutes. Following destaining thebgel bands were dehydrated with 50 ul ACN (HPLC grade
Fisher) for ten minutes or until the gel slice appears thin and grainy.‘ Next the gel bands were
reduced with 60 ul of 20 mM DTT (BioRad) for 30 minutes at RT. Following reduction; the
proteins were alkylated with 60 ul of 50 mM iodoacetamide at RT in the dark. (BioRad) Following
| alkylation the gel pieces were dehydrated three times with ACN, and rehydrated once with 10 mM
NH4HCO; for ten minutes. Next the gel pieces were dehydrated three more times with ACN and
dried in the speed vacuum - 25 ug roche trypsin was mixed 100 mM NH;HCO; and added to the
gel pieces. Promega trypsin was mixed to a final concentration of 20 ug with 100 mM NH@HCOa

and added to the gel pieces. The digest was carried out at 37° for no longer then 16 hours.
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Following digestion the MALDI-bound samples were spotted directly, 1:2 with 10mg/ml CHCA
matrjx.

iTRAQ™ Labeling of lectin eluates

Following lectin capture and sigma albumin and IgG depletion, the eluates acetone precipitated
and labeled using the iTRAQ™ reagents as follows: 20 pL of dissolution buffer was added to the
pellet, the samples was reduced for 1 hour at 60 ¢ C for 1 hour. Following incubation, 1 pL
cysteine blocking reagent was added and mixed. This was allowed to incubate for 10 minutes at
RT. Next the proteins were digested with trypsin. The trypsin was included in the kit and
reconstituted with 25 pL Milli-Q® water. 10 pL of the trypsin solution was added to each sample
tube and allowed to incubate at 37 °C overnight 12 to 16 hours. Following digestion the samples
were labeled with iTRAQ™ reagents. 70 pL of ethanol was added to the each reagent vial
(114,115,116,117) and added to the samples.  The samples were incubated for 1 hour. After
incubation all of the tubes were combined, and purified through an SCX (Applied Biosciences)
column to reduce the concentration of buffer salts and organics. The sample is then diluted 1:10
with Buffer A (formic acid, HFBA and acetonitrile) and run on a ThermoElectron LTQ.

LTQ Analysis

The iTRAQ™ labeled samples can be quantitated using the reporter tags which during
fragmentation produce ions at m/z 114, 115, 116 or 117. Protein identifications were verified by
manual inspection of all peptide ion series, ensuring at least 80% of the combined b and y ion
series are represented by ions exceeding 3X background noise. In addition, at least 2 unique
peptides are required for identification of any single protein. High quality MS/MS spectra , which
resulted in, sequence data but no protein identities were submitted for BLAST search to
determine if homologues exist in any of the established NCBI databases. In addition where
necessary, de novo sequencing software was used to make high quality sequence assignments,

~ which are searched against the species specific EST databases.
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MALDI-TOF MS Analysis
Tryptic eluates were prepared with a-cyano-4-hydroxycinaminic acid (10mg/ml) and analyzed
using an Uitraflex MALDI-TOF mass spectrometer (Bruker Daltonics) read in reflectron mode.
Eluates from the Bruker Con A magnetic bead experiment were manually spotted 1:2 with
10mg/mL CHCA on an anchor plate and read in linear mode.
4.3 Results
Comparison of albumin depletion and lectin capture

Lectins selectively bind glycosylated broteins; therefore, since many abundant serum
proteins are not glycosylated therefore, lectins could decrease levels of albumin in serum or
plasma, and provide an alternative strategy to depletion. To determine whether lectin capture
could potentially be an alternétive to albumin depletion, we first assessed whether lectin capture
is .comparable to the albumin depletion columns by one-dimensional analysis. Two-
serum/plasma depletion strategies were utilized including an antibody based Sigma albumin and
immunoglobulin depletion kit and a Montage albumin depletion kit (Millipore) which uses a blue-
dye affinity resin for albumin depletion. Figure 47a is a representative gel analysis of raw serum
in relation to serum that has been depleted using either the Sigma depletion kit or Montage
Albumin depletion kit and visualized by silver stain. As mentioned, the Sigma kit will deplete both
albumin and IgG while the Montage kit depletes only albumin. Clearly these kits are efficient in
depleting albumin from the serum sample when compared to the raw undepleted serum:
However, the kit from sigma appears to have lower levels of albumin remaining following
depletion. To compare the lectin pre-fractionation of serum with the depletion approach for
albumin removal, serum was incubated with the Con A lectin and then quantitatively compared
with the depleted samples as shown in figure 47b. Interestingly, by one-dimensional gel analysis
albumin levels of the lectin captured serum are similar to the serum that was first depleted and
then lectin fractionated. Comparison of the bound protein profiles from depieted fractioné with that
of lectin alone indicate a similar pattern of bound proteins independent of depletions. Similar

results were obtained with the WGA shown in Figure 48.
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C4 raw sera

C4 sigma depleted

C4 montage depleted

C4 con A captured

C4 sigma depleted Con A
C4 montage depleted Con A
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Figure 47. Gel View Analysis of Albumin Depletion vs. Lectin
Fractionation. 1D gelanalysis using 12% Bis-Tris Nu-PAGE gels.
Comparison of A) raw serum 2) serum depleted of albumin and IgG
(Sigma) and 3) serum depleted with a Montage column (Millipore)
Roughly 15 ug was loaded and visualized with coomassie stain.

B) Comparison of 1) serum captured with Con a lectin 2) serum depleted
with sigma prior to Con A capture or 3) serum depleted with

Montage prior to capture with Con A. Roughly 50 ug of protein was
loaded and visualized by silver stain.
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Lane 1: normal serum depleted of albumin Sigma  Lane 5: ca serum depleted of albumin UBWGA
Lane 2: normal serum depleted of albumin UB WGA Lane 6: cancer serum depleted of albumin
Lane 3: normal serum depleted of albumin B WGA Lane 7: albumin & igG eluted off sigma column
Lane 4: cancer serum depieted of albumin B WGA Lane 8: albumin & 1gG eluted off sigma column

Figure 48. Comparison of Serum Protein Depletion and Lectin Capture
Strategies. Pooled prostate cancer serum sample 50 ul was incubated with
WGA alone or prefractionated with montage or sigma albumin depletion
column prior to incubation with the WGA lectin. Eluates were separated

on an 8-16% gel and stained with coomassie.
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Reproducibility and Automation of Lectin Capture Approach

A significént advantage of using lectin capture instead of depletion is in its ease of
adaptability to automation, since many companies are introducing lectins attached to bead
surfaces. Recently, Bruker Daltonics has made available fhe ConA and WGA lectins attached to
magnetic beads, which is therefore compatible to a liquid sarﬁpling ClinProt robot. The availability
of these beads offers an attractive way to increase both the throughput and reproducibility of this
approach as applied to high scale protein profiling experiments. To determine whether the
magnetic beads offer the range of proteins bound by the agarose beads we had been using, an
initial comparison of both beads in serum and plasma was performed. Figure 49 is a one
dimensional gel view of the Con A agarose beads (Vector labs) in comparison with the new Con
A Bruker magnetic beads. Both sets of beads appear to bind a wide range of proteins as shown
by silver stain, which is apparent for both serum and plasma samples as indicated. To determine
whether the magnetic beads can perform selective capture in a highly reproducible manner, next
the sample was run in five different bead capture experiments. Figure 50 shows the results for
both serum and plasma as separated by 1D gel analysis and visualized with silver stain. A
protein assay was not done in this case to further illustrate the reproducibility of the bead capture
using the magnetic beads, instead 20 ul was loaded of each sample. By gel view the bead
capture looks to be very quantitative and reproducible. Although experiment was not automated
since at the lectin heads were not commercially available at the time of this experiment, clearly
when processed manually, reproducibility of using these magnetic beads is great. This feature

could improve when the entire procedure is fully automated.
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Serum Plasma Serum Plasma
Con A Beads Magnetic Con A

Figure 49. Comparison of Lectin Agarose Beads with

Bruker Magnetic Beads. NUPAGE Bis-Tris 12% gel view of

serum and plasma samples incubated with either agarose Con A
or Bruker Con A magnetic beads. 15 ul of lectin eluate was loaded
And visualized by silver stain.
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Figure 50. Assessment of Bruker Magnetic Beads Reproducibility
in Serum and Plasma. Gel view analysis of the 1 serum sample
and 1 plasma sample, which was run in five separate bead
fractionation experiments to assess reproducibility of the magnetic
bead cature. Eluates were run on 12% NuPAGE Bis-Tris gel and
visualized with silver stain.
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Comparison of protein identifications of lectin capture vs. depleted lectin capture

To determine if lectin capture without depletion could capture the same sets of proteins
when serum is depleted, or see the dynamic range we were achieving, serum samples treated
with the lectin alone, or depleted and then treated with the lectin were loaded quantitatively and
subject to trypsin digest and peptide mass fingerprinting using a Bruker MALDI-TOF/TOF. As
shown in figure 51, the proteins, which are identified by the lectin, are similaf to the proteins
identified following the depletion strategies, further demonstrating the comparability of using lectin |
fractionation as opposed to a costly depletion approach. Though this strategy does allow the
starting serum sample to be fractionated thereby decreasing albumin levels, and this allows
subsequent identification as shown here, the strategy is limited by only being able to identify
protein bands as visualized on a gel. In order to increase the amount of proteins identified and
see more of the dynamic range of the proteome, it will be necessary to perform a total trypsin
digest of lectin eluate and identification without the gel step. Since there is no gel fractionation in
this strategy, it may be necessary to get rid of the albumin, yet even following albumin depletion
there are still trace amounts of albumin, which can interfere with analysis. This prompted us to
determine whether using a depletion column following lectiin fractionation could yield a sample
with less total albumin, and thereby increase the dynamic range of proteins seen within a serum
or plasma sample.
Lectin Capture followed by Depletion
To assess whether albumin depletion following lectin capture could further decrease the sample
complexity of our beginning serum sample and result in more protein identities, lectin capture was
carried according to protocol. To increase the coverage of proteins seen from the lectin capture,
a combination of lectins was utilized which included 150 ul of ConA and 150 ul of WGA. Roughly
50 ul of plasma sample with the lectin bead slurry and allowed to incubate 16 hours. The eluate
was acetone precipitated and depleted using the sigma column and separated by 1D PAGE and
compared with serum which had first been depleted and then lectin captured similar to what has
been shown previously. This is shown in Figure 52 by gel analysis, in which the level of albumin

is now is very minimal compared to the serum which was depleted first and then fractionated with
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Figure 51. Protein Identification of Different Depletion
Approaches. SDS-PAGE separation of serum samples (360 ug) of
lectin fractionated or depleted then fractionated samples. Gels were
run on 8-16% SDS gels and visualized with coomassie. Red boxes
indicate proteins which were excised for identification.
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Figure 52. Lectin Fractionation Followed by Albumin
Depletion. 12ul of prostate plasma was either 1 and
2 lectin fractionated and then albumin depleted or 2
nd 3, depleted before lectin fractionation.
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lectin. To determine whether this approach could allow analysis of more of the dynamic range of
the proteome, we chose to perform an experiment in which a quantitative label could be used in
combination with total trypsin digest of the eluates and identification with an LTQ instrument. The
tentative list of proteins identified by this method is listed in Table 9. By addition of the depletion
step following lectin capture it allows for analysis of proteins which are found at less then 50
picograms per mL in human plasma, therefore allowing more of the dynamic range to be
analyzed.
4.4 Discussion
Proteomic profiling of clinical fluids has had many recent successes in the discovery of
cancer biomarkers which can be attributed in part to some of the technological advancements
made within the field of proteomics in the past 10 years. (46-51, 111, 168) However, one issue
that continues to plague the future of biomarker research is the extent to which these
methodologies can analyze the entire dynamic range of the proteome. (9, 105, 113, 169-171) As
a resuit of these concerns, there has been a concerted effort to develop better pre-fractionation
strategies capable of reducing the complexity of seruvm/plasma enabling the analysis of the entire
dynamic range of the proteome (108, 111, 116). Many of these strategies utilize a depletion
approach, in which the serum/plasma sample to be analyzed is first depleted of its most abundant
proteins. This is done in order to decrease sample complexity, and allow analysis of the low
abundant proteins that are otherwise unseen. This manuscript presents lectin fractionation as an
attractive alternative approach to decrease albumin levels in clinical fluids prior to mass
spectrometry analysis. Also, in addition to decreasing the complexity of serum and plasma
comparable to other methods, lectin capture has many advantages over other current strategies.
True, depletion columns will effectively decrease the amount of albumin in serum and

plasma, (111, 114), as well as deplete the most abundant proteins in the samples if necessary,

- yet whether this depletion is also getting rid of other important features is likely (161). For '
example, controversy exists concerning the specificity of the depletion approaches, and whether
potentially important carrier proteins will also be lost (116, 117, 172). This hypothesis has been

evaluated by analysis of the bound fraction of albumin depleted from human plasma. In this study
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Table 9. List of Proteins Identified
*Alpha 2 macroglobulin
*Hemoglobin subunit beta
*Ig mu chain C region
*Ilg mu heavy chain protein
*Serotransferrin precursor
*Haptoglobin precursor
*Alpha-1-antitrypsin
*Ig alpha 1 chain C region
*Hemoglobin subunit delta
*Hemopexin precursor
*Fibrinogen
*Alpha-1-antichymotrypsin
*Complement C4
*Ig lambda chain C
*Complement C3
*ADAMTS precursor
*Fibrinogen
*Metallothionein-1B
*Apolipoprotein C-ill
*FRAS1-related ECM protein
+Cingulin
*Vitamin D binding protein
*Scavenger receptor protein
*Complement C4B
*Amyloid like protein
*Urokinase type activator
*Gap junction alpha 1 protein
*ADAM 12 precursor
*CD5 antigen like precursor
sInterluekin 25 precursor
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57 unique proteins were identified in the bound fraction, complexed with albumin. These proteins
which would have otherwise been discarded, could be of intereét, since albumin functions as a
transporter of many substances in the body including drugs, hormones and fatty acids (108, 116-
118, 172). Lectins on the other hand will 6ffer a different fraction of the starting sample material
in that they will only bind the glycosylated proteins within the sample. in this way, only proteins
with glycosylation events will be in the fraction, which will by default yield a starting material with
less albumin which is comparable to front end depletion kits as shown in Figure 47b.
Furthermore, when a depletion step is added following lectin fractionation, it allows analysis of
proteins within (order of dynamic range).

In addition, lectin strategies offer many practical advantages over most depletion strategies.
For example, lectins require small sample starting materials, and are very amenable to
automation, as demonstrated by the Bruker magnetic bead experiment in Figures 50-53.
quthermore, lectins are an.inexpensive fractionation appfoach, especially compared to some of
the current top 20 abundant protein depletion kits which are very pricey, in their depletion of:
apolipoproteins A and B, alpha-1-antitrypsin, alpha-1;acid glycoprotein, haptoglobin and
trahsthyretin to name a few (108). Besides the high cost of these methods, there is also concern
about whether these proteins should be removed, since many of these proteins have recently
been found by biomarker discovery groups to be differentially expressed in cancers. For example,
alpha 1 acid glycoprotein, a known acute phase protein is thought to be down regulated in breast
cancers, while levels of transthyretin, a thyroid binding protein is decreased in ovarian cancers.
Also, haptoglobin has been shown to be over expressed in late stage ovarian cancers as well as
cancers of the pancreas and lung (29, 38, 105, 119, 120). Furthermore, it is also possible that
these high abundant proteins have important post-transiational events, which could be indicators
of disease. For example, at the level of their structural glycans as opposed to only protein
expression levels. Until the specific differences in glycosylation constituents are determined
and/or other post-translational modification characterized, excluding these types of median

abundance serum proteins in biomarker analysis may be premature.
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in support of this, for example, Communale et. al recently identified many abundant
serum proteins having increased fucosylation in hepatocellular carcinomas. In addition, another
recent study looking for biomarkers of pancreatic cancer found altered glycosylation sites of
alpha-1-antityrpsin in cancer versus normal serum sampleé (105). Taken together this data
highlights some potential considerations associated with large-scale depletion, and further
demonstrates the feasibility of lectin pre-fractionation for serum/plasma prqfiling. Finally, in.order
to bring clinical significance to the biomarker discovery process, proteomic profiling studies
require reproducibility as well as the need for high throughput and automation. A drawback to the
depletion approaches is in their lack of high thrdughput capabilities. This could allow for the entire
process to be run in an automated manner, producing reproducibly lower levels of albumin in
each beginning serum and plésma sample as a pre-fractionation approach.

In conclusion, we believe lectin fractionation of serum or plasma prior to proteomic analysis
is a legitimate alternative to other approaches, which mainly fbcus on albumin and abundant
protein depletion. Lectins are available in many forms, with numerous specificities at a low cost.
They are easily adaptable to automation, and are reproducible, and deplete the albumin levels of
serum/plasma to levels comparable to high-end depletion kits. In this way, lectin fractionation
offers an affordable and practical approach to possibly analyzing more of the dynamic range of
the proteome. It is our belief that this strategy could be very useful for large-scale protein profiling

experiments.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



137

CHAPTER V
CONCLUSIONS AND FUTURE DIRECTIONS
5.1 Aim |: SELDI-TOF MS profiling of serum from patients with different stages of liver
disease. |
1. SELDI-TOF MS profiling can be used as a surveillance tool to follow disease progression,
offering the flexibility of incorporating known serum markers or other clinical test data into the
SELDI data analysis.
2. 38 peaks were identified across the four different clinically stratified liver cancer groups. Of
these, four peaks differentially expressed with thebability to discriminate between the different
serum sample groups: including a peak at m/z 5,808 found to be increased in HCC serum, a peak
at m/z 8939 increased in HCV cirrhosis samples, m/z 9,501 increased in normal serum samples
and m/z 11,735 which was increased in HCC serum samples.
3. Using the 38 peaks identified using the SELDI analysis; two- way decision classification trees
were made in order to determine the sensitivity and specificity of the peaks for detecting disease.
From these results it was clear that SELDI peaks are‘ more effective at distinguishing normal from
non-cirrhosis, cirrhosis and HCC conditions as disease severity increases.
4. Decision classification trees constructed from the SELDI-TOF analysis can be used to screen
a blinded dataset. Using a blind dataset, the trees could correctly identify 91% of HCC cases
(51/56) and 76% of healthy cases (33/42).
5. Incorporation of known clinical tumor markers such as AFP, DCP and GP73 increased the
correct classification of chronic HCV vs. HCV-HCC from 71%/64% to 79%/86% and HCV disease
vs. HCV-HCC from 61%/76% to 75%/92% Sensitivity and specificity.
5.2 Future Directions
One of the largest disadvantages of the SELDI-TOF MS approach utilized in this aim is its
inability to identify the peaks/proteins, which classify disease. Various theories exist as to the
likely identities of the proteins. Within our study, differential peaks were found across each of the
different stages of disease which indicate that the discriminatory peaks are not acute phase

reactants as previously suggested, but rather, specific biomarkers of disease. Another possibility
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is that these protein peaks are different glycoforms of proteins specific to disease stage or
glycoforms of existing tumor markers for HCC, such as AFP, which has recently been shown to
have increased fucosylation with HCC progression. (147) Therefore to assess whether
glycosylation is responsible for the protein peaks visualized in the data set, the lectin affinity
methods from chapters 3 and 4 will be applied to the disease stratified serum sample groups
which are currently being collected by the Early Detection Research Network. In this way,
glycoproteins can be identified which may be specific to disease stage, as well as assessed
guantitatively by the incorporation of iTRAQ™ which could be used to individually label samples
from each of the four different sample groups. All potential glycoproteins that are differentially
expressed, or determined to be of interest, can then be analyzed similar to that described for the
glycan analyses of PAP and IgG in the Aim #2 experiments.

5.3 Aim il: To use a targeted multi-lectin affinity approach to identify glycoproteins present
in serum, which can distinguish prostate cancer from behign disease. |

1. Upfront differential lectin affinity capture is a reproducible fractionation approach for capturing
serum glycoproteins

2. Each lectin utilized produced distinct glycoprotein patterns visualized by SDS-polyacrylamide
gel analysis. Coupling lectin fractionation with mass spectrometry analysis aliowed for the
identification of proteins specifically captured by each lectin.

3. Application of the lectin fractionation and mass spectrometry approach on a set of clinically
diagnosed prostate serum samples allowed for the identification of serum glycoprotein isoforms
specific to disease stage.

4. Treatment of serum with the enzyme PNGase F allows the release of N-linked
oligosaccharides as shown by 1D gel analysis.

5. PNGase F treatment of human seminal plasma prostatic acid phosphatase allows release of
the N-glycans attached to the protein. Coupling enzyme digestion with mass spectrometry allows

visualization of the PAP glycans. This was also performed for serum Immunogiobulin G (IgG).
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5.4 Future Directions

The results of Aim Hl have established that lectin fractionation is a reproducible approach for
the specific capture and characterization of serum glycoproteins. By coupling lectin capture with
gel fractionation and mass spectrometry analysis various serum glycoproteins with the potential
to detect prostate cancers have been found, although it is unclear whether the glycoproteins are
being captured due to over expression at the protein level, or as glycovariants at the
carbohydrate level. Therefore, this will need to be assessed by ELISA analysis of lectin captured
glycoproteins. Some of the proteins that need to be assessed include: haptoglobin, alpha-1-
antitrypsin and alpha-fetoprotein. If these proteins are not differentially expressed at the protein

-level it will be necessary to identify their glycans using the experimental procedure shown in
chapter 3 for prostatic acid phosphatase. However, it will be necessary to incorporate the
appropriate software and access to databases, which can annotate sugar structures such as
GlycoMod or GlycoSuite DB.

In addition, since PSA is the current diagnostic standard for prostate cancer detection, and it
is also a glycoprotein, it will be interesting and neceséary to characterize all of the glycoforms of
PSA in relation to cancer progression. There have been a handful of studies assessing the
different glycoforms of PSA in relation to prostate cancer progression (92-94). From these
studies, it has been shown that PSA glycans change with disease progression, although these
conclusions were based on analysis of very few samples, highlighting the need for confirmation in
a larger serum cohort. Therefore to comprehensively assess all of the PSA glycoforms in relation
to cancer stage, we propose to develop an HPLC methodology incorporating a PSA purification
step, initially from archived seminal plasma from healthy normals and cancers where the PSA
concentrations can be as high as 0.5 mg/ml. The PSA glycoforms will then be fractionated by gel
separation followed by glycan analy#is. In this way the relationship between PSA glycoforms and
cancer progression can be further elucidated, potentially identifying a variant of PSA to aid in

early detection diagnostics.
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5.5 Aim lll: Determine whether lectin capture of serum is a reproducible pre-fractionation
approach for profiling the entire dynamic range of the serum/plasma proteome.
1. Upfront lectin fractionation can effectively deplete the amount of albumin within a starting
serum or plasma sample, as well as enrich for specific glycoprotein subsets, as visualized by 1D -
polyacrylamide gel electrophoresis.
2. The amount of depletion of albumin by lectins is comparable to other albumin depletion kits as
visualized by gel analysis. This was confirmed by comparing the proteins captured by each
method as determined by peptide mass fingerprinting.
3. Bruker Con A magnetic beads can reproducibly fractionate both serum and plasma samples
as demonstrated by both gel and mass spectrometry analysis. Therefore, fractionation with
lectins offers an affordable and high throughput alternative to high end albumin depletion kits.
4. Incorporation of an albumin depletion step following lectin fractionation décreases residual
albumin levels and allows for the identification of proteins within the entire dynamic range of the
proteome, as elucidated by LC-MS/MS LTQ analysis.
5.6 Future Directions

From Aim I, it is shown that upfront lectin fractionation is a reproducible alternative
approach for albumin depletion prior to proteomic anallysis. Lectin fractionation is advantageous
over other approaches since it has the capability of being automated, as demonstrated with the
Bruker magnetic bead experiment in chapter IV. In addition, when lectin fractionation is followed
by albumin depletion, proteins otherwise masked by the most abundant proteins in plasma are
identifiable, allowing a greater depth of analysis to the lower ranges of the serum  proteome.
Combined with the lectin enrichment, this finding could allow identification of biomarkers not
previously detected by mass spectrometry methods in relation to disease progression. In addition,
this approach has an inherent automation capability that can be applied to a large scale clinical
sample set. Therefore, a future experiment would be to fully automate the process on the

ClinProt robot with the Bruker beads followed by immunoaffinity beads with an antibody to
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albumin. The depleted, glycoprotein enriched samples can then be used for direct analysis by
MALDI-TOF/TOF, or further fractionation using trypsin digestioﬁ and iTRAQ type approaches.
5.7 Cdncluding Remarks

In conclusion, proteomic technologies as applied to biomarker research have evolved from
global profiling based approaches typified by SELDI-TOF MS to more targeted approaches
focusing on capturing specific classes of proteins with a distinct relationship to cancer
development. Many of these approaches focus specifically on characterizing the post-
translational modifications occurring on proteins such as glycosylation, which has been known to
be directly related to cancer progression. The studies described herein illustrate the
technological evolution of proteomic expression profiling strategies, ranging from SELDI TOF/MS
to affinity. capture approaches. The overexpression of Alpha-1-Antitrypsin in the prostate cancer
sample group C3 as shown in chapter lll is one example of a potentially useful marker found
using this the lectin capture methodology. There are numeous roles A1AT may play in cancer
progression including inhibiting apopotosis or aiding in the beginning stages of an immune
response to Cancer. Additionally, A1AT may have different isoforms which could provide
additional critical information concerning prostate cancer progression. It is possible that
characterization of the isoforms of A1AT or other known existing markers such as PSA, could
provide the information to assist known clinical assays to improve the early detection of cancers.
Much work remains to be done to optimize and adapt these approaches to large-scale clinical
analyses and attaining the goal of a high-throughput clinical assay, yet the strategies described

herein can serve as a roadmap to achieve this goal.
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