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Abstract

The extraordinary developments made in the past decade in proteomic technologies, in particular
in mass spectrometry, have enabled investigators to consider designing studies to search for
diagnostic and therapeutic biomarkers by scanning complex proteome samples. We developed a
method based on extensive fractionation of intact proteins, to comprehensively and quantitatively
profile the liver and plasma proteomes in health and disease. We have applied this method to
samples collected from patients with early hepatocellular carcinoma (HCC) and from patients with
liver cirrhosis as well as to samples collected from three mouse models of HCC. This method
allowed for the identification of proteins that differ in expression levels in liver tissue or in plasma
with disease progression from liver fibrosis, cirrhosis or steatohepatitis to HCC. The comparative
analysis of the liver and plasma proteomes generated from human and mouse specimen,
constitutes a novel and powerful strategy for HCC biomarker discovery.
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Introduction to Clinical Proteomics

The significant escalation of interest in the application of proteomics, the study of proteins
and their functions, to the study of human diseases is reflected by the explosive growth of a
new field named Clinical Proteomics [1]. Clinical proteomics aims at providing clinicians
with tools to accurately diagnose and efficiently treat patients in an individualized manner.
Such tools could translate into the use of blood biomarkers that may influence daily clinical
practice by driving clinical decision-making. Proteomics has been largely used to date for
the discovery of new serological biomarkers for early diagnosis of chronic diseases such as
cancer and cardiovascular diseases [2-6]. Early diagnosis of cancer improves outcome and
survival. It is however particularly difficult to diagnose the early stages of cancer because of
the lack of specific symptoms in early disease and the limited understanding of the disease
heterogeneity and etiology.
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The recent development of mass spectrometry (MS) technology undoubtedly contributed to
the explosion of clinical proteomics. MS has improved greatly in sensitivity and accuracy
and MS-based proteomics has become the method of choice for the analysis of complex
protein samples. Within a decade, the field evolved from having great difficulty in
identifying a single protein to being able to assign peaks with high confidence to a large
number (sometimes hundreds) of proteins within a single MS run. The inherent analytical
advantages of MS, including sensitivity (with routine detection limits currently at the
femtomole (10°15) level), resolution, speed and throughput combined with advanced
bioinformatics for data interpretation, allow for the rapid and systematic analysis of
thousands of proteins. Beyond identification, quantitation is also an important parameter in
clinical proteomics, needed to compare two or more samples for discriminating features.
Quantitation can be performed by directly looking at peptide counts [7-10]. Therefore, the
application of MS to the analysis of tissue and plasma/serum specimens from different
stages of disease or different diseases has the potential to provide unique information about
disease-associated alterations at the protein level, both qualitatively and quantitatively.

The Challenges of Disease Biomarker Discovery

The process for MS-based biomarker or drug target discovery follows a long and
complicated pipeline from collection of clinical samples and associated clinical data,
processing and handling of specimens, sample selection for proteomics analysis,
fractionation and sample preparation for MS, MS analysis, data interpretation and statistical
analysis. It is vital to define precisely a well-framed, relevant clinical problem and focus the
experimental design around appropriate study populations and samples. Translation from the
laboratory to the clinic is a long process and it will take time to move a new target/
biomarker from discovery to regulatory approval. Unreasonable expectations for the
possible outcomes of proteomics-based clinical studies are detrimental to the field.

To move the field forward, fundamental biological questions remain to be addressed and
experimental designs need to be improved. Most study designs so far have been based on
intuitive concepts and assumptions. The initial goal of most clinical proteomics studies is to
identify proteins that are differentially abundant between biological samples obtained from
healthy and disease-afflicted patients. These experimental designs are based on the
assumption that a subset of proteins present in the blood reflects, reproducibly and
specifically, a single disease at a particular stage. They are also based on the assumption that
we can and know how to identify disease-specific signals over noise in the blood. There is
currently no information on the biological variations of the blood proteome (protein changes
occurring in healthy individuals of different sex, race, age or with different diet or activity
habits). Unless we have knowledge of the composition and dynamic of the blood proteome
in health, critical elements of how to design biomarker studies will evade us. A big debate in
the proteomics community is which type of sample — blood or diseased tissue — should be
used to discover serologic biomarkers. Proteomic studies using blood as a source of proteins
still have not resolved the question of whether plasma or serum can serve as a window into
the state of a patient's disease and there is currently no scientific evidence that a linear
relationship exists between protein changes in diseased tissue and protein changes in blood.
In addition, the “one size fits all” rule seems to have been applied to studies targeting
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different organs and different diseases. A particularly difficult question is how to design a
study aimed at discovering biomarkers for early detection of small, localized, pre-invasive
cancer lesions which cannot be currently diagnosed with the available tools. Most studies so
far have used samples (tissue or plasma/serum) from patients with far more advanced
disease, with the hope that some of the identified markers will have utility in early diagnosis.
This is based on the oversimplified assumption that the molecular composition of very early
tumors and more advanced tumors are very similar.

Novel Strategies for Biomarker Discovery for Hepatocellular Carcinoma

We are currently in a position to make a critical assessment of the lessons learned in order to
define future strategies. Efforts to integrate proteomics and basic cellular biology or other
growing fields such as imaging and/or mouse models of diseases might greatly accelerate
the translation of basic discoveries into daily clinical practice. The ability to understand the
underlying molecular dysfunction in human disease (signaling pathways, protein-protein
interaction networks) should facilitate the development of diagnostic biomarkers, predictors
of disease progression or new therapeutic targets as well as individualized patient
management [11,12]. Mouse models of disease can often closely mimic human diseases.
The use of relevant animal models in clinical proteomics has the potential to accelerate
discovery, as well as the initial validation processes, in part by reducing heterogeneity and
sample preparation variability. The past few years have also witnessed increased availability
of non-invasive small animal imaging technologies allowing signal detection from deep
tissues [13,14]. In general, imaging technologies have undergone explosive growth with
increased spatial resolution and already play a central role in clinical oncology [15]. The
identification of biomarkers that might be combined with diagnostic imaging techniques will
improve sensitivity for detecting disease and have the unique potential to provide a whole-
body assessment.

Several proteomics studies of HCC have been reported (reviewed in [16,17]). Most
proteomic analyses of HCC tissues, including previous studies by our group, have been
performed using 2-D PAGE followed by MS. This method has led to the identification of a
large number of proteins modified in HCC compared to adjacent non-tumor tissues. In our
analysis, only 30% of the protein changes correlated with changes at the corresponding
transcript level, suggesting that post-transcriptional and post-translational alterations account
for most protein madifications in HCC [18]. Notably, 33% of the protein spots we identified
as modified in HCC corresponded to proteolytic cleavages. Interestingly, some of the
proteolytic fragments generated were released in the extracellular compartment and detected
in the serum of patients with HCC. For example, fragments of calreticulin and PDIA3 were
detected at significantly higher levels in serum of patients with HCC compared to serum
from healthy individuals, from patients with chronic hepatitis and patients with liver
cirrhosis [18]. We also reported that in the serum of patients with HCC, circulating
antibodies against calreticulin can be detected [19]. We can hypothesize that the presence of
these autoantibodies is a consequence of the cleavage of calreticulin in HCC. These data are
particularly interesting in the light of the recent study published in Nature Medicine,
demonstrating that calreticulin cell surface expression dictates the immunogenicity of cancer
cell death [20].
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Despite increasing sensitivity of the mass spectrometers, protein profiling has not to date
reached sufficient depth to allow for the identification of a majority of the low-abundance
proteins expressed in a mammalian tissue or biological fluid. The complexity of the peptide
mixtures often overwhelms the mass spectrometer and low-abundance peptides can be
masked when mixed with peptides of high abundance. Detecting low-abundance proteins
and reaching the proteins of interest can be successfully achieved by enhancing the pre-
analytical step using multidimensional fractionation strategies or by enrichment of a
subproteome (e.g., the glycoproteome) [21-25]. We have recently developed a pipeline
based on the use of multidimensional separation of intact proteins with particular attention to
the isolation of low-abundance proteins and exhaustive LC-MS/MS analysis of each
generated fraction and applied it to the study of liver and plasma proteomes (Fig. 1). The
vast dynamic range of protein abundance in serum or plasma, present a formidable challenge
for comprehensive protein analysis. High-abundance proteins such as albumin,
immunoglobulins, antitrypsin and haptoglobin for example, interfere with the proteomic
analysis of low-abundance proteins. Therefore, it is advantageous to specifically remove
high-abundance proteins in a sample pre-fractionation step prior to protein analysis. We
applied a 3-D separation of intact proteins and selected SDS-PAGE as the last separation
step. SDS-PAGE is well-suited for separation of proteins according to their size and protein
abundance can be estimated by gel staining. A nano-UPLC system coupled to a tandem
mass spectrometer (LTQ-FT or LTQ-Orbitrap) is utilized for peptide mixture analysis. The
X!Tandem search engine and the International Protein Index (IPI) database are used for
protein identifications and PeptideProphet as well as ProteinProphet scores of = 0.9 are used
to filter high-confidence peptide and protein identifications (Fig. 2). We demonstrated that
by extensively reducing the complexity of peptide mixtures and by carefully separating
proteins of different abundances and sizes, in-depth proteomic profiling can be achieved
[26]. In addition, estimates of absolute abundance can be obtained by counting the number
of observed peptides. The calculated abundance scores strongly correlated with the
abundance of the corresponding transcripts for over 80% of the identified proteins (L.
Beretta, personal communication). We further validated this method by demonstrating a
strong correlation (R=0.82) obtained between concentration reported in the literature and
abundance scores calculated by this method for 50 proteins selected over the complete
abundance range [26].

Proteome Profiles Generated in our Studies and their Comparative Analysis

Mouse models of HCC

We are studying in our group three mouse models of HCC: the PTEN knock-out mice, the
MAT1A knock-out mice and the PDGF-C transgenic mice. These three mouse models are
particularly interesting as PTEN, MAT1A and PDGF-C expression have been show to be
frequently impaired in human HCC and because they mimic the disease progression from
liver fibrosis and steatohepatitis to HCC as observed in patients. PTEN is a tumor suppressor
and a regulator of insulin sensitivity in peripheral tissues. In the mouse liver, PTEN deletion
results in massive hepatomegaly and steatohepatitis followed by liver fibrosis and HCC, a
phenotype similar to human NASH [27-30]. MAT1A encodes for the essential enzyme
methionine adenosyltransferases, which catalyzes the biosynthesis of S-adenosylmethionine
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(SAMe), the principal methyl donor and, in the liver, a precursor of glutathione. Mice
lacking MAT1A spontaneously develop steatohepatitis and HCC [31]. Members of the
platelet-derived growth factor (PDGF) ligand family are known to play important roles in
wound healing and fibrotic disease. Transgenic expression of PDGF-C in the liver results in
the development of liver fibrosis and HCC [32]. We performed proteomic profiling analysis
on the liver tissue and the corresponding plasma obtained at different stages of disease on
these three mouse models.

Clinical samples

We also performed proteomic profiling analysis on plasma collected from patients with liver
cirrhosis without HCC and from patients with early HCC, who had liver transplantation,
separately for different etiologies (HCV, HBV, NASH). The rationale to select these groups
of patients is the following: 1- the decision to analyze separately HCCs of different
etiologies is to reduce the issue of heterogeneity. Indeed, in prior studies, we observed
significant differences in the genomic profiles of HCC of different etiologies; 2-because
over 90% of the HCC develop on cirrhosis, the control group in this study is cirrhosis; 3-
because early HCC can be undetected in patients with liver cirrhosis, we selected patients
who had liver transplantation. The histological analysis of the explanted liver ascertains that
subjects have not yet developed very early tumors; 4- the goal of this study being to identify
biomarkers for early detection, we selected patients with well-differentiated tumor, 1 or 2
tumor nodules of less than 2.5 cm with no vascular invasion and no metastasis confirmed on
explant examination. The majority of the specimens have been obtained from patients
enrolled by Dr. Jorge Marrero, University of Michigan Medical School and by Dr. Hugo
Rosen, University of Colorado Health Sciences Center. Drs. Marrero and Rosen recognize
the need for high-quality samples for a biomarker study and have collected a high number of
well-characterized samples associated with detailed clinical information.

Comparative analysis

Mining and interpreting each proteome profile obtained either from the liver or from plasma,
from human or from mice, is a daunting task. We therefore decided to apply a novel
strategy: the integration and comparative analysis of all data sets (Fig. 3). Integration of
genomic profiling data between human HCC samples and mouse models of HCC has been
previously performed [33,34]. Such comparative analysis allows for further evaluation of the
clinical relevance of specific mouse models. Comparative analysis of the proteome profiles
obtained from samples collected in different cohorts is also important. A major benefit in
analyzing samples from different cohorts is to limit variation and bias due to sample
collection. In addition, a careful selection of the samples to be analyzed is needed and
multiple sources are often needed to obtain a sufficient sample size. Finally, comparative
analysis of the proteomes of liver and corresponding plasma at different stages of disease
suggested that protein abundance changes observed in the disease liver don't translate into
similar changes in the plasma for the majority of commonly identified proteins (L. Beretta,
personal communication). In conclusion, this method allowed for the identification of
disease specific protein changes and suggested that tissue-based discovery and plasma-based
discovery studies may lead to significantly different results.
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Concluding Remarks

To date, both proteomic and genomic studies have highlighted the heterogeneity of HCC.
This heterogeneity emphasizes the complex nature of HCC carcinogenesis and disease
progression in which multiple pathogenesis mechanisms seem to be involved. In addition,
proteomic studies of HCC to date have highlighted that some information in the proteome
cannot be predicted simply from its related nucleic acid sequence. With the rapid
development of proteomics and its extensive application in the study of HCC, clinical
management of HCC is poised to benefit enormously, with the potential to develop better
diagnostic and prognostic tests, to identify new therapeutic agents, and ultimately to allow
individualized therapy. Further work is required to enhance the performance and
reproducibility of established proteomic tools and issues regarding pre-analytical variables,
analytical variability, and biological variation must be addressed if further progress is to be
made. To this end, the Human Liver Proteome Project (HLPP) was launched by the Human
Proteome Organisation (HUPO) in 2002 and, to date, HLPP members have identified about
5,000 proteins in normal human liver tissue and have generated tools for their analysis in
disease [35].
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Schematic view of the protein extraction and 3-D separation process. Online 2-D HPLC
separation consists of 8 stepwise gradients in the 15t dimension AXC liquid chromatography
separation, each of them further separated in the 2"d dimension by RP liquid
chromatography separation. Proteins are further separated by SDS-PAGE. The fractionation
process generates approximately 50 samples to be analyzed in duplicate by LC-MS/MS.
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Fig. 2.
Schematic view of the protein identification process. Approximately 50 fractions generated

from 1 sample are analyzed by LC-MS/MS using the highly sensitive LTQ-FT or LTQ-
Orbitrap mass spectrometer. The data are searched against the non-redundant human
International Protein Index (IPI) protein sequence database with the X!Tandem Search
engine. ProteinProphet and PeptideProphet statistical tools are used to filter peptide and
proteins identified with less than 1% error rate.
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Fig. 3.

Schematic view of the cross comparative analysis performed between liver and plasma

proteomes profiles and between human and mouse samples.
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