A Hypothesis-Directed Approach to the Targeted
Development of a Multiplexed Proteomic Biomarker
Assay for Cancer

ﬂ Libertas Acade‘mica

Emily M. Mackay"*, Jennifer Koppel'*, Pooja Das', Joanna Woo', David C. Schriemer?
and Oliver F. Bathe®#

'Department of Medical Sciences, ?Department of Chemistry, SDepartment of Surgery, *Department of Oncology, University of Calgary,
Calgary, AB, Canada. *These authors contributed equally to this work.

ABSTRACT: In recent years, hundreds of candidate protein biomarkers have been identified using discovery-based proteomics. Despite the large number
of candidate biomarkers, few proteins advance to clinical validation. We propose a hypothesis-driven approach to identify candidate biomarkers, previously
characterized in the literature, with the highest probability of clinical applicability. A ranking method, called the “hypothesis-directed biomarker ranking”
(HDBR) system, was developed to score candidate biomarkers based on seven criteria deemed important in the selection of clinically useful biomarkers.
To demonstrate its application, we applied the HDBR system to identify candidate biomarkers for the development of a diagnostic test for the early detec-
tion of colorectal cancer. One-hundred and fifty-one candidate biomarkers were identified from the literature and ranked based on the specified criteria.
The top-ranked candidates represent a group of biomarkers whose further study and validation would be justified in order to expedite the development of
biomarkers that could be used in a clinical setting.
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The field of cancer biomarker research for detection,
prognosis, and therapeutic response has advanced rapidly in
recent years due to improvements in analytical technologies.
Potential gene and transcript biomarkers have been identi-
fied; however, the abundance of mRNA does not necessarily
correlate with the amount of functional protein expressed,
due to differences in post-transcriptional processing, transla-
tion, and protein degradation.? Therefore, protein markers
may represent a more accurate reflection of the pathophysio-
logical state.

The large dynamic range of protein abundance, multiple
isoforms, post-translational modifications, and variations in
expression with time and cell type makes characterization of the
proteome challenging. With advances in mass spectrometry-
based technologies, it is now possible to survey thousands of
proteins in a sample, although obtaining a complete quan-
titative profile of the entire proteome is still not possible.?
One significant challenge involves the wide range of pro-
tein abundance in biological samples, such as human plasma.
Lowly abundant proteins (eg, cytokines) may be masked by
the presence of extremely abundant proteins (eg, albumin)
as the dynamic range of the proteome spans ten of orders of
magnitude.*™®

Despite technological advancements, no protein bio-
markers identified through proteomic discovery experiments
have been approved by the US Food and Drug Administration
(FDA) for use in routine clinical practice.” While hundreds
of candidate biomarkers have been identified by discovery-
phase studies, subsequent validation of these proteins is lack-
ing due to numerous challenges that must be overcome. These
challenges include the high rate of false positive identifica-
tions during discovery-phase experiments, the lack of biologi-
cal relevance for some candidates, and the limited number
of quantitative immunoassays available to verify differential
abundance of candidate proteins as is needed to develop a
clinical test. With the technical challenges and high costs
associated with the development of immunoassays, it is not
feasible to design novel assays for testing large numbers of
candidate biomarkers.%°

Given that a significant obstacle in the biomarker deve-
lopment process is determining which candidate proteins
should be taken forward to subsequent validation steps, efforts
need to focus on rational selection of proteins with the highest
chance of success in clinical applications. Several protein bio-
marker pipelines have been proposed detailing the processes
from discovery through validation.!®!! In addition, Phan etal.l?
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created omniBiomarker, a knowledge-driven program that
uses previously validated genes to guide the selection of the
most biologically relevant candidate biomarkers for the disease
of interest.

Here we describe a method by which candidate cancer
biomarkers can be identified through an initial literature search
and subsequently ranked using a scoring system we called the
“hypothesis-directed biomarker ranking” (HDBR) system
(Fig. 1). By applying specific selection criteria, one can priori-
tize candidates with the most probable value as a biomarker for
the disease and application of interest. With this method, rep-
etition of large-scale discovery experiments can be avoided. To
demonstrate the utility of the HDBR system, the criteria were
employed to identify protein biomarkers for a serum-based diag-
nostic test for the early detection of colorectal cancer (CRC).

Initially, a comprehensive literature search is conducted
on PubMed and/or EMBASE to identify candidate pro-
teins relevant to the cancer and application of interest. For
this example, the search terms used in the PubMed data-
base included various combinations of “colorectal”, “colon”,
“rectum”, “adenoma”, “carcinoma”, “cancer”, “biomarker”,
“diagnosis”, “microarray”, “protein”, and “serum”.

Proteins identified in our initial literature review were
then scored using the seven criteria outlined in Table 1. First,
the candidate biomarker was assessed using the Oxford Center
for Evidence-based Medicine (OCEBM) Levels of Evidence,!?
which scores the quality of evidence available on a particular
test based on the study design, validation of results in multiple
centers, and use of appropriate reference standards.

Next, specimen source and biomolecule type were eval-
uated. As a serum biomarker was desired for this specific

Step 1:
Focused literature review

<
Step 2:

Identify and prioritize potential protein biomarkers in
adenoma and colorectal cancer

L

Step 3:
Experimental testing of blood specimens to refine list of
candidate biomarkers

Normal,
Benign,
and other
conditions

<L

Step 4:
Prospective validation of candidate biomarkers:
Colorectal cancer screening clinic

Figure 1. General description of the HDBR system approach to develop a
multiplexed protein assay for the early diagnosis of colorectal cancer.

diagnostic test, more points were assigned to biomarkers
identified in the blood over those identified in tissue or cell
lines. Similarly, as protein biomarkers were preferred in this
instance, two points were given to molecules such as caspase 3,
which is demonstrated to be associated with CRC at the pro-
tein level, while only one point was given to molecules such as
nitric oxide synthase, which is identified to be associated with
CRC only at the RNA level.

Biomarkers were then scored based on the throughput
format in which they were identified to be associated with
CRC. False positives from multiple hypothesis testing and
erroneous statistical inferences are common at the discovery
phase of research using high-throughput assays due to the
large number of variables measured and the statistical tests
applied to each of these variables.'#!> Therefore, biomarkers
assessed by high-throughput assays and then confirmed with
low-throughput assays were given a higher score than biomol-
ecules evaluated using solely high-throughput techniques.

The relevance of the candidate biomarkers in the con-
text of colon adenomas and carcinomas was then scored. The
highest score was given to biomarkers present in adenomas
and potentially in carcinomas, as this test was aimed at early
diagnosis of CRC at the adenoma stage. A lower score was
assigned to biomarkers present in colon carcinomas only, and a
score of zero was given to biomarkers that were identified to be
present in colon adenomas and carcinomas while also present
in other conditions, as these biomarkers would not be specific
for the diagnosis of CRC.

Next, the functions of the biomarker candidates were
assessed. As the HDBR system was designed to identify bio-
markers relevant to cancer, proteins with known functions

related to the hallmarks of cancer'®”

are of greatest interest.
Therefore, proteins with a known pro-neoplastic function are
given a higher score in the ranking system.

Finally, the number of publications related to the bio-
marker candidates was examined. Points are assigned based
on this criterion because it is assumed that the number of pub-
lications is a reflection of the degree of interest in that bio-
marker by the scientific community.

Using the results from the primary literature review,
151 candidate biomarkers were identified to be potentially
useful for the early diagnosis of CRC using a serum-based
diagnostic test. The distribution of the total scores is depicted
in Figure 2A. The average score was 9 £ 2 (range 2-15).
Figures 2B—H show the distribution of scores as a function
of the various criteria utilized to derive a final HDBR score.
Table 1 (Supporting Information) depicts the ranking of the
151 candidate biomarkers.

The top-ranked biomarkers included carcinoembry-
onic antigen-related cell adhesion molecule 1 (CEACAM]I),
matrix metalloproteinase 9 (MMP9), and insulin-like growth
factor II (IGF2). The top-ranked candidate biomarkers shared
common features contributing to a higher rank: they were pro-
teins that were detectable in the blood, had a close association
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Table 1. Proteomic biomarker ranking system used to score protein biomarkers for the early diagnosis of colorectal cancer.

KEY CRITERIA

Oxford levels of evidence* Level 4

CRITERIA FOR PROTEIN ASSAY DEVELOPMENT

SCORE
0 1 2 3 4

Level 3a and 3b

Level 2a, 2b, and 2c

Level 1a, 1b, and 1c

Specimen source** Cell lines

Tissue

Blood

Biomolecule evaluated RNA

Protein

Assay throughput format

High-throughput (multiplexed) assay with conflicting X
outcome on low-throughput confirmatory test

High-throughput (multiplexed) assay X

confirmatory test

High-throughput (multiplexed) assay with low-throughput X

Relevance to target disease entity
other conditions

Present in adenoma or carcinoma, but possibly also X

Present in carcinoma only

Present in adenoma and possibly also in carcinoma X

Relevance to biological function

Hallmark of cancer unknown or absent X

Hallmark of cancer identified

Number of NCBI PubMed citations <100

=100

Notes: *Level 5 evidence excluded. **Human.

to colorectal adenoma or CRC, and were measurable using
low-throughput assays. Studies demonstrating a high level of
evidence for the utility of these proteins for diagnostic pur-
poses had been conducted. Additionally, these studies involved
the use of good reference standards as well as comparisons to
independent normal and nonmalignant controls.

The HDBR model may be criticized for its tendency
to penalize biomarker candidates that are relatively novel.
A novel protein typically has a poorly defined or unknown
function and is not cited frequently in the literature. In addi-
tion, novel proteins are not likely to have high levels of evidence
of utility in a diagnostic test. In order to avoid the exclusion
of novel proteins with unknown functions or limited citations
from the final list of candidate biomarkers, only one point was
assigned to these two criteria.

Other ranking methods have been described for tran-
scriptomic and proteomic research. Chan et al.’® performed
a meta-analysis on 25 independent gene expression stud-
ies on CRC. This ranking system was based on the number
of studies reporting on the differential gene expression, the
number of samples used in the study, and the average fold
change seen. The direction of differential gene expression
was also considered. Similar methods have been used to rank
candidate microRNA biomarkers for CRC detection based
on the number of microRNA expression studies, sample size,

and direction of differential expression.’” Sagynaliev et al.?°
proposed the creation of a “data warehouse” containing all of
the currently available information from transcriptomic and
proteomic studies with regard to CRC. This resource would,
in turn, serve as a starting point for further investigation of
genes repeatedly observed to be differentially expressed in
multiple independent studies, confirmed both at the transcript
and protein levels.

The HDBR model is complementary to previously des-
cribed ranking methods. It is inclusive of high-throughput
techniques but has the ability to preferentially select candi-
date proteins that have gone through a validation step using
low-throughput assays. It expands beyond cell lines and tissue
to include other specimens (eg, blood), and has the ability
to prioritize protein over gene biomarkers. The HDBR sys-
tem could make use of previously compiled resources such as
Sagynaliev et al’s “data warehouse” of expression studies,?’ the
extensive list of candidate cancer protein biomarkers compiled
by Polanski and Anderson,? and the thorough review of can-
cer-associated proteins and markers identified in Jimenez and
coworker’s meta-analysis of CRC studies.?? Candidate bio-
markers from these previously assembled resources would be
subject to the ranking criteria of the HDBR system to decide
on the most promising biomarkers for further study, potentially
increasing the efficiency of identifying clinically relevant bio-
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Figure 2. (A) Distribution of ranked colorectal cancer biomarker scores. The average score was 9 + 2 with a range 2—15. Contributions of each criterion to
the ranking are summarized in subsequent panels. (B) Oxford levels of evidence. (C) Specimen source. (D) Biomolecule evaluated. (E) Assay throughput
format. (F) Relevance to target disease entity. (G) Relevant biological function. (H) Number of PubMed citations.

markers for translational purposes. A summary of the ranking
parameters used in several of the previously noted candidate
cancer biomarker investigations is presented to highlight some
of the commonly used ranking measures (Table 2).

There are also unique features to the HDBR system that
may better inform the biomarker developer. Foremost is the
inclusion of a score derived from OCEBM levels of evidence.
'This is widely used to grade the evidence supporting clinical
practice guidelines. Since the ultimate use for any biomarker is
in the clinic, a particularly high score was assigned based on a
high level of evidence supporting its clinical applicability. The
use of one bibliometric measure (number of citations), which
reflects the scientific community’s interest in the biomarker,
is also unique. Impact factor as another bibliometric criterion

was deliberately excluded because it was considered to poten-
tially interact with the OCEBM level of evidence. Finally, the
HDBR system leverages the use of transcriptional data for
proteomic biomarker research while at the same time limiting
the contribution of candidate biomarkers that have no accom-
panying protein information.

Validation is required to determine the ability of the
HDBR system to accurately predict biomarker candidates
that have utility in the purpose for which the scoring criteria
were designed. In addition, the list of top-ranked biomark-
ers generated by the HDBR system will need to be assessed
experimentally. This might include targeted mass spectrome-
try using a selected reaction monitoring (SRM)/multiple
reaction monitoring (MRM) workflow, as this is a sensitive
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Table 2. Ranking parameters for candidate cancer markers used in other ranking methods.

CHAN et al.® MA et al.’®

Number of studies reporting differential expression

of candidate gene expression

Number of studies in agreement about miRNA

POLANSKI et al.?!

Number of total citations;
Number of recent (>2004) citations

Total number of samples used in studies

Total study size

Known plasma concentration

Average fold change

Direction of differential expression (increased
or decreased expression in cancer)

Marker in current clinical use

Commercially available antibody

and accurate method for the quantification of target mole-
cules.?* Workflows for designing MRM transitions have been
described for targeted proteomic investigations?* and could be
utilized to design experimental tests for the biomarker candi-
dates identified through the HDBR system. In addition, Kim
et al.? have described a detailed framework for choosing a
biomarker validation platform using SRM/MRM assays,
immunoassays, or immuno-mass spectrometry.

Going forward, we intend to test the performance of the
HDBR system in sera from patients with CRC and disease-
free controls. To do this, representative tryptic peptides derived
from candidate proteins will be synthesized and labeled with
stable isotopes. Peptides from proteins that are highly ranked in
the HDBR system will be synthesized, as well as peptides from
proteins that have a lower ranking. Using the MRM workflow,
MS will be used to quantify each protein to determine the dif-
ferential abundance of each protein in the disease state and in
disease-free controls. The validity of the ranking system to tar-
get useful proteins will be demonstrated if higher ranked pro-
teins have a greater capability to identify the disease state.

If the performance of the HDBR system is adequate, then
it may be possible to automate the analysis, using standalone
software or by leveraging software that is currently available.
For example, literature search software to query text-based
data can be used to replace a manual search. One example is
the Agilent Literature Search software, a meta-search tool for
automatically querying multiple text-based search engines.?¢
In addition, the multi-attribute rankings output can be
enhanced using an application such as LineUp,* which is a
scalable visualization tool that uses bar charts to depict the
relative contribution of each ranking criterion. This would
enable the user to explore the effects of changes and refine-
ments in the parameters used to rank biomarker candidates.

The HDBR system represents a method for the iden-
tification and ranking of candidate biomarkers that could
potentially expedite the biomarker development process by
focusing resources on biomarkers already identified to have
disease-specific relevance and clinical utility. The system has
some unique attributes compared to other knowledge-driven
biomarker candidate ranking approaches. The HDBR system
has the benefit of being widely applicable to various purposes
from detection and prognosis to predictive biomarkers, and
can be tailored specifically to the disease of interest.
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based proteomic test. One-hundred and fifty-one candidate
biomarkers were ranked based on the seven criteria outlined
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