
Introduction

The elucidation of the human genome has provided
investigators with extraordinary insights into human
diseases. The final output of any gene is a protein, and
it is proteins which confer the phenotypes of normal
and pathological human conditions. Since multiple
post-translational events that can modify the biologi-
cal structure, function, and degradation of proteins
(eg. glycosylation, proteolytic cleavage) the knowledge
of the gene structures that encode proteins does not
even begin to describe the full complexity of biologi-
cal systems.

The “proteome” is a term that was coined in 1994
and refers to all the proteins in a cell, tissue, fluid, or

organism. “Proteomics” is the study of proteins and
can be subdivided into various disciplines related to
protein 3D structure, function, and inter- and intra-
cellular communication. Scientists using mass spectro-
metry to study proteins have recently revealed that hu-
man serum contains thousands of small, low molecu-
lar weight (LMW) peptides, most of which are frag-
ments of larger precursor proteins. The role that
LMW peptides serve in the overall biological human
system, however, remains largely undetermined. The
complex pattern that they create, however, may provi-
de a novel and robust correlate of the biological events
occurring in the entire organism. The development of
cancer involves the transformation and proliferation
of altered cell types which produce unique proteins
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and enzymes that can significantly modify this pattern
of serum peptides and proteins. Recent advances in
mass spectrometry now enable clinical investigators to
rapidly measure and sort these peptides based on mass
(m) and charge (z). The serum peptide profile (SPP)
that is generated appears to hold important informa-
tion that may have direct clinical utility. Rather than
searching for new proteins as specific tumor markers,
this serum peptide profile itself becomes a new kind of
potential tumor marker (1).

The first report to apply serum proteomics to the
detection of cancer was published in the Lancet in
2002 by Petricoin et al. (2). They found that they
could differentiate, with a high degree of accuracy, the
serum of normal volunteers from those of women
with early stage ovarian carcinoma. In this first re-
port, 63 of 66 (95%) normal control samples were
correctly classified as non-cancer, while 50 of 50
(100%) ovarian cancer samples were correctly classi-
fied as malignant. The experiment yielded a 100%
sensitivity and 95% specificity with a positive predic-
tive value of 94% compared to only 35% for the cur-
rent ovarian cancer tumor marker, CA-125. This 
was the first proof of principle that the serum proteo-
mic pattern itself could be used as a valid tumor
marker, rather than one isolated specific protein such
as CA-125. This approach was applied to prostate
cancer and the same investigators were able to diffe-
rentiate benign from malignant prostate disease in
men with elevated PSA levels. The serum proteomic
patterns were blindly tested against a training set and
correctly predicted 36 of 38 (95%) men with prostate
cancer and 177 of 228 (78%) men with benign pro-
state conditions (3). The authors concluded in both
papers that complex proteomic patterns may reflect
the underlying pathologic state of solid organs such
as the ovary and prostate. Subsequently, another pa-
per published by Adam et al. found similar results in
distinguishing prostate cancer from benign prostatic
hypertrophy (BPH) in healthy men using similar se-
rum proteomic techniques (4).

These early reports indicate that important clinical
information lies within the complex serum proteomic
pattern. In order to accurately extract relevant clinical
information from the multitude of data present in the
serum peptide profile, sophisticated bioinformatic

software is required. Machine learning algorithms can
be created to search for discriminatory protein pat-
terns that can exceed the diagnostic accuracy of con-
ventional biomarkers or even tissue biopsies. (5). Such
a high level of discrimination will be required to apply
to individual cancer patients who are themselves a hi-
ghly diverse population possessing unique peptide
profiles that differ according to the type of tumor pre-
sent. In the case of our study population, thyroid can-
cer was used as the model.

All thyroid cancers initially arise as thyroid nodules.
In the US, there are approximately 23,000 new cases
of thyroid cancer each year. There are over 300,000
thyroid cancer survivors in the US who are under sur-
veillance. The MSKCC thyroid cancer group has ma-
de significant improvements to this standard testing
approach (6-8) by focusing on a small number of tests
with the highest diagnostic accuracy, to create a
streamlined surveillance protocol (9-11). The availabi-
lity of a single test that could predict no evidence of
disease with high accuracy would prevent the vast
majority of these individuals from having regular full
evaluations. In addition, the serum proteome could be
used to detect those patients with residual disease and
provide a likelihood prediction that the lesions would
respond to radioactive iodine, additional surgery, che-
motherapy, or external beam radiotherapy.

The potential scenarios that serum proteomics
could assist in making clinical decisions related to thy-
roid cancer patients is demonstrated in Figure 1. At
locus (A), a SPP that could distinguish benign from
malignant nodules may potentially save thousands of
patients from undergoing unnecessary thyroid resec-
tions. At locus (B), a SPP that is able to identify tho-
se patients that completely respond to radioactive io-
dine remnant ablation therapy could then be used to
place patients in a low risk group that would not need
to undergo full surveillance testing one year later. Fi-
nally, at locus (C), a SPP would aid clinicians in iden-
tifying which high risk patients need further surveil-
lance testing after high dose radioactive iodine the-
rapy. The current methods (ie. thyroid ultrasound,
whole body scanning, and thyroglobulin levels) used
to assist clinicians all possess limitations in diagnostic
accuracy that may be exceeded by an individual’s uni-
que serum peptide profile.
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Applying the basic science principles of mass spec-
trometry to translate into biomarker discovery and
thus eventually altering bedside clinical medicine has
only recently been even considered a possibility. The
2002 Nobel Prize in Chemistry was granted for the
innovation of protein ionization methods which are
crucial to measuring the mass-to-charge ratio (m/z) of
ionized peptides residing in the gas phase (12). Mass
spectrometry has also undergone a revolution in the
speed and accuracy of the data that can be generated,
and peptides at the femtomolar range can now be re-
peatedly identified (13). These LMW proteins make
up only 1% of the serum proteome, whereas the re-
maining 99% of the protein content of plasma is re-
presented by only 22 proteins. Detecting the remai-
ning LMW proteins for use in biomarker discovery is
thus extremely challenging (14). One recent hypothe-
sis is that the LMW proteins may actually be the re-
sult of the complex tumor-host microenvironment,
which sets off a cascade of events that generates an ar-
ray of peptide cleavage products that are then released
into the circulation and captured in the serum collec-
tion tube (15). We have undertaken a translational
project utilizing the latest advancements in mass spec-
trometry to identify potential patterns of LMW pep-
tides that distinguish the serum of patients with me-
tastatic thyroid cancer from those of normal controls.

Methods

All serum was collected under a standard protocol
approved by the IRB at Memorial Sloan Kettering
Cancer Center (MSKCC). Serum samples were collec-
ted in SST tubes, allowed to clot for one hour, centri-
fuged for 10 minutes, and then the upper phase tran-
sferred to 4-ml cryovials and frozen at -80°C. Peptides
were extracted by a reverse-phase method in combina-
tion with a magnetic particle-assisted processing tech-
nique developed in the Protein Center. A Genesis
Freedom 100 automated robotic workstation was de-
veloped to carry out the serum peptide extraction and
spotting on a Bruker stainless steel MALDI target pla-
te. MALDI target plates were then analyzed with an
Ultraflex MALDI-TOF mass spectrometer with an
emphasis on the identification of LMW peptides with
molecular mass of 0.8-4 kiloDaltons (kDa). Once all
LMW peptides were identified, a spreadsheet was
created with all the unique peptides and GeneSpring
Software is used to evaluate proteomic data (16). Figu-
re 2 is a flow sheet demonstrating the processing of se-
rum samples from the time the blood is drawn to the
printout generated by GeneSpring separating peptides
of thyroid cancer patients and normal controls.

Once the data are acquired, each data point repre-
senting a unique peptide is stored with a naming con-

Figure 1. Serum proteomics and clinical decision making
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vention that allows each sample to be associated with a
unique calibrant. Further data processing was done in
MATLAB with a custom script called ‘Qcealign’ (a
software program that helps organize the original data),
which creates a reference file to which all sample spec-
tra are aligned using a custom alignment software algo-
rithm called “entropycal” (17). The peptide peaks were
filtered by using a non-parametric test (Mann-Whitney
U test). The Benjamimi and Hochberg method was
used to adjust p-values for multiple comparisons. The-

se tests are meant to identify peptides which, when
analyzed as a group, demonstrate a statistically signifi-
cant difference between the two groups studied (17).

Results

From our cohort of 59 sample patients (32 healthy
controls and 27 thyroid cancer patients) we identified
a total of 549 unique peptides that were imported in-

Figure 2. Processing of serum samples



127Proteomics and thyroid cancer

to the GeneSpring program and analyzed using va-
rious statistical algorithms such as ANOVA, PCA,
hierarchical clustering, K nearest neighbor, and sup-
port vector machines. Our group has determined that
several pre-analytical variables strongly affect the out-
come of the analyzed peptides. The type of tube, time
set aside for clotting, and the number of freeze-thaw
cycles, must all be standardized in order to ensure re-
producibility of peptide profiles. We currently use
SST tubes for serum collection, allow a clotting time
of one hour, and limit the number for freeze-thaw cy-
cles to only two. In addition, reproducibility of the sy-
stem has been ensured after a vigorous, randomized
testing protocol over a seven week period with seven
samples taken from the same test batch of commer-
cially available human serum. To ensure that data pro-
cessing is done with minimal alteration of the original
peptide profile, external calibration is done for each
sample. Prior to statistical analysis by GeneSpring, the
peptide profile undergoes a series of processing step
including data smoothing, baseline correction, norma-
lization, calibration/alignment, and peak labeling. All
steps have been standardized and will be used in the
future in a similar manner to ensure continuity of pep-
tide profile data processing.

Thyroid cancer was chosen as a model for experi-
mentation due to the availability of multiple found
specimens in the clinical chemistry lab that were col-
lected under the proper protocol. We collected serum

from 27 thyroid cancer patients that were known to
have widely metastatic disease and compared their se-
rum to 32 healthy normal controls. All 59 serum sam-
ples generated 549 unique peptides that were used to
separate serum samples in an unsupervised manner.
Of the 549 peptides, 98 peptides passed a Mann-
Whitney test at p < 1 x 10-5. Clustering analysis using
this highly discriminatory group of 98 peptides resul-
ted in far superior separation of thyroid cancer pa-
tients from their corresponding normal control group.
A peptide mapping diagram is available as Figure 3
which demonstrates how convincing the separation is
between thyroid cancer patients and normal controls.
All 98 peptides were individually analyzed and the se-
quencing and thus identification of their parent pro-
teins is nearly complete. Their biomarker potential
will be analyzed in future experiments.

Conclusions

The detection of low molecular weight peptides in
human serum using mass spectrometry appears to ha-
ve great clinical potential. Identifying peptide patterns
that serve as new potential biomarkers in the early sta-
ge of disease or to monitor disease progress is now
possible by combining mass spectrometry with high-
powered statistical software packages. The Protein
Center at MSKCC in collaboration with the Endocri-
nology Service has demonstrated that a group of 98
discriminatory peptides can be used to distinguish the
sera of patients with metastatic thyroid cancer from
healthy controls. We hope to use similar techniques in
the future to identify new peptide profiles for patients
with thyroid cancer at various stages of disease. Our
goal is to develop a peptide profile unique to thyroid
cancer that can then be used to follow patients throu-
ghout their entire course of treatment.
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