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Recent advances in optical molecular imaging allow identification of morphologic and biochemical changes in tissues associated with
gastrointestinal (GI) premalignant lesions earlier and in real-time. This focused review series introduces high-resolution imaging mo-
dalities that are being evaluated preclinically and clinically for the detection of early GI cancers, especially Barrett esophagus and esoph-
ageal adenocarcinoma. Although narrow band imaging, autofluorescence imaging, and chromoendoscopy are currently applied for this
purpose in the clinic, further adoptions of probe-based confocal laser endomicroscopy, high-resolution microendoscopy, optical coher-
ence tomography, and metabolomic imaging, as well as imaging mass spectrometry, will lead to detection at the earliest and will guide
predictions of the clinical course in the near future in a manner that is beyond current advancements in optical imaging. In this review
article, the readers will be introduced to sufficient information regarding this matter with which to enjoy this new era of high technology

and to confront science in the field of molecular medical imaging.
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INTRODUCTION

The best strategy to improve gastrointestinal (GI) cancer sur-
vival might be the use of feasible screening techniques and
treatment of early lesions long before endoscopic diagnosis and
the onset of overt clinical symptoms. As exemplified in esopha-
geal adenocarcinoma, the early detection of Barrett esophagus
(BE) with low- or high-grade dysplasia (HGD) might represent
the most attractive goal to achieve a cure. This goal is aided by
simultaneous advances in endoscopic treatment modalities
such as submucosal endoscopic dissection and endoscopic ab-
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lation. This is especially true because currently, endoscopy
alone is not able to clearly discriminate BE from columnar-
lined epithelium or from areas of low-grade dysplasia, despite
the development of chromoendoscopy, narrow band imaging
(NBI), and high yield white-light endoscopy.! Since BE is a
precursor to esophageal adenocarcinoma and because late-
stage adenocarcinoma is associated with a poor prognosis, en-
doscopic surveillance is recommended for patients with BE to
enable early detection of neoplastic changes. For this surveil-
lance, current guidelines recommend that random 4-quadrant
biopsies be performed every 1 to 2 cm throughout the Barrett
segment. However, this technique samples only a small por-
tion of the epithelium and has been shown to miss areas of en-
doscopically ambiguous unapparent BE.2

Recent efforts have focused on developing novel diagnostic
imaging technologies to detect the subtle epithelial changes as-
sociated with dysplasia and neoplasia in BE.* Based on a meta-
analysis, advanced imaging techniques such as chromoendos-
copy or virtual chromoendoscopy significantly increase the
diagnostic yield for dysplasia or cancer in patients with BE.* As
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an example of the first advancement in molecular imaging
technology, Sturm et al.> have developed a peptide that binds
specifically to BE presenting with HGD and BE-associated ad-
enocarcinoma. They first applied the peptide ex vivo to esoph-
ageal specimens from 17 patients to validate specific binding
and performed confocal endomicroscopy in vivo in 25 human
subjects after topical peptide administration. They found 3.8-
fold greater fluorescence intensity for esophageal neoplasia
compared to BE and squamous epithelium with 75% sensitivi-
ty and 97% specificity. Since no toxicities were attributed to the
peptide in either animal or patient studies, these first-in-hu-
man results concluded that this targeted imaging agent was
quite safe and may be useful for guiding tissue biopsies as well
as the early detection of BE. A second achievement in molecu-
lar imaging came from the concept of stem cell biology. The
strategy by von Holzen and Enders® and Franks” was to gener-
ate stem cell clones from BE biopsy specimens in order to
compare their gene expression profiles with patient-matched
stem cell clones from esophageal squamous epithelia. By min-
ing expression data from these Barrett’s stem cell clones, they
identified cell surface markers unique to the Barretts stem
cells, which could be recognized by cytotoxic antibodies. These
findings can lead to the development of aptamers and can be
used to help the endoscopist identify regions of atypia for bi-
opsy, perform real-time diagnosis, stratify patients during the
examination, and, ultimately, direct therapy in a pre-emptive
manner to achieve the higher goal of complete removal of risky
clones from BE, a strategy that will prevent future disaster.
The third approach for early molecular detection of BE in-
volves recent important developments in biophotonics that
have improved visualization of these subtle lesions sufficiently
for cellular details to be seen in vivo during endoscopy. This al-
lows for immediate and accurate diagnosis during the GI en-
doscopy, thereby avoiding the cost, risk, and time delay in-
volved in biopsy and the several subsequent steps required for
pathology analysis.® Although chromoendoscopy; the Olym-
pus NBI system (Olympus, Tokyo, Japan), high-yield white-
light endoscopy, Fujinon (Fujinon Corp, Saitama, Japan) intel-
ligent color enhancement, and point enhancement such as
Pentax (Pentax, Tokyo, Japan) confocal laser endomicroscopy
are examples of enhanced imaging technologies that are being
used in daily practice, the combination of biophotonics with
mass spectrometer imaging technology might enable detec-
tion and surveillance of upper GI early luminal malignancies,
providing the imaging far beyond what is seeing. Combined
with superimposing techniques such as chromoendoscopy or
NBI and computed virtual chromoendoscopy with high-reso-
lution/high-definition endoscopy, these advances in molecular
imaging will highlight endoscopy as a tool for diagnosis as well
as prevention. In this review article, further advances in these
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efforts to detect early GI cancer long before overt measurable
clinical disease presents will be introduced and discussed, in-
cluding advances in biomarker discovery, targeted imaging
with novel fluorescent dye, next generation molecular imaging
with proteomics, and imaging mass spectrometry (IMS) as ex-
emplified in BE, a core premalignant lesion associated with
esophageal adenocarcinoma.

RECENT ADVANCES IN MOLECULAR
IMAGING FOR PREMALIGNANT GI
CANCERS

Biomarker-based early detection

Early diagnosis and minimally invasive treatment is the ide-
al target and every patient’s desire, and even more importantly,
these aspects are a matter of life or death for cancer patients. If
tumors are detected as early as possible, complete treatment as
well as minimally defective outcomes can be possible. Molecu-
lar diagnostics and the ability to screen tissue or blood samples
for tumor specific genomic, proteomic, and epigenetic signa-
tures might be required to achieve these improved outcomes.
Therefore, the search for biomarkers that can detect the pres-
ence of tumors early in their development is essential. Once
biomarkers in blood, urine, and other body fluids are discov-
ered, molecular imaging can be used to detect tumors early
and guide the selection of the optimal treatment modality, im-
proving disease outcomes and survival. A number of blood-
based biomarkers are already in clinical use for prognosis, re-
sponse to treatment, and assessment of cancer progression, but
in situ biomarkers can afford higher accuracy and additional
information. It is interesting to question why scientists have
not identified biomarkers capable of detecting cancer at an
early stage with adequate sensitivity and specificity and where
the bottleneck in this process is occurring. These questions can
be answered by recent advances in proteomics approaches.
Rapidly changing technologies for imaging, biomarker test-
ing, and less-invasive endoscopic treatments benefit the pa-
tients and also promise to lower health system costs and re-
duce adverse events in patients.’ In a recent biomarker discovery
study, Iwaya et al.'" showed reduced expression of a-N-
acetylglucosamine in BE adjacent to BE-associated adeno-
carcinoma, a-methylacyl-CoA racemase as a predictor for
neoplastic progression,'! p53 status as a biomarker for progres-
sion to cancer,'? and receptor tyrosine kinase EPHB4 as a car-
cinogenesis biomarker,"* among other results. As part of our
efforts to identify biomarkers for BE, we have generated a BE
rat model with esophagojejunostomy bypass surgery (Fig. 1A,
arrow denotes the change in BE) and have performed cDNA
microarray analysis to identify biomarkers for BE using tissues
from the animal model (Fig. 1B). Using the critical genes iden-



tified by this high-throughput analysis, we are validating genes
that may allow early diagnosis of BE long before overt appear-
ance, as seen in BE patients by endoscopic diagnosis. Bio-
marker discovery could be used to optimize endoscopic sur-
veillance strategies following ablation and to improve early
detection.

Targeted imaging of BE and BE-associated
adenocarcinoma with a fluorescently labeled peptide

In the near future, we may be able to detect HGD and resul-
tant adenocarcinoma in patients with BE without an invasive
diagnostic examination. Sturm et al.*> were very successful in
their first-in-human testing of ASY*-FITC, conducted in ac-
cordance with good manufacturing practices. They showed
promising results that their peptide was very safe and well tol-
erated in both humans and animals and produced bright illu-
mination with easily detectable areas of esophageal adenocar-
cinoma and HGD, whereas BE was detectable to a minimal
extent. The tissues identified as cancerous were confirmed via
histology, showing that the labeled synthetic peptide called
ASY*-FITC recognizes cancer tissue and enables in vivo imag-
ing with a naked eye. Li et al."* developed an affinity peptide,
SNFYMPL, to detect dysplasia and high-risk BE in a larger
number of patients with normal, BE, dysplasia, and cancer as
well as normal gastric mucosa. These achievements highlight
the current advances in confocal laser microscopy.!®
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Targeted proteomics and multiple-reaction monitoring

Although it is possible to obtain hundreds of proteomic bio-
marker candidates, a high-throughput method for the devel-
opment and refinement of selected reaction monitoring (SRM)
assays is required for clinical application. For instance, a meth-
od must be applied to generate such assays for more than 1,000
cancer-associated proteins that, for instance, are functionally
related to candidate cancer driver mutations. Through public
access to the entire assay library, researchers will be able to use
the detectability information in plasma and urine as a guide to
target their cancer-associated proteins of interest in any sample
type. This is why the generated expandable reference map of
SRM assays for cancer-associated proteins will be a valuable
resource for accelerating and planning biomarker verification
studies, enabling cancer-associated biomarker validation.!®
Multiple reaction monitoring (MRM) mass spectrometry (MS)
is a similar tool that allows sensitive, precise quantitative analy-
sis of peptides and the proteins from which they are derived.
Key advantages of MRM assays are the ability to target specific
peptide sequences, including variants and modified forms,
and the capacity for multiplexing that allows analysis of dozens
to hundreds of peptides.'” However, despite the advantages
and potential, these techniques are limited because developing
and validating MRM-MS-based assays is an extensive and it-
erative process that requires a coordinated and collaborative
effort by the scientific community through the sharing of pub-
licly accessible data and datasets, bioinformatics, and standard
operating procedures by which the SRM has been created,
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Fig. 1. (A) Animal model for Barrett esophagus (BE). Esophagojejunostomy was performed in Sprague Dawley rats to expose the esopha-
gus to gastroduodenal contents. Histological examination showed the clear appearance of BE with partial changes of BE-associated ade-
nocarcinoma (arrows). (B) cDNA microarray for biomarkers of BE. A 20,000 rat cDNA microarray (Macrogen) was probed using Cy3 and
Cy5 labeling to identify the genes responsible for BE and BE-associated carcinoma with Scatchard plotting and bioinformatics analysis. The

results are currently being validated.
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which is a targeted MS technique emerging in the field of pro-
teomics as a complement to untargeted shotgun methods.'®
SRM is particularly useful when predetermined sets of pro-
teins such as those constituting cellular networks or sets of
candidate biomarkers need to be measured across multiple
samples in a consistent, reproducible, and quantitatively pre-
cise manner. Seeing is not all that means throws the potential
of these targeted or reaction monitoring-associated with pro-
teomics to detect early premalignant lesions such as BE.

Mass spectrometry intraoperative tissue
identification with rapid evaporative ionization

Rapid evaporative ionization mass spectrometry (REIMS) is
an emerging technique that allows near real-time character-
ization of human tissue in vivo by analysis of the aerosol smoke
released during electrosurgical dissection.'” The coupling of
REIMS technology with electrosurgery for tissue diagnostics is
known as the intelligent knife. Van den Broek et al.?* applied
liquid chromatography/MS/MS for absolute quantification of
ITTH4-derived putative biomarker peptides in clinical serum
samples. They showed its applicability by quantifying all pep-
tides in appropriate concentration ranges in serum from
healthy volunteers as well as clinical samples from breast can-
cer patients. Recent advances in technology added a multi-
functional semiclosed droplet-array chip coupled with electro-
spray ionization (ESI)-MS detection for multiple-sample
pretreatment and analysis.*! A novel interfacing method for
coupling the droplet system with ESI-MS was proposed using
a sampling probe two-dimensional (2D) droplet array strategy.
The additional uses of the semiclosed 2D droplet array and
off-line interfacing mode might provide the system with the
substantial flexibility and controllability in droplet indexing,
multistep manipulating, and on demand sampling for MS
analysis. No trials have been undertaken yet for BE, but we are
now trying to apply this technology to BE tissues.

Spectral imaging with scattered light

Although not a novel development, scanning spectral imag-
ing techniques using scattered light have been applied as mini-
mally invasive techniques to detect early cancerous changes in
tissue and cell biology.*? Optical spectroscopic techniques have
shown promising results in the diagnosis of disease on a cellu-
lar scale, leading to solid rationale for their use in the early de-
tection of premalignant lesions. Since these techniques do not
require any tissue removal or destruction, they can be applied
to real-time diagnosis. Light scattering spectroscopy (LSS) re-
lates the spectroscopic properties of light elastically scattered
by small particles, such as epithelial cell nuclei and organelles,
and is capable of characterizing the structural properties of tis-
sue on a cellular and subcellular scale. However, to be useful
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for the detection of early cancerous changes that are otherwise
not visible to the naked eye, it must rapidly survey a compara-
tively large area while simultaneously detecting these cellular
changes. Perelman et al.** demonstrated for the first time the
successful LSS-based detection of dysplasia in BE using a sim-
ple proof of principle single-point instrument that is compati-
ble with existing endoscopes, but with software and algorithms
that provide additional quantitative and objective data about
tissue structure and composition. In addition to endoscopic
examination, a polarized scanning fiber optic probe is inserted
into the endoscope working channel. Although this is not a
new device, because entirely noninvasive devices capable of
probing cellular composition on a subcellular scale for both
structure and function are rather scarce, LSS revisited tools
will provide unique capabilities to study functions of viable
cells that are beyond the capabilities of other techniques and
that are applicable to BE.?*

NEXT GENERATION PROTEOMICS
AND APPLICATION FOR MOLECULAR
IMAGING

Next generation sequencing allows the analysis of genomes,
including those representing disease states, since genome-wide
association studies revealed genomic risk loci that potentially
have an impact on disease and phenotypic traits. However, the
causes of most disorders are multifactorial, and systems level
approaches, including the analysis of proteomes, are required
for a more comprehensive understanding.* The proteome is
extremely multifaceted because of splicing and protein modi-
fications, and this complex nature is further amplified by the
interconnectivity of proteins into complexes and signaling net-
works. This complexity compels us to say good-bye to Western
blotting.?® Because proteome analysis heavily relies on MS, MS
based proteomics is starting to mature and to deliver through
a combination of developments in instrumentation, sample
preparation, and computational analysis. These developments
are part of what is known as next generation proteomics, which,
with additional application of molecular imaging, is being de-
veloped for the early detection of premalignant lesions.”

To label or not to label

Proteomics has provided researchers with a sophisticated
toolbox of labeling-based and label-free quantitative methods.
Filiou et al.® compared labeling-based and label-free quantita-
tive proteomic techniques for clinical applications, assessed the
use of labeled standards as internal controls for comparative
studies in humans, and reviewed applications of labeling-
based and label-free MS approaches in relevant model organ-
isms and human subjects.” They concluded that next genera-
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Fig. 2. Advances in molecular imaging technology for future medicine in gastroenterology, and cDNA microarray and imaging mass spectrometry
(IMS). (A) Flow for IMS as exemplified in colitic cancer. (B) Label-free protein quantification scheme for either biomarker discovery or IMS. (C) La-
bel-based protein quantification scheme using isobaric tags for relative and absolute quantification (iTRAQ) labeling. ITO, indium tin oxide; MALDI-
TOF-IMS, matrix-assisted laser desorption/ionization time-of-flight imaging mass spectrometry; LC-MS/MS, liquid chromatography-tandem mass
spectrometry; RT, chromatographic retention time; m/z, mass-to-charge ratio; PCA, principal components analysis.
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Fig. 2. Continued.

tion proteomics might provide very useful insights into clinical
disease pathogenesis and carcinogenesis, translating pro-
teomics from the bench to the bedside. For instance, we have
tried to identify potential biomarkers for disease discrimina-
tion or to predict the clinical course of inflammatory bowel
disease, or to predict favorable response after Korean red gin-
seng intake using label-based isobaric tags for relative and ab-
solute quantification (iTRAQ).*® Overall, it is clear that pro-
teomics technologies are continuously evolving, and whether
or not labeling is used is simply a matter of choice, because ei-
ther way has advantages. The tremendous increase in proteome
coverage over the past decade cannot be attributed to a single
breakthrough, and there is ample scope for further develop-
ments. As seen in Fig. 2, we have tried to figure IMS imaging
using the sample from chronic ulcerative colitis-associated
colitic cancer. As shown in Fig. 2B, C, either label-free protein
quantification (Fig. 2B) or label-based protein quantification
(Fig. 2C) can be applied for both biomarker discovery and
IMS imaging.
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Label-free protein quantification

Current proteomic studies no longer focus only on identifi-
cation of as many proteins as possible in a given sample, but
instead try to accurately quantify them. Especially in clinical
proteomics, the investigation of variable protein expression
profiles can yield useful information on pathological pathways
or drug targets relevant to certain clinical diseases. Popular
quantitative strategies use either label-free approaches or stable
isotope labeling. Label-free quantification through spectral
counting and/or signal intensity of the detected peptides seems
to be the least cumbersome way to obtain quantitative infor-
mation, providing robust and precise relative protein expres-
sion information (Fig. 2B). However, care has to be taken with
absolute copy number determinations of proteins.

Label-based protein quantification

Apart from label-free protein quantification, errors in quan-
tification that occur due to variation in sample handling can
be minimized when differential stable isotopes are introduced
in the samples to be compared in order to create peptide isoto-
pomers that can be distinguished in the output spectra based



on their distinctive masses.” Therefore, several strategies have
been developed in recent years that use the incorporation of
stable isotopes for which minimal variability is achieved using
metabolic labeling in cell culture or even in whole organisms
(Fig. 2C). Quantification is usually achieved at the MS level, ex-
cept for chemical labeling using isobaric chemical labels, in
which quantification is based on MS/MS reporter ions and
quantification at the MS/MS level can be multiplexed, permit-
ting the analysis of multiple perturbations in parallel.

CONCLUSIONS

Next-generation proteomics surely allows a much more in-
depth view of the proteome in all its facets, and IMS technolo-
gy provides benefits of see what was not seen and know what
was not known, which is part of the wonderful world of mod-
ern medicine. As the core technology, MS will remain a main
player in this arena. Combined with modern medicine tools,
MS has evolved to be applicable in new drug development as
well as digital pathology beyond anatomical pathology. Future
advances in MSbased proteomics technologies will focus on 1)
getting the relevant proteomics data with reduced analysis
time, 2) reducing the quantity of material required, and 3) al-
lowing indepth analysis of homogenous cell populations or
micro-dissected tissue, with the ultimate aim being single-cell
proteome analysis at the bedside or by human doctors. MS-
based quantitative proteomics will become very powerful to
discover disease biomarkers that are predictive or diagnostic,
to identify prognostic and therapeutic targets, or to highlight
translational medical research. All MS-based quantification
strategies and techniques, including 2D gel-based methods,
stable isotope labeling with amino acids in cell culture, isotope-
coded afhinity tag, and iTRAQ will contribute enormously to
the early detection and prediction of disease long before it can
be detected by white-light endoscopy (Fig. 2). With the advent
of these advanced imaging technologies,* BE can be a curable
disease rather than being a precursor to esophageal cancer in
the near future. To enjoy these advancements, the clinician
should be equipped with sufficient knowledge about next gen-
eration proteomics, genomics, and sequencing. Routine inte-
gration will require the maturation and alignment of diverse
postgenome technologies as well as crosstalk between different
scientific communities.
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