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Abstract
Colorectal adenocarcinoma is one of the worldwide leading causes of cancer deaths. Discovery of
specific biomarkers for early detection of cancer progression and the identification of underlying
pathogenetic mechanisms are important tasks. Global proteomic approaches have thus far been
limited by the large dynamic range of molecule concentrations in tissues and the lack of selective
enrichment of the low-abundance proteome. We studied paired cancerous and normal clinical tissue
specimens from patients with colorectal adenocarcinomas by heparin affinity fractionation
enrichment (HAFE) followed by 2-D PAGE and tandem mass spectrometric (MS/MS) identification.
Fifty-six proteins were found to be differentially expressed, of which 32 low-abundance proteins
were only detectable after heparin affinity enrichment. MS/MS was used to identify 5 selected
differentially expressed proteins as proteasome subunit β type 7 (PSB7), hemoglobin α subunit
(HBA), peroxiredoxin-1 (PRDX1), argininosuccinate synthase (ASSY), and signal recognition
particle 9 kDa protein (SRP9). This is the first proteomic study detecting the differential expression
of these proteins in human colorectal cancer tissue. Several of the proteins are functionally related
to tissue hypoxia and hypoxic adaptation. The relative specificities of PSB7, PRDX1, and SRP9
overexpression in colon cancer were investigated by Western blot analysis of patients with colon
adenocarcinomas and comparison with a control cohort of patients with lung adenocarcinomas.
Furthermore, immunohistochemistry on tissue sections was used to define the specific locations of
PSB7, PRDX1, and SRP9 up-regulation within heterogeneous primary human tumor tissue.
Overexpression of the three proteins was restricted to the neoplastic cancer cell population within
the tumors, demonstrating both cytoplasmic and nuclear localization of PSB7 and predominantly
cytoplasmic localization of PRDX1 and SRP9. In summary, we describe heparin affinity
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fractionation enrichment (HAFE) as a prefractionation tool for the study of the human primary tissue
proteome and the discovery of PSB7, PRDX1, and SRP9 up-regulation as candidate biomarkers of
colon cancer.
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Introduction
Colorectal cancer accounts for 13–14% of clinical cancer presentations and 10–13% of overall
cancer mortality, which makes it one of the most prevalent and deadly cancers worldwide.1
Colorectal adenocarcinoma arises most frequently from preneoplastic polypoid adenomas
through a sequence of progressively malignant stages. Currently, clinical detection methods
for colorectal cancer include biennial fecal occult blood tests and regular sigmoidoscopies or
colonoscopies on selected patients. Carcinoembryonic antigen (CEA) is a blood-based protein
biomarker that is in clinical use for postsurgical detection of recurrence and monitoring of
metastatic disease burden.2,3 However, CEA is neither sensitive nor specific enough for
diagnosis or early detection of the disease.

Recently, it has been recognized that the large dynamic range of tissue protein concentrations
(spanning 105–1012-fold differences) poses a formidable challenge to proteomic discovery.
Consequently, the rich low-abundance proteome, while functionally very much of critical
importance, has thus far largely eluded investigation in favor of relatively few high-abundance
components, such as structural or cytoskeletal proteins. For example, proteomic profiling by
2-D PAGE or nongel-based approaches (e.g., MS/MS) can be expected to have missed low-
abundance proteins and may have provided an incomplete picture because the individual
dynamic range of these methods is at best 3 to 5 orders of magnitude. One approach to address
this situation is to apply targeted prefractionation techniques prior to proteomic analysis in
order to specifically enrich for the low-abundance proteome while removing unwanted
abundant proteins.4–7

In our present study, we chose heparin affinity chromatography as a prefractionation tool for
human colorectal cancer tissue proteins isolated from primary surgical specimens. Heparin is
a member of the glycosaminoglycan family and consists of variably sulfated repeating
disaccharide units. Heparin has two main modes of interaction with proteins.5,6 First, heparin
can function as a specific affinity ligand, for example, in its interaction with components of
the blood coagulation cascade or extracellular growth factors. Second, due to its sulfate groups
and polyanionic nature, heparin can serve as a high capacity cation exchanger and bind a broad
variety of proteins with a range of affinities. Furthermore, the interactions of heparin with
various proteins in vivo may have significant physiologic implications in cancer and other
diseases. Hence, binding of heparin, via a combination of specific affinity association and
nonspecific electrostatic ion pairing, may be a powerful tool for the selection and enrichment
of low-abundance proteins as potential cancer biomarkers.

In our study, we investigated heparin affinity fractionation enrichment (HAFE) of human
colonic tissue proteins. Using a computational 2-D Difference Gel Electrophoresis (DIGE)
comparison, we found that the proteomic profiles of heparin-binding fractions differed from
those of unfractionated total protein extracts. While previously abundant proteins were
relatively depleted, many low-abundance proteins were enriched and newly visible in heparin-
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binding fractions. We then applied our HAFE technique to matched pairs of colon adeno-
carcinoma and normal tissue specimens from patients who had undergone surgical colectomy
procedures. Our subsequent 2-D PAGE comparison identified 56 differentially expressed
proteins, 5 of which were selected for further study because of their favorable 2-D
electrophoretic separation behavior (clear spot separation without overlap). The identities of
these proteins were unambiguously established by mass spectrometric sequencing.
Interestingly, none of the proteins have thus far been implicated in colon carcinogenesis.
Therefore, these proteins may represent new candidate biomarkers of disease. Subsequently,
we focused on three particular proteins, that is, PSB7, PRDX1, and SRP9, for further study
because their functional context was particularly appealing. In our initial 2-D HAFE-PAGE
experiments, these proteins were found to be up-regulated in cancer tissue. Quantitative
analysis of PSB7, PRDX1, and SRP9 proteins in an independent prospective set of patients
with colon carcinomas confirmed their increased abundance in cancer. For comparison, we
also examined the levels of PSB7, PRDX1, and SRP9 protein expression in a control cohort
of pulmonary adenocarcinomas.

Human cancer tissue is a complicated, highly heterogeneous composite, typically including an
admixture of bona fide neoplastic cancer cells, benign epithelial elements, mesenchymal
stromal cells, blood and lymphatic vessels, nerve tissue, intercellular matrix elements, areas
of necrosis or apoptosis, and numerous other components. By immunohistochemical
techniques, overexpression of PSB7 was found in both cytoplasmic and nuclear compartments
of the neoplastic colon cancer cells, while PRDX1 and SRP9 overexpression was confined to
the cytoplasmic compartment.

In sum, we describe the discovery of PSB7, PRDX1, and SRP9 up-regulation in human colon
adenocarcinomas using a pre-fractionation approach that facilitates investigation of the tissue
proteomes of primary human surgical specimens.

Experimental Procedures
Clinical Tissue Specimen Collection

Ten matched pairs of colon adenocarcinomas and adjacent normal colonic mucosa and 15
matched pairs of lung adenocarcinomas and adjacent normal lung tissue were collected at the
Department of Pathology and Laboratory Medicine, Massachusetts General Hospital, Boston,
MA. Fresh tissue samples were dissected in the Frozen Section Laboratory immediately after
surgical removal of the specimen from the patient and carefully snap-frozen in liquid nitrogen.
The frozen samples were stored at −80 °C until further analysis. Routine diagnostic tissue was
fixed in formalin and embedded in paraffin. A summary of the tissue samples is shown in
Supplementary Table 1.

Protein Extraction
Samples of 100–200 mg of tissue were immersed at a concentration of 200 mg/mL in a protein
extraction solution containing 50 mM sodium phosphate buffer (pH 7.4) and Roche Complete
Mini Protease Inhibitor Cocktail (Roche Applied Science, Indianapolis, IN). Tissue samples
were homogenized on ice with a motor-driven tissue homogenizer (Fisher Tissue Miser,
Thermo Fisher Scientific, Waltham, MA), followed by sonication on ice 10 times for 10 s each.
The homogenates were centrifuged at 14 000 rpm in a benchtop centrifuge at 4 °C for 30 min,
and the supernatants were filtered through 0.45-μm syringe filters. The filtrates (total soluble
proteins) were used for subsequent heparin affinity chromatography and 2-D PAGE analysis.
Protein concentrations were measured with the Bradford method using the Bio-Rad Protein
Assay Kit (Bio-Rad, Hercules, CA) and bovine IgG as the standard on a μQuant plate reader
(BioTek, Winooski, VT). All samples were stored at −80 °C until analysis.
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Heparin Affinity Chromatography
Soluble protein extracts were fractionated on 5-mL HiTrap Heparin HP columns (GE
Healthcare, Piscataway, NJ) using a GradiFrac system (GE Health-care). Typically, 12-mg
protein samples were diluted with 50 mL of 10 mM sodium phosphate buffer at pH 7.4 (buffer
A) and centrifuged at 10 000 rpm in a Sorvall SS-34 rotor (Thermo Fisher Scientific) at 4 °C
for 20 min. The supernatant was loaded onto the heparin column at a rate of 2 mL/min. The
column was washed with 75 mL of buffer A containing 20 mM NaCl to elute nonbinding
proteins. Heparin-binding proteins were eluted using two-step gradients, 75 mL of 200 mM
NaCl followed by 50 mL of 1 M NaCl (Figure 1A,B). Protein peaks were monitored by UV
absorbance at 280 nm. Four protein pools were obtained from each tissue sample: total
unfractionated extract (no heparin column), not heparin-binding (eluting with 20 mM NaCl
wash), weakly heparin-binding (eluting with 200 mM NaCl), and strongly heparin-binding
(eluting with 1 M NaCl). For 2-D PAGE or 2-D DIGE analysis, specimens were concentrated
to 200 μL each at 4 °C using 10-kDa cutoff Amicon centrifugal filters (Millipore, Bedford,
MA).

For Western blot validation, weakly heparin-binding fractions were obtained by batch
purification. Heparin Sepharose (GE Healthcare) resin (0.2 mL) was equilibrated with buffer
A containing 20 mM NaCl and mixed with tissue protein extract (1 mg of tissue in 1 mL of
equilibration buffer) in a microcen-trifuge tube. After 10 min, the sample–resin mixture was
centrifuged at 3000 rpm for 1 min. The supernatant was removed and 1 mL of equilibration
buffer was added to the resin. The resuspended resin was centrifuged as above and the
supernatant was removed. Then, the resin was mixed for 10 min with 1 mL of buffer A
containing 200 mM NaCl. The resin was centrifuged and the supernatant containing eluted
weakly heparin-binding proteins was saved. The buffer of the eluate was exchanged to buffer
A using a 10-kDa cutoff Amicon centrifugal filter and concentrated to 30 μL for further
experiments.

2-D PAGE
Protein samples (200 μg) from unfractionated total extracts, weakly heparin-binding, or
strongly heparin-binding pools were analyzed by 2-D PAGE. Prior to electrophoresis, samples
were cleaned with the ReadyPrep 2-D Cleanup Kit (Bio-Rad) and redissolved in 185 μL of
ReadyPrep Rehydration/Sample Buffer (Bio-Rad). Protein samples were applied onto 11-cm
IPG strips (pH 3–10, Bio-Rad), and the strips were rehydrated passively (without current)
overnight in a Bio-Rad Protean IEF Focusing Tray. Proteins were separated in the strips by
isoelectric focusing (IEF) using a Protean IEF Cell (Bio-Rad). After equilibration with SDS-
PAGE Equilibration Buffers I and II (Bio-Rad), proteins were separated along the second
dimension by SDS-PAGE using an 8–16% (m/v) gradient polyacrylamide Tris-HCl gel
(Criterion Tris-HCl Gel, Bio-Rad). After electrophoresis, gels were fixed with 10% (v/v)
ethanol and 7% (v/v) acetic acid for 30 min, and proteins were stained with fluorescent SYPRO
Ruby (Bio-Rad) for 16 h. Stained gels were imaged with a Typhoon 9410 fluorescence scanner
(GE Healthcare). Image analysis was carried out with the PD Quest 7.4.0 software (Bio-Rad).
In the analysis, the intensity of each spot on a gel was normalized with respect to the total
integrated optical fluorescence for that gel. The relative quantity of protein in a given spot was
calculated as parts per million (ppm) of the total integrated optical fluorescence.

2-D DIGE
Proteomic profiles of total unfractionated extracts and heparin-binding fractions were
compared by 2-D Difference Gel Electrophoresis (DIGE). Prior to analysis, protein samples
were cleaned with the ReadyPrep 2-D Cleanup Kit (Bio-Rad) and resuspended in 28 μL of
sample lysis buffer (30 mM Tris, 7 M urea, 2 M thiourea, and 4% (w/v) CHAPS, pH 8.5). The
pH of the protein solutions was carefully adjusted to 8.5 with 50 mM NaOH by spotting 0.2-
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μL samples onto a pH indicator strip. Paired protein samples (200 μg each) were labeled on
ice for 30 min in the dark with 1 μL of 400 μM CyDye (GE Healthcare), for example, Cy5 for
unfractionated total extracted proteins and Cy3 for heparin-binding fractions. The labeling
reactions were stopped by incubation with 1 μL of 10 mM lysine for 10 min on ice in the dark.
To the stopped reaction solution, 30 μL of sample buffer (8 M urea, 130 mM DTT, 4% (w/v)
CHAPS, and 2% (v/v) Bio-Lyte 3/10 ampholyte (Bio-Rad)) was added. Pairs of labeled
samples were pooled and the sample volume was adjusted to 185 μL with ReadyPrep
Rehydration/Sample Buffer (Bio-Rad). The samples were mixed with 4 μL of 2-D SDS-PAGE
Standard (Bio-Rad) and sequentially separated by IEF and SDS-PAGE as described above.
Protein fluorescence images were obtained by imaging successively at 532 nm for Cy3 labeling
and 635 nm for Cy5 labeling on a Typhoon 9410 scanner. Image analysis was performed as
described above.

Protein Sequence Analysis by LC–MS/MS
Mass spectrometric sequencing was performed at the Taplin Biological Mass Spectrometry
Facility of Harvard Medical School, Boston, MA. After 2-D PAGE gel image analysis, proteins
that were differentially expressed in cancer tissue were selected for sequencing based on
favorable positional separation on 2-D gels. Selected protein spots were excised and cut into
approximately 1 mm3 pieces. Gel pieces were then subjected to a modified in-gel trypsin
digestion procedure.8 Gel pieces were washed and dehydrated with acetonitrile for 10 min,
followed by removal of acetonitrile. The gel pieces were then dried in a SpeedVac (Thermo
Fisher Scientific, Waltham, MA). The gel pieces were rehydrated at 4 °C with 50 mM
NH4HCO3 solution containing 12.5 ng/μL modified sequencing-grade trypsin (Promega,
Madison, WI). After 45 min, the excess trypsin solution was removed and replaced with 50
mM NH4HCO3 solution to cover the gel pieces. Samples were incubated overnight at 37 °C.
Tryptic peptides were then retrieved with NH4HCO3 solution, followed by one wash of the gel
pieces with a solution containing 50% (v/v) acetonitrile and 5% (v/v) acetic acid. The extracts
were dried in a SpeedVac and stored at 4 °C until analysis.

For analysis, the samples were reconstituted in 10 μL of HPLC solvent A (2.5% (v/v)
acetonitrile, 0.1% (v/v) formic acid). A nanoscale reverse phase HPLC capillary column was
created by packing 5-μm sized spherical C18 silica beads into a fused silica capillary (100 μm
inner diameter, 12 cm length) with a flame-drawn tip.9 After equilibration of the column, each
sample was loaded via a Famos autosampler (LC Packings, San Francisco, CA). A gradient
was formed and peptides were eluted at increasing concentrations of solvent B (97.5% (v/v)
acetonitrile, 0.1% (v/v) formic acid).

As each peptide was eluted, it was subjected to electrospray ionization before entering into an
LTQ linear ion trap mass spectrometer (Thermo Fisher Scientific). Eluting peptides were
detected, isolated, and fragmented to produce a tandem mass spectrum of specific fragment
ions for each peptide. Peak lists were generated with ExtractMS version 2 (rev. 11) (Thermo
Fisher Scientific) using default parameters. Peptide sequences (and thus protein identities) were
determined by matching the complete NCBI Human Protein Database (downloaded on
12/01/2006 from http://www.ncbi.nlm.nih.gov) without further restrictions containing 269 363
protein entries with the measured fragmentation pattern using the software program Sequest
version 27 (rev. 12) (Thermo Fisher Scientific). For initial database searching and calculation
of database match statistics, no enzyme cleavage specificity was considered to check
independently whether database matches were indeed consistent with tryptic peptides. Cysteine
S-carboxymethylation and methionine oxidation to methionine sulfoxide were accounted for
as fixed and variable modifications, respectively. Mass tolerances for precursor and fragment
ions were set to 2 and 1 Da, respectively. For acceptance of individual MS/MS spectra, peptides
were required to be fully tryptic peptides with XCorr values of at least 1.5 (1+ ion), 2.5 (2+
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ion), and 3.0 (3+ ion), respectively. All data were manually inspected by an experienced mass
spectrometrist, and only proteins with multiple peptide matches were considered confidently
identified. When relevant, different isoforms or individual members of a protein family were
identified based on the presence of peptide fragments unique to a particular isoform or family
member. If such distinction was not possible, all candidates matching the measured peptides
were reported.

Western Blotting
Mouse monoclonal antibodies specific for PSB7 (clone HN3), PRDX1 (clone 4b11-G10), and
β-actin (clone C4) were purchased from Abcam (Cambridge, MA), Abnova (Taipei, Taiwan),
and Santa Cruz Biotechnology (Santa Cruz, CA), respectively. Rabbit polyclonal IgG
antibodies specific for SRP9 were purchased from ProteinTech (Chicago, IL). Further
procedural details are given in Supporting Information.

Immunohistochemistry
Microtome sections (5 μm) from formalin-fixed and paraffin-embedded tissue blocks were
mounted onto poly-L-lysine-coated glass slides. Routine diagnostic slides were stained with
hematoxylin and eosin. Specific proteins were detected by peroxidase-DAB
(diaminobenzidine) chemistry using the NovoLink Polymer Detection System (Vision
BioSystems, Norwell, MA). Further procedural details are given in Supporting Information.

Results
Heparin Affinity Fractionation Enrichment (HAFE) of the Low-Abundance Proteome in
Human Colorectal Mucosa

The enrichment of low-abundance proteins by heparin affinity chromatography was assessed
using human colonic tissue protein extracts. Soluble protein extracts were prepared from
normal or cancerous colonic mucosa and fractionated on heparin affinity columns into (i)
nonbinding proteins (eluting with 20 mM NaCl), (ii) a weakly heparin-binding fraction (eluting
with 200 mM NaCl), and (iii) a strongly heparin-binding fraction (eluting with 1 M NaCl).
Figure 1A,B shows typical heparin affinity fractionation chromatograms. We then employed
2-D Difference Gel Electrophoresis (2-D DIGE) to compare the proteomic profiles of weakly
and strongly binding proteins to those of unfractionated total protein extracts (Figure 1C,D).
The overall protein signatures of heparin-binding protein fractions (green spots in Figure 1C,D)
differed significantly from those of unfractionated samples (red spots). For example, albumin,
an abundant protein in the unfractionated sample (red spot 1; identified by its molecular weight
and pI position), was depleted in the heparin-binding fractions. In particular, the weakly
heparin-binding fraction displayed a large number of enriched and newly visible proteins in
the high pI range (green), possibly due to heparin-based selection for positive charge. Only
few abundant proteins remained relatively unchanged by heparin affinity separation, as
exemplified by the yellow spot 2. We then analyzed the gel images using the PD Quest software
to quantitate depleted and enriched proteins in heparin-binding fractions relative to
unfractionated total protein extracts. In the weakly binding fraction, 210 protein spots were
enriched and 47 protein spots were partially or fully removed (enrichment bias, 210/47 = 4.5).
In the strongly binding fraction, 216 protein spots were enriched and 14 protein spots were
reduced (enrichment bias, 216/14 = 15.4). A greater than 2-fold absolute change (increase or
decrease) in spot intensity was considered significant in this analysis. This result indicated that
HAFE had the capability of preferentially enriching low-abundance proteins from tissue
extracts. Thus, we hypothesized that HAFE could serve as a useful prefractionation tool for
proteome analysis and discovery of novel biomarkers.

Rho et al. Page 6

J Proteome Res. Author manuscript; available in PMC 2009 June 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Next, we applied the HAFE technique to pairs of normal and cancerous mucosa from five
patients who had undergone colectomy surgery for colon adenocarcinoma (Supplementary
Table 1). Twelve milligrams each of soluble tissue protein extracts was fractionated. The
average protein recovery rates in nonbinding, weakly, and strongly heparin-binding fractions
from normal tissue were 47.1 ± 24.4% (5.7 ± 2.9 mg), 8.3 ± 2.1% (1.0 ± 0.3 mg) and 12.4 ±
14.5% (1.5 ± 1.7 mg), respectively. The corresponding recovery rates from adenocarcinoma
tissue were 41.8 ± 8.8% (5.0 ± 1.1 mg), 10.6 ± 4.0% (1.3 ± 0.5 mg), and 21.4 ± 7.6% (2.6 ±
0.9 mg), respectively.

2-D PAGE Comparison of Heparin-Binding Fractions between Normal and Colon Cancer
Tissue

The heparin-binding fractions isolated from normal and colorectal cancer samples were
compared by 2-D PAGE. For this study, we analyzed 5 paired samples (patients CA1–5; see
Supplementary Table 1 for clinical data) of weakly heparin-binding fractions and 4 paired
samples (patients CA1–3 and CA5) of strongly heparin-binding fractions (Supplementary
Figure 1). By computational 2-D gel image comparison, a total of 56 proteins were found to
be differentially expressed between cancerous and normal tissue. Analysis of the weakly
heparin-binding fractions revealed 42 differentially expressed protein spots, each exhibiting
>2-fold relative abundance change (either increase or decrease) of the tumor to normal spot
intensity ratio (SIR) in at least 3 patients and with >95% statistical significance (Student’s t
test). To better understand the effects of heparin prefractionation, we next asked how many
spots would have been identified versus how many spots would have been missed in a 2-D gel
analysis of unfractionated (i.e., not heparinenriched) extracts. To this end, we repeated the
above analysis, now also including a 2-D gel data set from unfractionated total protein extracts
obtained from patient CA2. Of the 42 spots, only 16 spots could be detected computationally
when data from unfractionated extracts were included in the statistical analysis. Conversely,
this means that 26 low-abundance, differentially expressed proteins were exclusively identified
in the weakly heparin-binding fractions and thus would not have been discovered without
HAFE prefractionation (Supplementary Figure 2). An analogous analysis was performed for
the strongly heparin-binding fractions. Fourteen proteins were found to be differentially
expressed (>2-fold change (either increase or decrease) in at least 3 patients and >95%
statistical significance). After inclusion of a data set from unfractionated total protein extracts,
6 proteins were exclusively identified in the strongly heparin-binding fractions and thus would
not have been discovered without HAFE prefractionation (Supplementary Figure 2). We
hypothesized that those differentially expressed proteins that were exclusively detectable in
heparin-prefractionated specimens may represent novel disease-associated proteins.
Furthermore, such proteins would have likely been missed in previous studies using
unfractionated samples alone. Hence, we decided to focus our attention on protein spots that
were only detectable by analysis of HAFE fractions (32 protein spots, 26 from weakly and 6
from strongly heparin-binding fractions). Figure 2 shows 2-D gel images and spot intensity
changes of the 32 proteins. Figure 2A depicts representative 2-D gels from weakly (left gel)
and strongly (right gel) heparin-binding cancer tissue extracts, respectively. The positions of
the 32 differentially expressed protein spots identified by HAFE analysis are indicated by
numbers. To overcome intrinsic intra- and interspecimen variability associated with patient
peculiarities and tissue heterogeneity, we required as the initial Boolean spot selection criteria
(i) >2-fold abundance change of the SIR in at least 3 patients and (ii) >95% statistical
significance by Student’s t test as calculated by the PD Quest software. It is important to note
that virtually all proteins selected by these criteria (Figure 2B,C) also showed the same
qualitative trend (i.e., increase or decrease) for the remaining patients, albeit the changes were
sometimes <2-fold or not statistically significant (Figure 2D).
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Protein spots showing clear separation from surrounding spots, sufficient intensity, and
consistent spot shape and size were chosen for identification by MS/MS sequencing. Four spots
(numbered 7, 21, 23, and 25) were selected from the weakly binding fraction and 1 spot
(numbered 32) was selected from the strongly binding fraction, respectively. Magnified gel
views of the five spot locations from various patients are shown in Figure 2C. We identified
the weakly heparin-binding proteins in spots 7, 21, 23, and 25 as proteasome subunit β type 7
(PSB7), argininosuccinate synthase (ASSY), hemoglobin α subunit (HBA), and
peroxiredoxin-1 (PRDX1), respectively. The tightly heparin-binding protein in spot 32
corresponded to the signal recognition particle 9 kDa protein (SRP9) (Table 1 and
Supplementary Table 2). The discovery of SRP9 illustrates the usefulness of heparin
enrichment particularly well because the corresponding 2-D gel spot remained consistently
undetectable in unfractionated extracts.

While all five proteins have been attributed various roles in oncogenesis, none has thus far
been implicated in colorectal cancer. Thus, this is, to our knowledge, the first report
demonstrating expression alterations of these proteins in human colorectal adenocarcinomas.

Validation of PSB7, PRDX1, and SRP9 Protein Overexpression in Colon Cancer by Western
Blotting

We used Western blotting with monoclonal antibodies to validate the expression changes of
PSB7, PRDX1, and SRP9 identified by 2-D PAGE analysis. Overall, 9 pairs of colon
adenocarcinoma samples were analyzed. Furthermore, 15 pairs of lung adenocarcinoma
samples were tested to study whether the observed protein expression changes were present in
another common type of human adenocarcinoma. Figure 3 and Supplementary Figure 3 show
the results of the Western blot validation for all available colon and lung cancer specimens.
Unfractionated samples (Figure 3A,C and Supplementary Figure 3A), weakly heparin-binding
fractions (Figure 3B,D,E), and strongly heparin-binding fractions (Supplementary Figure 3B)
were examined. Omitted patient columns in individual blots indicate that no remaining
specimen was available for the particular experiment. For comparison of protein expression
levels between normal and cancer samples, the expression ratio (ER) between cancer and
normal tissue was internally normalized with respect to β-actin protein expression levels for
each pair of samples and calculated as ER = (IPC/IPN)/(IAC/IAN), where IPC and IPN denote the
measured intensities of the specific protein band (PSB7, PRDX1, or SRP9) for cancer or normal
tissue, respectively, and IAC and IAN denote the measured intensities of the β-actin band for
cancer and normal tissue, respectively. Consequently, ER = 1, ER < 1, and ER < 1 characterize
overexpression in cancer, unchanged expression, and decreased expression in cancer,
respectively.

In colon adenocarcinomas, the mean ERs (±standard deviation) for PSB7 in unfractionated
and weakly heparin-binding tissue extracts were, respectively, 1.8 (±0.8) and 1.5 (±0.8). The
second number may be a conservative estimate since the large value of ER = 22.8 for CA3 was
not included in this analysis. For PRDX1, the corresponding mean ERs (±standard deviation)
were 1.9 (±1.1) [unfractionated] and 2.1 (±1.1) [weakly heparin-binding], respectively. Again,
the second number may be a conservative estimate since the large value of ER = 22.2 for CA4
was not included in this analysis. For SRP9, the mean ERs (±standard deviation) were 12.4
(±8.3) [unfractionated] and 73.6 (standard deviation omitted because of small sample size)
[strongly heparin-binding], respectively.

Analysis of a control cohort of lung adenocarcinomas showed that the mean ERs (±standard
deviation) for PSB7 in unfractionated and weakly heparin-binding tissue extracts were,
respectively, 1.5 (±0.8) and 1.3 (±0.7). For PRDX1, the corresponding mean ERs (±standard
deviation) were 2.1 (±1.4) [unfractionated] and 1.5 (±0.8) [weakly heparin-binding],
respectively. For SRP9, the mean ERs (±standard deviation) were 4.8 (±3.1) [unfractionated]
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and 1.6 (standard deviation omitted because of small sample size) [strongly heparin-binding],
respectively.

2-D Western blot detection of PRDX1 revealed 4 isoforms in weakly heparin-binding fractions
(Figure 3E). Individual 2-D Western SIRs for the 4 PRDX1 isoforms in patient CA4 were 2.5,
5.2, 9.3, and 37.0, respectively (Figure 3E; 4 spot pairs from left to right). The arrowheads
indicate spots corresponding to spot 25 in Figure 2A, which was identified as PRDX1 by MS/
MS sequencing (Table 1).

Localization of PSB7, PRDX1, and SRP9 Protein Overexpression in Colon Adenocarcinoma
Tissue Sections

Our proteomic experiments, including the heparin-based enrichment for low-abundance
proteins, had suggested increased expression of PSB7, PRDX1, and SRP9 proteins in primary
human colon adenocarcinoma tissue. However, human cancer tissue is a complex, highly
heterogeneous composite, typically including an admixture of bona fide neoplastic cancer cells,
benign epithelial elements, mesenchymal stromal cells, blood and lymphatic vessels, nerve
tissue, intercellular matrix elements, areas of necrosis or apoptosis, and numerous other
components in varying proportions. While our proteomic approach provided a global look at
the tissue as a whole, it did not permit to characterize protein expression distribution at a
subtissue level. We therefore asked which of the tissue components expressed PSB7, PRDX1,
or SRP9 proteins and whether overexpression could be directly demonstrated in tissue sections.
To this end, we examined tissues from 2 patients (CA2 and CA7) by immunohistochemical
techniques. Up-regulation of PSB7, PRDX1, and SRP9 was restricted to neoplastic colon
cancer cells and was not identified in other components of primary tumor tissue, such as
mesenchymal cells or vessels. At subcellular level, increased PSB7 levels were found both
within cytoplasmic and nuclear compartments, while PRDX1 and SRP9 overexpression were
predominantly cytoplasmic (Figures 4 and 5 and Supplementary Figure 4).

PSB7 was expressed at low levels in normal colonic mucosa (Figure 4A,B,E [left],F). Scattered
mononuclear cells, mostly lymphocytes, also expressed PSB7. In contrast, PSB7 was found to
be markedly up-regulated in both cytoplasm and nuclei of the malignant cells forming the
abnormal and invasive adeno-carcinoma glands (Figure 4C,E [right],G,H). Furthermore, over-
expression of PSB7 was also seen in carcinoma present within lymphatic vessels (Figure 4D).

Similarly, PRDX1 was detected at low levels in both normal colonic mucosa (Figure 5A
[right],B,E [left],F) and scattered mononuclear cells, predominantly lymphocytes. However,
invasive neoplastic glands displayed significantly increased, predominantly cytoplasmic
PRDX1 (Figure 5A [left],C,E [right],G,H). Interestingly, a focus of colonic adenocarcinoma
metastatic to the liver (patient CA2), which had been resected at the time of the colectomy
procedure, also revealed markedly increased PRDX1 levels (Figure 5D), essentially
indistinguishable from the primary tumor (Figure 5C).

While SRP9 expression was detectable in normal colonic (Supplementary Figure 4B,E,F) and
scattered mononuclear cells in the lamina propria, overall levels were significantly higher in
invasive carcinoma cells, both in the colon (Supplementary Figure 4A,C,G,H) and in a liver
metastasis (Supplementary Figure 4D).

Analysis of sequential tissue sections from the same tissue blocks showed that PSB7, PRDX1,
and SRP9 were overexpressed together by the same population of cancer cells, rather than
distinctly by different subpopulations.
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Discussion
In this study, we used a prefractionation technique, termed heparin affinity fractionation
enrichment (HAFE), for preferential enrichment of the low-abundance primary human tissue
proteome of surgical specimens. Conventional 2-D PAGE and direct MS/MS-based strategies
have been challenged by the very large dynamic range of tissue protein concentrations, which
spans approximately 105–1012-fold differences. We demonstrated that polyanionic heparin can
be used to enrich tissue proteome extracts for components that occur at relatively low
abundance (Figure 1). On the basis of image analysis of 2-D DIGE experiments, we showed
that through HAFE a richer and deeper view of the extractable proteome was achieved with
spot enrichment biases of 450% and 1540% for weakly and strongly heparin-binding fractions,
respectively (Figure 1C,D).

Next, we examined matched tissue pairs of human colonic adenocarcinoma and normal mucosa
from patients who had undergone surgical colectomy procedures (Supplementary Table 1).
Fifty-six protein spots were found to be differentially expressed between cancer and normal
tissue (>2-fold relative change in at least 3 patients and >95% statistical significance). Of these,
42 were identified in weakly heparin-binding fractions and 14 in strongly heparin-binding
fractions, respectively (Figure 2A,B, Supplementary Figure 1, and data not shown).
Importantly, we demonstrated that omission of HAFE prefractionation would have failed to
identify 62% (26/42) of weakly heparin-binding proteins and 43% (6/14) of strongly heparin-
binding proteins. Thus, without HAFE, a total of 57% (32/56) of differentially expressed
proteins would have remained undiscovered (Supplementary Figure 2).

We then focused on the 32 differentially regulated proteins identified exclusively by HAFE
because we hypothesized that these proteins may have escaped previous investigation that did
not employ HAFE methodology. Five particular protein spots were selected based on favorable
2-D electrophoretic separation behavior (Figure 2) and unambiguously identified by MS/MS
sequence analysis (Table 1, Supplementary Table 2) as proteasome subunit β type 7 (PSB7),
argininosuccinate synthase (ASSY), hemoglobin α subunit (HBA), peroxiredoxin-1 (PRDX1),
and signal recognition particle 9 kDa protein (SRP9). Expression of 4 proteins (PSB7, ASSY,
PRDX1, and SRP9) was increased in cancer tissue relative to normal control, while 1 protein
(HBA) was decreased (Figure 2B,D).

There have been few proteomic studies of differentially expressed proteins in colorectal cancer
tissue.10–12 To our knowledge, however, none has used an enrichment strategy such as HAFE
to augment the depth of the investigated proteome. Furthermore, none of the 5 proteins
discovered in our study have been reported previously in colon cancer. This is consistent with
our observation that, without HAFE, the sensitivity of unfractionated 2-D PAGE and MS/MS
alone would have failed to identify the proteins as differentially expressed. Prefractionation
by heparin affinity significantly enhanced visualization of the 5 proteins on the 2-D PAGE gels
(Figure 2). Furthermore, it appears that heparin chromatography works not only by enriching
heparin-binding proteins, but also by relatively depleting abundant proteins such as albumin
(Figure 1C,D). The removal of abundant proteins increases the proportion of low-abundance
proteins present in the same total quantity of sample, thus, enhancing sensitivity.

It is important to note that proteomic results embody a global look at heterogeneous intact,
multifaceted tumor tissue, containing, besides neoplastic epithelial cancer cells, numerous
other mucosal components, such as stroma, vessels, or smooth muscle. Therefore, increased
or decreased tissue proteomic levels may not necessarily indicate altered expression within the
cancer cells themselves but may, alternatively, be due to altered intra- or extracellular tissue
microenvironment. We purposely chose this initial global approach to biomarker discovery
over, for example, a microdissection-based approach because a whole tissue-based strategy
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may be expected to capture both cancer cell and tissue milieu alterations (e.g., biological tumor-
stroma microenvironmental changes including extracellular compositional alterations).

Along this line of thought, the observed decrease of HBA (and thus α2β2 adult hemoglobin A)
in tumor tissue is likely due to a relatively lower total blood content of tumor tissue compared
to normal mucosa. Even though colon carcinomas are typically thought to possess increased
microvascular density with respect to normal mucosa, they also contain an overproportionally
increased solid epithelial mass component. Therefore, per mass unit of tissue, cancer tissue
can be expected to contain less total hemoglobin than normal mucosa, contributing to the
commonly hypoxic milieu of colon carcinoma.13,14

ASSY is a homotetrameric citrulline-aspartate ligase (EC 6.3.4.5) that catalyzes the ATP-
dependent synthesis of arginine via argininosuccinate from citrulline and aspartate, a critical
step in the urea cycle.15 Genetic defects in ASSY cause auto-somal recessive citrullinemia.
Arginine is the direct substrate for nitric oxide (NO) synthesis.15 It is possible that in a hypoxic
tumor microenvironment the rate of NO synthesis (and arginine depletion) would be increased
to promote compensatory local vasodilatation. Consequently, an elevated arginine demand
may cause concomitant up-regulation of ASSY under such conditions. Thus, ASSY
overexpression in tumor tissue may be a biomarker of local tissue hypoxia.16 Increased levels
of ASSY have been observed in acute lymphocytic and myeloid leukemia cells 17,18 and
ovarian surface epithelial carcinomas.19

Our subsequent work, however, focused on PSB7, PRDX1, and SRP9 because of the interesting
biological functions of these proteins, the fact that these proteins had not been previously
implicated in colon carcinogenesis, and the availability of reagents to validate our proteomic
findings by methodologically independent approaches.

Up-regulation of PSB7, PRDX1, and SRP9 in cancer was validated by Western blotting using
a tissue collection comprising 9 matched pairs of colon adenocarcinomas and a control cohort
of 15 matched pairs of lung adenocarcinomas.

For colon adenocarcinomas, comparison of unfractionated and weakly (for PSB7 and PRDX1)
or strongly (for SRP9) heparin-binding samples (Figure 3A–D and Supplementary Figure 3,
left columns) showed that, while the ERs were not exactly of the same magnitudes on a patient
by patient basis, they generally displayed a concordant trend. When directly comparing the
data from 1-D Western blot experiments (Figure 3A–D and Supplementary Figure 3) to 2-D
PAGE identification (Figure 2), several important experimental differences need to be
considered: (i) One band in the 1-D Western represents the superposition intensity of usually
several separate spots recognized by the same antibody on a 2-D gel, while only one particular
spot on the 2-D PAGE gel was used for analysis (e.g., compare Figure 2A (spot 25) with Figure
3D (bands in CA4 lanes) and Figure 3E (4 spots each)); (ii) band/spot intensities in the Western
blot experiments were enzymatically driven and chemiluminescence-based, whereas 2-D
PAGE spot intensities were based on nonenzymatic SYPRO Ruby fluorescence dye staining,
likely resulting in differences in sensitivity, response linearity, and dynamic range; and (iii) 1-
D Western blot ERs were normalized relative to β-actin as an internal control to compensate
for differences in gel loading, while 2-D PAGE analysis employed spot normalization with
respect to total integrated 2-D gel fluorescence intensity. Furthermore, distinct spots on a 2-D
gel originating from various isoforms of the same protein could exhibit differential behavior.
For example, individual 2-D Western SIRs for 4 PRDX1 isoforms in patient CA4 were 2.5,
5.2, 9.3, and 37.0, respectively (Figure 3E; 4 spot pairs from left to right). The arrowheads in
Figure 3E indicate spots corresponding to spot 25 in Figure 2A, which was identified as PRDX1
by MS/MS sequencing (Table 1). For comparison, the composite PRDX1 ER for patient CA4
from the corresponding 1-D Western blot experiment was 22.2 (Figure 3D), which falls within
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the range of the 2-D Western data but does not capture the differential degree by which
individual isoforms varied (range, 2.5–37.0-fold). Despite these differences, both Western
blotting and 2-D PAGE results provided independent experimental evidence for robust up-
regulation of PSB7, PRDX1, and SRP9 proteins in colon cancer tissue.

For lung adenocarcinomas, comparison of unfractionated and weakly heparin-binding samples
on a patient by patient basis (Figure 3A–D, right column) showed a predominantly concordant
trend for PRDX1 (i.e., both up or both down), while there was little concordance for PSB7.
Concordance for SRP9 (Supplementary Figure 3, right column) could not be directly assessed
because different sample sets had to be analyzed due to limited sample availability. PSB7 and
PRDX1 ERs in the lung cancer cohort exhibited generally greater variability, and in addition,
there were several patients who had decreased expression levels of PSB7 or PRDX1 in cancer
tissue (ER < 1). This finding suggests that increased levels of PSB7 and PRDX1 may play a
pathophysiologic role in or are a biomarker of colonic adenocarcinoma, while pulmonary
adenocarcinoma, another very common human adenocarcinoma, may not share this property.
1-D Western blot analysis of SRP9 expression, in contrast, appears to suggest that this protein
may also be up-regulated in pulmonary adenocarcinoma, a finding that awaits further study.

Finally, we demonstrated by immunohistochemistry on tissue sections that PSB7, PRDX1, and
SRP9 protein up-regulation are localized to the neoplastic colon carcinoma cells, not other
components of heterogeneous cancer tissue, such as stroma or vessels (Figures 4 and 5 and
Supplementary Figure 4). PSB7 was increased in both cytoplasm and nucleus, while PRDX1
and SRP9 up-regulation was predominantly cytoplasmic. This is consistent with cell biological
observations which have shown that PSB7 and the eukaryotic proteasome as a whole are found
both in the cytoplasm and the nucleus,20,21 while PRDX1 and SRP9 expression is
predominantly cytoplasmic and, to a lesser degree, nuclear.22–26 Interestingly, protein
overexpression was retained in lymphatically spreading tumor cells (Figure 4D and
Supplementary Figure 4A) and a hepatic metastasis (Figure 5D and Supplementary Figure 4D).

The biological relationship of PSB7, PRDX1, or SRP9 to heparin is currently not known, except
that PRDX4, a homologous PRDX family member, can bind to heparin under reducing
condition.27 Several heparin-binding consensus peptide sequences have been proposed based
on sequence alignments, including XBBXBX, XBBBXXBX and TXXBXXTBXXXTBB (B,
basic residue; X, hydrophobic residue; T, turn).28 The protein sequences of PSB7, PRDX1,
and SRP9 were searched for these consensus motifs (Supplementary Table 2). PSB7 possesses
two regions with repeated arrays of basic amino acids at 31KRGYKLP-KVRK41
and 237KKGTRLGRYRCEK249. PRDX1 has two regions at 81HFCHLAWVNTPKK93

and 185KPDVQKSKEYFSKQK199. Furthermore, SRP9 features such putative regions at
23KARVV-LKYRH32 and 69KKIEKFH75. The calculated isoelectric points of PSB7,
PRDX1, and SRP9 based on primary amino acid sequence are 7.58, 8.27, and 8.28,
respectively, which is in keeping with their experimentally observed interaction with
polyanionic heparin at physiologic pH. As would be expected, SRP9, which is the most basic
of the three proteins, required the highest ionic strength for dissociation from heparin and was
thus identified in the strongly heparin-binding fraction, while the other two were identified in
the weakly heparin-binding fraction.

PSB7 is a component of the proteasome, a macromolecular machine integral to cellular
proteolytic degradation capability.29 The eukaryotic 20S proteasome is a cylinder-shaped
assembly of four stacked rings of the general form α7β7β7α7.30 The 20S particle is composed
of 2 copies each of 14 different protein subunits (7 α subunits, PSA1–7; 7 β subunits, PSB1–
7). PSB7 is part of a multicatalytic endopeptidase complex (composed of PSB5, PSB6, and
PSB7). In response to interferon-γ signaling, the three subunits can be replaced by very
homologous but different gene products, LMP7, LMP2, and MECL-1, respectively, forming
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the so-called immunoproteasome.31 At protein level, the regulation of PSB7 and MECL-1
appears to be reciprocal, that is, when PSB7 is down-regulated, MECL-1 is up-regulated and
vice versa. Interestingly, down-regulation of LMP2, LMP10, and MECL-1 has been observed
in human breast, colon, and lung cancers,32–34 implying that their counterparts including
PSB7 may be up-regulated compensatorily. It may be speculated that one selective advantage
for cancer cells of shifting the pendulum away from the immunoproteasome is minimization
of MHC class I immune recognition.35,36 The functional role of PSB7 in cancer awaits further
experimental investigation.

PRDX1 belongs to a family of thiol-specific peroxidases that reduce and detoxify a wide range
of organic hydroperoxides such as H2O2 (37). PRDX1 has been studied in cancers and
overexpression has been detected in oral squamous cell, thyroid, and pulmonary carcinomas.
38–43 Interestingly, transgenic mice lacking the Prdx1 gene developed several cancers at
increased frequency.44 However, PRDX1 is not a conventional tumor suppressor because re-
expression of peroxiredoxins in cancer cells fails to induce cell death.45 Rather, peroxiredoxins
may act as both gatekeepers of oxidative damage in normal tissue and promoters of survival
of proliferating malignant cells that are exposed to increased metabolic oxidative stress.41,
42 PRDX3, another member of the PRDX family, has been found to protect malignant
thymoma cells against hypoxia-induced H2O2 accumulation and apoptosis.46 The precise
functional roles and mechanisms of PRDX1 up-regulation in colon cancer will require further
experimental study. Interestingly, at least 3 of the characterized differentially regulated
proteins, that is, HBA, ASSY, and PRDX1, share the common theme of tissue hypoxia or
hypoxia-related adaptation, a signature feature of malignancy.

SRP9 is part of the signal recognition particle (SRP), a hybrid protein-RNA complex that
regulates translational targeting of membrane or secretory proteins to the endoplasmic
reticulum.47 The SRP can interact with the ribosome, recognize the nascent peptide chain,
recruit the ribosome to the translocon, and initiate cotranslational protein sorting.48–52 A
heterodimeric complex of SRP9 and SRP14 bound to 5′ and 3′ terminal sequences of SRP RNA
constitutes the SRP Alu domain which stalls translation elongation until the ribosome is
properly positioned on the translocon.53 As an RNA-binding protein, it may not be surprising
that SRP9 was enriched in the strongly heparin-binding fractions (Figure 2A,C) because
polysulfated heparin may mimic the anionic charge density of RNA. A recent gene array study
identified up-regulation of SRP9 mRNA in hepatocellular carcinomas.54 It is conceivable that
the greater metabolic turnover in proliferating neoplastic cells necessitates increased ribosomal
protein synthesis, in particular of membrane-associated proteins. Interestingly, anti-SRP
autoantibodies have been detected in patients with paraneoplastic or autoimmune necrotizing
myopathy.55,56 The functional relationship between the SRP and malignancy awaits further
study.

In summary, we describe the discovery of PSB7, PRDX1, and SRP9 protein up-regulation in
human colon adenocarcinomas. The discovery was made possible by using a prefractionation
approach for enhanced analysis of the low-abundance proteome of primary human surgical
tissue specimens.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Heparin affinity fractionation chromatograms and 2-D DIGE analysis of heparin affinity
enrichment. (A and B) Heparin affinity chromatograms of normal (A) and adenocarcinoma
(B) tissue samples from patient CA2. Samples (12 mg) of soluble total proteins extracted from
colonic mucosa were loaded onto a HiTrap Heparin HP column (5 mL bed volume). Abscissa
and ordinate of the chromatograms denote column elution volume and UV absorbance at 280
nm, respectively. The first broad peak corresponds to nonbinding proteins (NB). The two sharp
peaks represent weakly (WB) and strongly heparin-binding (SB) proteins eluting at 200 mM
and 1 M NaCl, respectively. The chromatographic profiles of normal versus disease or between
different patients were overall similar to each other and reproducible without significant
changes. For 2-D PAGE analysis, the peak fractions were collected and pooled to minimize
small variations between runs. (C and D) Assessment of heparin affinity fractionation
enrichment by 2-D Difference Gel Electrophoresis (DIGE). Total soluble proteins extracted
from normal colonic mucosa (patient CA3) were separated by heparin affinity as above.
Unfractionated total proteins (200 μg) were labeled with the Cy5 dye (red), while heparin-
binding proteins (200 μg) were labeled with the Cy3 dye (green). Preferentially enriched
proteins in weakly (C) and strongly (D) heparin-binding fractions are shown in green in the
overlay images, while relatively depleted, originally abundant proteins are highlighted in red.
Yellow spots identify few proteins whose abundance remains unchanged by fractionation. Note
the significant increase in the number of resolved weak green spots over strong red spots,
indicating the efficiency of low-abundance proteome enrichment by heparin fractionation.
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Figure 2.
Differentially expressed proteins in human colorectal cancer tissues. (A) Representative 2-D
PAGE gel images of weakly (left; patient CA5) and strongly (right; patient CA2) heparin-
binding proteins extracted from cancer tissues. Thirty-two spots showing >2-fold relative
change (either increase or decrease) in at least 3 patients with >95% statistical significance are
labeled with numbers. Five protein spots (numbered 7, 21, 23, 25, and 32) showing clear
separation from surrounding spots, sufficient intensity, and consistent spot shape and size were
chosen for identification by MS/MS sequencing. The two ellipses indicate spot positions which
were identified from other gels, but are very weak on this gel. (B) Heat map representation of
protein expression level changes in colorectal cancer tissues. The columns correspond to
patients CA1–5 (spots 1–26; weakly heparin-binding proteins) or CA1–3 and CA5 (spots 27–
32; strongly heparin-binding proteins). Each cell is color-coded for fold increase (shades of
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red) or fold decrease (shades of blue) in cancer compared to matched normal mucosa. Gray
cells indicate that the spot intensities in normal and cancer specimens were approximately
equal. Blank cells denote absence of spots in the respective gels. (C) Magnified paired views
of the sequenced protein spots (arrowheads) from various patient samples (left, normal mucosa;
right, cancer). The gel details shown fulfill the Boolean selection criteria, i.e., >2-fold change
in at least 3 patients and >95% statistical significance. (D) Bar graph representations of spot
intensities for PSB7, ASSY, HBA, PRDX1, and SRP9 proteins. Blue and red bars denote
normal mucosa and cancer tissue, respectively. Abscissae are labeled by patient number.
Ordinates express the relative amount of protein in a given spot as parts per million (ppm) of
the total integrated gel fluorescence.
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Figure 3.
Validation of PSB7 and PRDX1 overexpression by Western blotting. (A–D) 1-D Western blot
analysis of PSB7 and PRDX1 expression in normal and cancer tissue. Results for
unfractionated total soluble tissue extracts (A and C) and weakly heparin-binding fractions (B
and D) are shown. For comparison of protein expression levels between normal and cancer
samples, the expression ratio (ER) between cancer and normal tissue was calculated and
normalized with respect to β-actin protein expression levels for each pair of samples (shown
as numbers below the gel images; see text). Consequently, ER > 1, ER = 1, and ER < 1
characterize overexpression in cancer, unchanged expression, and decreased expression in
cancer, respectively. (E) 2-D Western blot detection of 4 PRDX1 isoforms in weakly heparin-
binding fractions from patient CA4 (left gel, normal; right gel, cancer). The arrowheads denote
the spot location corresponding to spot 25 in Figure 2A, which was identified as PRDX1 by
MS/MS sequencing. Abbreviations: CA, colon adenocarcinoma; LA, lung adenocarcinoma.
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Figure 4.
Immunohistochemical localization of PSB7 expression in colon adenocarcinomas. The tissue
sections shown are from patients CA2 (A–D) and CA7 (E–H). PSB7 expression was visualized
by immunohistochemistry using 5-μm paraffin-embedded tissue sections. Presence of the
specific protein is indicated by the amount of brown staining. Nuclei were counterstained with
hematoxylin for visualization purposes. (A and B) Normal colonic mucosa with low levels of
PSB7 expression. (C) Markedly increased cytoplasmic and nuclear PSB7 expression in the
patient’s adenocarcinoma. (D) PSB7 expression in carcinoma present in pericolonic lymphatic
vessels; note the surrounding adipose tissue. (E) Normal mucosa (left) with low expression of
PSB7 undermined by invasive adenocarcinoma in the submucosa featuring high levels of
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PSB7. (F) Normal mucosal crypts and lamina propria with low levels of PSB7 expression. (G
and H) Adenocarcinoma with high levels of PSB7 invading the muscularis propria (H, bottom);
note the rim of PSB7-expressing lymphocytes at the invasive front of the tumor (H). Original
magnifications: (A) 100×; (B) 400×; (C) 400×; (D) 200×; (E) 50×; (F) 630×; (G) 630×; (H)
50×.
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Figure 5.
Immunohistochemical localization of PRDX1 expression in colon adenocarcinomas. The
tissue sections shown are from patients CA2 (A–D) and CA7 (E–H). PRDX1 expression was
visualized by immunohistochemistry using 5-μm paraffin-embedded tissue sections. Presence
of the specific protein is indicated by the amount of brown staining. Nuclei were counterstained
with hematoxylin for visualization purposes. (A–C) Normal mucosa and lamina propria (A,
right; B) and invasive adenocarcinoma (A, left; C) illustrating up-regulation of PRDX1 protein
in the carcinoma. (D) Liver metastasis of the patient’s primary colonic carcinoma featuring
marked PRDX1 overexpression and overall morphology essentially indistinguishable from the
primary tumor. Note that no normal liver parenchyma is present in the field shown. (E–H)
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Normal mucosa and lamina propria (E, left; F) and invasive adenocarcinoma (E, right; G and
H) demonstrating a relative increase of PRDX1 protein in the carcinoma. Original
magnifications: (A) 200×; (B) 400×; (C) 400×; (D) 400×; (E) 200×; (F) 400×; (G) 400×; (H)
200×.
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