
Abstract. There is a need for sensitive and specific diagnostic
molecular markers that can be used to monitor early patterns
of gene expression in non-invasive exfoliated colonocytes shed
in the stool, and in situ in adenoma-carcinoma epithelium of
the colon. RNA-based detection methods are more
comprehensive than either DNA-, protein- or methylation-based

screening methods. By routinely and systematically being able
to perform quantitative gene expression studies on these samples
using less than ten colon cancer genes selected by the enormous
resources of the National Cancer Institute’s Cancer Genome
Anatomy Project, we were able to monitor changes at various
stages in the neoplastic process, allowing for reliable diagnostic
screening of colon cancer particularly at the early, pre-
malignant stages. Although the expression of some of the genes
tested in tissue showed less variability in normal or cancerous
patients than in stool, the stool by itself is suitable for screening.
Thus, a transcriptomic approach using stool or tissue samples
promises to offer more sensitivity and specificity than currently
used molecular screening methods for colon cancer. A larger
prospective clinical study utilizing stool and tissue samples
derived from many control and colon cancer patients, to allow
for a statistically valid analysis, is now urgently required to
determine the true sensitivity and specificity of the
transcriptomic screening approach for this preventable cancer.

Colorectal cancer (CRC) is the second and third most
common malignancy in men and women, respectively, in
developed and developing countries, including the United
States of America (USA) (1, 2). In the USA, an estimated
106,680 cases of colon and 41,930 cases of rectal cancer are
expected to occur in 2006, of which 55,170 deaths are
estimated to materialize, which account for ~10% of all
cancer deaths. Incidence rates decreased by 1.8% per year
during 1998-2002 in the USA (Table I), partially reflecting
increased screening and polyp removal during colonoscopy
screening. CRC incidence rates have been steadily
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decreasing since 1985, from 66 to 52 per 100,000 in 2002 (3).
Mortality rates from CRC have also decreased in both
genders over the past two decades at an average of 1.8% per
year, reflecting declining incidence rates and improved
survival. The 1- and 5-year relative survival for CRC for all
stages combined is 83% and 64%, respectively. Survival
continues to decline beyond 5 years to 5% at 10 years after
diagnosis (2); thus, early detection contributes significantly
to the prevention of death from this cancer (4-7). 

The most commonly used screening tests in the USA for
colon adenomas in men and women, aged ≥50 years old,
are the fecal occult blood test (FOBT) and colonoscopy.
The former, although convenient and relatively inexpensive,
suffers from low sensitivity, whereas the latter – considered
the gold standard for CRC screening – is expensive and
requires cathartic preparation and patient sedation, which
has resulted in a low rate of compliance (8). Computed
tomographical (CT) colonography (virtual colonoscopy),
which does not require bowel preparation may be
considered an adequate alternative only for asymptomatic,
not at risk individuals, and only if it can effectively improve
the detection of small lesions (9, 10). 

Cells are continuously shed by colon tumors in the lumen of
the gastro intestine (GI) (i.e., approximately 1010 normal adult
colonic epithelial cells, each having a lifespan of 3-4 days, are
shed daily from the lower two thirds of colon crypts) (11, 12),
and their detection in the stool has allowed for the
employment of mutation or other functional genomic
techniques in their study (1, 6, 13-15). Since CRCs exhibit
genetic heterogeneity, multitarget approaches employing
mutations in K-ras, APC and p53, the microsatellite instability

marker Bat-26 and "long" DNA (representing DNA of
nonapoptotic colonocytes characteristic of cancer cells
exfoliated from neoplasms, but not normal apoptotic
colonocytes) have been examined and undergone clinical
testing (13, 16). However, DNA alterations were
disappointedly detected in only 16 of 31 (51.6%) invasive
cancer, 29 of 71 (40.8%) invasive cancer plus adenoma with
high-grade dysplasia, and 76 of 418 (18.2%) in patients with
advanced neoplasia (tubular adenoma ≥1 cm in diameter,
polyps with high grade dysplasia, or cancer) (17). Protein-
based methods are not suited for screening and early diagnosis
because they are generally not specific, although they may be
of more value as prognostic markers (18). More recently, by
employing commercial preparations, we have overcome
RNA’s lability by stabilizing it within a short period of time
after samples (e.g., stool, tissue or blood) were removed from
the body, resulting in a total RNA that was readily reverse-
transcribable by another commercial preparation making a
high quality single-stranded (ss) copy (c) DNA suitable for
expression profiling (19-21). Therefore, the identification of
new transcriptomic molecular markers with high sensitivities
and specificities in exfoliated stool samples is now possible.

Materials and Methods

Adenocarcinoma cell line and culture conditions. Adenocarcinoma
cell line HT-29 is used for validating the range of gene expression
measurements in stool spiking studies. Cells were obtained from
the American Type Culture Collection (ATCC), Rockville, MD,
USA. The cells were propagated in Iscore’s Modified Dulbeccos
medium (IMDM) (Sigma, St. Louis, MO, USA), supplemented
with 100 ml/L fetal calf serum, 105 IU/L penicillin and 0.1 g/L
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Table I. Estimated new and Existing CRC cases, deaths and ncidence rates in the ten States in the USA with the greatest prevalence†.

State New CRC cases Estimated CRC CRC Incidence rates, CRC Death rates, 
in 2006# deaths in 2006* 1998-2002** 1998-2002***

Male Female Male Female

California 14,820 5,500 57.2 42.0 21.0 15.2
Florida 9,970 3,700 64.6 47.9 22.4 15.8
New York 9,540 3,540 71.9 52.8 26.2 18.4
Texas 9,510 3,530 58.5 41.1 23.7 16.2
Pennsylvania 8,000 2,970 74.6 52.3 28.0 19.4
Illinois 6,760 2,510 72.1 51.0 28.0 19.1
Ohio 6,730 2,500 67.1 94.2 27.6 19.2
Michigan 4,930 1,830 64.6 47.9 24.7 17.0 
New Jersey 4,850 1,800 75.5 53.7 27.4 19.4
Virginia 3,690 1,370 58.5 41.1 25.0 18.2

†Source: Modified from Reference (2). #Estimated new colon cancer cases by sex for all locations in the USA in 2006 are: 106,680 for both sexes
(49,220 for males and 57,460 for females). Estimated new colon cancer deaths by sex for all sites in the USA in 2006 are 55,170 for both sexes
(27,870 for males and 27,300 for females). All estimates are rounded to the nearest 10. *Rounded to the nearest ten. **Per 100,000, age adjusted
to the 2000 USA standard population. ***Per 100,000, age-adjusted to the 2000 US standard population.
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streptomycin in an atmosphere of 5 % CO2 in a humidified
incubator kept at 37ÆC. Cultures were passed twice per week as per
ATCC recommendations.

Acquisition of clinical specimens. Stool and tissue samples were
obtained from twenty control subjects and thirty patients with various
stages of colon adenocarcinoma (Dukes’ stages 0 to 3), five patients
with ulcerative colitis (UC) and 5 patients with Crohn’s disease (CD)
according to an approved ECU Medical Center Institutional Review
Board (IRB) protocol. All laboratory work was carried out and
standardized under blind conditions and in accordance with the
guidelines for handling biohazardous material established by ECU’s
Biological Safety and Hazardous Substance Committee. 

Control stool and tissue samples. 
(i) Fecal specimens. Control stool samples were collected from
consenting individuals visiting our GI Clinic/Endoscopy Lab who did
not show any polyps or inflammatory bowel diseases, such as colitis
or diverticulitis. Stool samples were either processed immediately to
extract RNA, or stored overnight at 4ÆC in a bacteriostatic
preservative S.T.A.R medium (Roche Diagnostics, Indianapolis, IN,
USA), and RNA was extracted within a few days. In situations where
longer storage of fecal specimens was desired, the preservative
RNALater®-ICE (Ambion, Austin, TX, USA) was added at 2.5 ml
per 1 g of stool, followed by freezing of the stool sample at –70ÆC.
(ii) Tissue specimens. Normal tissues were usually obtained from a
small piece of colon tissue (about 0.5 cm3) removed >10 cm away
from diseased patient tissue at surgery (22), or from biopsies taken
during colonscopy from non-diseased areas of consenting
individuals. For UC or CD patients, a small piece of tissue taken
further away from the inflamed or diseased tissue was considered
normal. Tissues were flash frozen in liquid nitrogen and stored at
–70ÆC for subsequent laser capture microdissection (LCM) work.
Longitudinal sectioning of the tissue before LCM use was employed
in order to pick up only the epithelial cells that would eventually be
shed as colonocytes into the lamina propria from the bottom of
epithelial cells among the proliferative enterocyte crypt lineage. 

Experimental stool and tissue samples from cancerous or inflamed
patients.
(i) Fecal specimens. A 10 g sample of feces (bowel movement) was
collected the night before surgery or earlier, before administering
any bowel preparation, in a plastic container containing either: a)
a bacteriostatic preservative S.T.A.R. medium, which was then
covered and either processed immediately to extract total RNA or
stored overnight at 4ÆC then processed the next day for RNA
extraction, or b) RNALater®-ICE to allow longer storage at –70ÆC,
then the sample followed either RT-PCR processing or storage of
the extracted RNA at –70ÆC until further manipulation and PCR
analysis. Stool processing was standardized for all samples by
scraping and employing the surface mucinous layer, which is
usually rich in colonocytes (13). 
(ii) Tissue specimens. A small piece of tissue sample (about 0.5 cm3)
was obtained after colonoscopy for adenoma, or at surgery for
carcinoma. Samples were processed after flash freezing in liquid N2
and storage at –70ÆC for subsequent microdissection. Longitudinal
LCM sectioning was performed (Figure 1A, B), and the marked
areas of the crypt indicated where the transformed cells (i.e.,
adenoma, carcinoma) were to be captured by laser microdissection
(Figure 1C-E) for subsequent RNA extraction. 

For the current study, stool and normal tissue samples were
obtained from 20 non-cancerous non IBD control individuals, 20
patients having adenomatous polyps ≥1 cm with high grade
dysplasia (stage 0-1), 5 patients with stage 2 carcinoma, five
patients with stage 3 carcinoma, five non-cancerous patients with
severe UC, and five non-cancerous patients with severe CD. Each
subject provided a stool sample for a total of 60 stool samples.
Tissue samples were obtained from only one of the UC patients
and only one of the CD patients, but were obtained for each of the
remaining patients, for a total of 52 tissue samples.

Selection of cancerous or inflamed cells from colon tissue of patients
by LCM. LCM was employed as an enrichment technique for
tumors isolated from colon adenocarcinoma patients to separate
transformed cells from nonneoplastic stromal and inflammatory
cells (23). The frozen tissues, embedded in Tissue Tek OCT
compound (Sakura, MI, USA) were transported in cold packs to
Laboratory of Experimental Pathology, National Institute of
Environmental Health Sciences (NIEHS), Research Triangle Park,
North Carolina. There, LCM was performed using an Arcturus
PixCell II system (Arcturus Engineering, Inc., Mountain View,
CA, USA), which employed a 15 Ìm diameter infrared (IR) laser
pulse (220 mV, 49 mW) with a duration of 2.2 ms to microdissect
only the tumor cells (24). Approximately 20,000 cells were
captured for each preparation. The LCM samples, adhering to the
thermoplastic polymer film on the plastic cap (Figure 1C-E), were
sectioned at 6-Ìm in a cryostat and picked up on non-charged
microscopic slides (Fisher Scientific, Pittsburgh, PA, USA). The
slides were kept in a slide holder on dry ice, fixed for 30 sec in
70% ethanol, dipped in distilled water for 15 sec, stained in
Mayer’s Hematoxylin for 15 sec, rinsed for 15 sec in 1X
automation buffer, pH 7.5 (Biomeda Corp. Foster City, CA,
USA), again rinsed in distilled water followed by 70% ethanol for
30 sec each, counterstained in Eosin Y (Cell Point Scientific,
Gaithersburg, MD, USA) for 30 sec, followed by dehydration in
graded ethanol solutions (95, 100 and 100%), 30 sec each, cleared
by two rinses in xylene, 1 min each, air dried for 5 min, and stored
in a slide box in a dessiccator for up to 3 h before LCM. Captured
cells were fitted to a 0.5 ml sterile microcentrifuge tube, and
returned to ECU in cold packs for RNA extraction.

Manual extraction of total RNA from LCM cells and ss-cDNA
preparation. This manual procedure was used for extracting RNA
from a small number of LCM captured cells was carried out
according to manufacture’s specifications using the RNeasy
isolation Kit® from Qiagen, Valencia, CA, USA, as previously
described (19, 21). The quality of RNA was determined on an
Agilent 2100 Bioanalyzer (Agilent Technologies, Inc, Palo Alto,
CA, USA) utilizing the RNA 6000 Nano LabChip®, or by
electrophoresis on Superload (Viagen, Austin, TX, USA) agarose
gels (25) and RNA quantitated with RiboGreen quantitation
reagent (26) (Molecular Probes, Eugene, OR, USA). The
"Sensiscript RT Kit®" from Qiagen was then employed for making
a copy of ss-DNA, resulting in 40 Ìl of ss-cDNA, of which 2-3 Ìl
was subsequently amplified by PCR. One hundred thousand
captured cells on 5 plastic LCM caps (each accommodating 20,000
cells) was enough to test all the 11 genes of interest, considering
that each cell contains ~20 pg total RNA or 0.4 pg mRNA
(equivalent to 0.36 pg ss-cDNA), as only a few picograms of cDNA
are needed per PCR reaction (27). 
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Figure 2. A) Representative Superload agarose gel protocol for a stool sample showing a nondegraded RNA. Lane L is molecular marker, and lanes 1
and 2 are replicas of a 4 ng total RNA of the same stool sample. B) An Agilent 2100 electrophoretogram showing the 28S, 18S and tRNA, 5.8S and 5S
bands for the same stool sample as in panel A.

Figure 1. A) Longitudinal H & E cryostat section of colon adenoma exhibiting high grade dysplasia (i.e., carcinoma in situ, stage 0), 10X. B) As A x 40.
C-E: LCM displaying dysplastic cells from the above section before being pulsed by an IR laser (C); the middle panel shows same area with dysplastic
cells removed (D); and the right panel shows removed dysplastic regions on a film cap (E).
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Automatic extraction of total RNA from stool samples. In
collaboration with colleagues at Roche Applied Science
(Indianapolis, IN, USA), total RNA from stool was automatically
extracted by the "MagNA pure LCì" automated system. The
MagNA Pure LCì is a compact benchtop robotic workstation
programmed to automatically perform separation of nucleic acids.
Propriety magnetic glass particles are used for separation of RNA,
followed by transfer of eluted RNA (in a 100 Ìl volume) into a
storage cartridge, which keeps samples cool at 4ÆC until removed.

The Roche RNA Isolation Kit IIì was used. The machine can
automatically pipette purified RNA into borosilicate capillaries of
a LightCycler’s PCR instrument in 2-3 Ìl volume (28) for high
throughput qPCR analyses. 

Stool samples preserved in bacteriostatic S.T.A.R. medium were
shipped overnight to Roche in cold packs, and the RNA extracted
from the samples (100 Ìl eluates kept in 0.5 ml sterile Eppendorf
tubes) were returned to us overnight in cold packs. The quality and
yield of the RNA extraction for each sample was determined in an

Figure 3. Two different relative quantification analysis of the same run for the 2–¢¢C
T method, upper panel (a) or E-method (b). The final quantification

results are automatically calculated from the crossing point (CP) values of the target and the reference gene (unknowns and calibrators) as shown in the
bottom panel (c). Adapted from reference 29.
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