
Abstract. Establishing test performance criteria for a
transcriptomic colon cancer marker approach must be carried out
in a standardized fashion in order tso ensure that the test will
perform the same way in any laboratory, anywhere. Condition of
sample preservation and shipping prior to total RNA extraction is
critical, and we recommend preserving stool samples in an
appropriate preservative and shipping them in cold packs so as to
keep stools at 4ÆC. It is not necessary to isolate colonocytes to
obtain adequate RNA for testing. It is, however, important to
obtain samples from both mucin-rich and non-mucin rich to have
a good representation of both left- and right-side colon cancers.
Employing a commercial total RNA extraction kit that contains
an RLT buffer from Qiagen Corporation (Valencia, CA, USA)
removes bacterial RNA from stool preparations and results in a

high yield of undegraded RNA of human origin. Genes selected
based on the enormous resources of NCI’s Cancer Genome
Anatomy project give good results. Primers for PCR should span
more than one exon. Use of semiquantitative PCR, preferably with
several reference housekeeping genes of various copy numbers,
depending on tested genes, should enhance confidence in the
quantitative results. Having standardized the testing conditions in
our ongoing work, it is now imperative that a larger prospective
randomized clinical study utilizing stool and tissue samples derived
from several control and colon cancer patients, to allow for
statistically valid analyses, be conducted in order to determine the
true sensitivity and specificity of the transcriptomic screening
approach for this cancer whose incidence is on the rise worldwide.

This is our second article that deals with standardization

employing transcriptomic markers as screening tools for the

detection of colon cancer, particularly at the early stages.

While the first article (1) addressed the major experimental

design issues and some standardizations, this article deals with

other test performance characteristics not addressed there.

Because of the desirability to use noninvasive methods that

employ exfoliated stool samples, which represent the entire

colon, and that is acceptable to the target population as an

initial screen, many investigators have turned to developing

molecular screening approaches because the inexpensive fecal

occult blood test (FOBT) (both guaic and immunological)

have quite a low sensitivity for polyp detection (2-4).

Important considerations for developing sound molecular

tests include: the number of stool specimens required (one

sample, or multiple samples over consecutive days), size of the

specimen (whole stool or a sample only), how the specimens

are stored and delivered (e.g. room temperature, cold pack, or

frozen), and automation as any test that can be automated

would be practical and cheaper to apply on a large scale as it

reduces the cost of assay implementation (5). 
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There are many other advantages to using exfoliated stool

samples for colorectal cancer(CRC) screening. For example,

unlike sigmoidoscopy, a stool reflects the full length of the

colorectum, and colonocytes are continuously shed into the

fecal stream. Moreover, colonocytes from the colon cancer

are 4- to 5-fold greater in number than from normal colonic

mucosa (6); therefore, these colonocytes are more abundant

than their normal counterpart and, unlike blood, are present

in all stool samples from colon cancer patients, therefore

partially obviating the use of an enrichment technique to

separate tumorigenic from normal colonocytes, thus

reducing work and cost of testing. Additionally, because

tumorigenic cells contain more RNA than normal ones (7)

then stool from colon cancer patients contains RNA that

can be adequately measured by a sensitive method such as

real-time, quantitative polymerase chain reaction (qPCR) in

spite of the dilution exerted by normal colonocytes.

Furthermore, because testing can be performed on mail-in-

specimens, geographic access to stool screening is not

hindered. Recently, use of commercial preparations to

conveniently isolate high quality, undegraded RNA that can

be reverse transcribed (RT) and used for qPCR, has made

the transcriptomic option a feasible and convenient choice,

as RNA ais perceived to be preferable than either

epigenetic, DNA- or protein-based markers for CRC

screening (1).

Materials and Methods

Acquisition of clinical specimens. Stool and tissue samples were

obtained from ten control subjects and fifteen patients with various

stages of colon adenocarcinoma (Dukes’ stages 0 to 3), five patients

with ulcerative colitis (UC) and five patients with Crohn’s disease

(CD), according to an approved Medical Center Institutional

Review Board (IRB) protocol. All Laboratory work was carried out

and standardized under blind conditions and followed ECU’s

guidelines for handling biohazardous material established by its

Biological Safety & Hazardous Substance Committee. 

Control stool and tissue samples. 
(i) Fecal specimens. Control stool samples (20 g) 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 stored overnight at

4ÆC in a bacteriostatic preservative S.T.A.R medium (Roche

Diagnostics, Indianapolis, IN, USA), followed by RNA extraction

the following day. In situations where longer storage of fecal

specimens was desired, the preservative RNALater® (Ambion,

Austin, TX, USA) was added at 2.5 ml per 1 g of stool, to allow

longer storage at 4ÆC and RNA extraction within 72 h. Extracted

RNA can be stored safely and without fear of degradation at –70ÆC

for lengthy time periods.

(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 (8), 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 to pick up epithelial cells that would eventually be shed

as colonocytes into stools from bottom cells among the

proliferative enterocyte crypt lineage (1). 

Experimental stool and tissue samples from cancerous or inflamed
patients.
(i) Fecal specimens. A 20 g sample of feces (bowel movement)

was collected the night before surgery or earlier, before

administering any laxative, in a plastic container containing

either: a) bacteriostatic preservative S.T.A.R® medium, which

was then covered and either the total RNA was extracted

immediately, or the sample was kept overnight at 4ÆC then

processed the next day for RNA extraction, or b) RNALater® to

allow longer storage at 4ÆC, then the sample was processed

followed by either storage of the extracted RNA at –70ÆC or by

RT and PCR analysis. 

(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 nitrogen and storage at –70ÆC for subsequent

microdissection. Longitudinal LCM sectioning was performed

and the marked areas of the crypt indicated where the

transformed cells (i.e., adenoma, carcinoma) were to be captured

by LMD for subsequent RNA extraction. 

For the current study, stool and normal tissue samples were

obtained from 10 non-cancerous non IBD control individuals, 5

patients having adenomatous polyps ≥1 cm with high-grade

dysplasia (stage 0-1), 5 patients with stage 2 carcinoma, 5 patients

with stage 3 carcinoma, 5 non-cancerous patients with severe UC,

and five non-cancerous patients with severe CD. Each patient

provided a stool sample, thus totaling 35 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, providing a total of 27 tissue samples.

Isolation of exfoliated colonocytes from stool. Approximately 5 to

10 g of freshly-collected wet feces were homogenized with 200 ml

of a buffer consisting of Hank’s solution, 10% fetal bovine serum

(FBS) and 25 mmol/L Hepes buffer (pH 7.35) at 200 rpm for 1

minute. The homogenates were filtered through a nylon filter

(pore size 512 Ìm), followed by dividing the homogenate into five

portions (~40 ml each) in 50 ml polystyrene tubes. Subsequently,

40 Ìl of Dynal superparamagnetic polystyrene beads (4.5 Ìm

diameter) (Invitrogen, Carlsbad, CA, USA) coated with a mouse

IgG1 monoclonal antibody (Ab) Ber-Ep4 (Dako, Glostrup,

Denmark) specific for an epitope on the protein moiety of the

glycopolypeptide membrane antigen Ep-CAM, which is expressed

on the surface of human epithelial cells, including colonocytes and

colon carcinoma cells (9, 10), were added to the each tube i.e. at a

final concentration of 12 ng of Ab/mg magnetic beads (1 Ìg

Ab/106 target cells). The mixtures were incubated for 30 minutes

under gentle rolling at 15 rounds/minute in a mixer at room

temperature. The tubes were then placed on a magnet (Dynal

MPC-1) and incubated on a shaking platform for 15 minutes at

room temperature. 
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A few drops of the solution were spread on a glass slide, dried

and stained with Diff-Quick stain (Fisher Scientific, Pittsburgh, PA,

USA) to visualize the colonocyte preparation. The supernatant was

then removed, a fresh 1 ml of Hanks solution added to each tube,

followed by transferring the bead suspension to a new 1.5 ml

microcentrifuge tube that was placed into a Dynal magnet MPC-S.

The new supernatant was also removed and the pellet containing

colonocytes were stored at –70ÆC until RNA extraction (11). 

Colonocytes were retrieved from the stool of 15 patients with

CRC and from 10 control individuals. The primary tumors were

located in the following sites: sigmoid colon in 2 patients,

descending colon in 4, transverse colon in 3 and ascending colon

in 6. The clinical stage of the patient was: Dukes’ stage A in 5

patients, stage B in 5, and stage C in 5.

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 (12). Details of the procedure are described elsewhere (1). 

Extraction of total RNA from LCM cells and ss-cDNA preparation.
This procedure was used for extracting RNA from a small number

of LCM-captured cells. It was carried out according to the

manufacturer’s specifications using the RNeasy isolation Kit® from

Qiagen, Valencia, CA, USA, as previously described (13, 14). 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 (15) and RNA quantified

with RiboGreen quantification reagent (16) (Molecular Probes,

Eugene, OR, USA). The "Sensiscript RT Kit® from Qiagen was

then employed for making a copy of ss-DNA, resulting in 40 ml of

ss-cDNA, of which 2-3 ml was subsequently amplified by PCR. One

hundred thousand captured cells on 5 plastic LCM caps (each

accommodating 20,000 cells) were sufficient to test all 9 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 (17). 

Extraction of total RNA from stool samples and from colonocytes.
The following procedure was used to extract RNA from stool

samples (13, 14) that have been preserved overnight either in

Roche bacteriostatic S.T.A.R® medium (Indianapolis, IN, USA)

or preserved in Ambions’s RNALater® for longer storage periods,

both at 4ÆC. This method was also employed for extraction of total

RNA from colonocytes.

The RNeasy Mini Kit from Qiagen was used for extraction of

RNA from stool samples as follows: to about 0.25 g of stool, 1 ml of

Buffer RLT supplemented with 10 Ìl of ‚-mercaptoethanol and 1 ml

of 70% ethanol were added, allowed to remain for 10 min to

stimulate differential lysis of bacterial RNA present in the

preparation, and the tube was vortexed. The sample was then applied

to a mini spin column sitting in a 2 ml collection tube, and

centrifugation carried out for 15 s at ≥8000g. Three consecutive

washes, each containing 670 Ìl of RW1 buffer, were pipetted onto

the column. Each wash was centrifuged for 15 s at ≥8000g. After

washing, the column was transferred to a new 2-ml tube. Two washes

of RPE buffer, each 500 Ìl, were pipetted onto the column and

followed by the elution of the RNA with 30 Ìl of RNase-free water. 

Another kit from Qiagen (Sensiscript Reverse Transcriptase

Kit) that produces high quality ss-cDNA from <50 ng of total

RNA was employed for making cDNA from the small amount of

RNA isolated from stool and LCM samples. A master mix

containing <50 ng total RNA and final concentrations of 1x RT

buffer, 0.5 mM of each dNTP, 1 Ìm oligo-dT primer, 10 units of

RNase inhibitor per reaction and 1 Ìl of Sensiscript reverse

transcriptase per 20 Ìl reaction volume was used. The reaction

was incubated at 37ÆC for an hour followed by inactivation of the

reaction by heating at 95ÆC for 5 min, after which the reaction

tube was rapidly chilled on ice.

For extraction of RNA from colonocytes, the same procedure

described above was used on 1,000 isolated colonocytes. Total

RNA yield was ~2 Ìg, sufficient for RT-qPCR on 9 genes.

Determination of quality and content of extracted RNA. The quality

and yield of the RNA extraction for each sample was determined

in an Agilent 2100 Bioanalyzer and quantitated using RiboGreen

RNA reagent. Good preparations showed two sharp ribosomal

18S and 28S rRNA bands, which corresponded well to the

expected sizes of 1.9 kb and 3.7 kb, respectively, when

electrophoresed on Superload formaldehyde-agarose gels

(Viagen), in addition to smaller peaks of 5S rRNA and other

micro rRNAs below 0.2 kb (1). 

Two-step polymerase chain reaction (PCR) on ss-cDNA. Both

conventional (qualitative endpoint PCR) and semi-quantitative

real-time PCR were used to study the expression of selected genes

in a two-step RT-PCR as detailed elsewhere (1).

The E-method method analyzes the amplification efficiency of

the target and reference gene using relative standards of serial

dilutions of a single normal sample (e.g. undiluted, 1:10, 1:100,

etc). Furthermore, the method normalizes for run-to-run

differences and uses one sample of the relative standards as a

common reference point for comparison of all experiments within

the series (18-21). It was selected to calculate CPs because it

produces more accurate results than the 2-¢¢CT method (22) as it

compensates for differences in target and reference gene

amplification efficiency [E=10-1/slope] (23) either within an

experiment, or between experiments (1).

Selection of primer, probes, genes and PCR conditions. A web-based

assay design software (ProbeFinder) was used for selecting target-

specific PCR primers. It is accessible at Exiqon site

(http://www.universalprobelibrary.com), or via the Roche Applied

Science home page (www.roche-applied-science.com). The locked

nucleic acid, LNA, probes are short (only 8-9 nucleotide long) in

which the four nucleotide bases have been substituted with high

affinity nucleotide analogs (e.g. which are conformationally locked

in a C3’-endo/N-type sugar conformation that leads to reduced

conformation flexibility). These conformational restraints raise

melting temperatures to ~80ÆC under standard hybridization

conditions, which assures duplex stability and specificity in real-

time RT-qPCR assays (24). Primers have been selected to span

more than one exon. The selected primers were also validated

using the Basic Local Alignment Search Tool (BLAST) from the

National Center for Biotechnology Information (NCBI)

(http://www.ncbi.nlm.nih.gov/BLAST/). It was also important to

determine whether folding of the mRNA might interfere with

primer access during the RT step using the Mfold program
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(http://www.bioinfo.rpi.edu/applications/mfold/old/rna) (25).

Validated HPLC purified primers for this study were obtained

from Invitrogen. 

We selected 9 genes for our present study using two expression

analysis tools on the CGAP site: the cDNA Digital DGED

(http://cgap.nci.nih.gov/Tissues/GXS) and the SAGE DGED

(http://cgap.nci.nih.gov/SAGE/SDGED?METHOD=SS10,LS10&

ORG=Hs) (26). These tools allowed us to create arbitrary pools

of libraries and then find genes that are overexpressed in one pool

in contrast to the other pool (i.e. measure relative gene expression).

Because of great differences in the underlying specimens and in the

method of mapping tags/sequences to genes, the two tools often

give different results (1).

Primers were prepared for nine genes showing increased

expression by the serial analysis of gene expression (SAGE)

method or microarrays [Insulin-like growth factor II (IGF2),

FilaminA· (FLNA), transforming growth factor ‚-igh induced

(TGF‚-igh), CDC28 protein kinase regulatory subunit 2 (CKS2),

chromosome segregation 1-like (CSE1L), chemokine (C-X-C

motif) ligand 3 (CXCL3), dipeptidase 1 (DPEP1), kallikerin 10

(KLK10)]; in addition to a standard housekeeping gene

(hypoxanthine phosphoribosyl transferase, HPRT). The rationale

and parameters employed for gene selection and primer sequences

are detailed elsewhere (1). 

The PCR Mix for thirty-three, 20-Ìl reactions was prepared by

adding to a 1.5 ml reaction tube on ice: 10.4 Ìl of water; primers

at a final concentration of 200 nM in a volume of 0.2 Ìl each for

the forward and reverse primers; probe concentration of 100 nM

in a volume of 0.2 Ìl; 4 Ìl of ready-to-use Roche LightCycler®

FastStartTaqMan® Probe Master and 5 Ìl of cDNA template at

7 Ìg/ml (50 ng template). The PCR running conditions were: one

cycle at 95ÆC for 10 min to activate the polymerase, 25-40 cycles

of denaturation at 95ÆC for 10 s, annealing at 60ÆC for 30 s and

extension at 72ÆC for 1 s. Control samples (negative control) to

exclude contamination, in which cDNA was replaced by H2O,

were run in parallel with each experiment.

Amplification specificity of studied genes. The amplification

specificity on all nine genes studied was evaluated by running 1%

agarose gels on products of endpoint PCR in parallel with real-

time PCR to: (i) confirm and determine the analytical specificity

of the RT-PCR reaction, and (ii) verify the ability of the Universal

probes, specific for studied genes, to bind the PCR product. We

performed a conventional 25 Ìl qualitative endpoint PCR reaction,

running 10 Ìl of the reaction product on an agarose gel, followed

by transfer of the DNA into a Biotranì Nylon membrane (ICN,

Irvine, CA, USA) using a downward capillary transfer. After

crosslinking the DNA to membranes by UV at 100 mJ/cm2, a short

hybridization probe that is specific for the internal sequence of the

PCR product end-labeled with digoxigenin using terminal

deoxynucleotidyl transeferase (Promega Corporation, Madison,

WI, USA) was prepared and hybridized. The signal was detected

by chemiluminescence using alkaline phosphatase-conjugated anti-

digoxigenin antibody and CDP-star substrate (Roche Diagnostics).

Digital capture of light emission was carried out using Alpha

Innotech chemiluminescent imaging instrument (San Leandro, CA,

USA) (13).

Quality control (QC) considerations and optimization for the PCR.
QC procedures (27-29) were employed as described elsewhere (1). 

Results

Figure 1 shows colonocytes isolated immunologically by the

paramagnetic polystyrene bead method. Colonocytes isolated

by this method appeared round, measuring about 4 Ìm in

size, and the yield was ~105 per g of wet stool weight.

Although no atypical cells were observed in colonocytes of

healthy controls, atypical cells were observed in colonocytes

from stools of 3 out of 15 patients.

We estimate that using the method outlined herein, we

are able to retrieve between 75-250 Ìg of human RNA per

gram of stool from a cancer patient, depending on stage

(the higher the stage the higher the amount of RNA

extracted), and ~25 Ìg human RNA per gram of stool from

control individuals. Because our method employed RLT

lysis buffer (Qiagen), which was reported to lyse bacterial

RNA if treatment lasts for 5-10 min (30), our samples were

free from bacterial RNA.

We determined the quality of RNA isolated from stools

and tissue from a total of 11 individuals (normal, with

cancer and with inflammation) using both gels and

electrophoretograms obtained from the Agilent 2100

Bioanalyzer (Agilent Corporation, Palo Alto, CA, USA)

(Figures 2 and 3). There is no difference in the profile

between RNA extracted from LCM tissue or stool. It is

evident that the entire total RNA extracted (from either

LCM tissue, stool of normal or of various stages of colon

cancer, or from patients with inflammation) is of high

quality, is of human origin and is intact. Although there

may be daily variations between runs as shown by

comparing the first 6 gels (A-F) that were processed on

one day with the other 5 gels (G-K) that were processed

in the next day, the overall electrophoretogram patterns
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Figure 1. Colonocytes isolated from a stool of a healthy control individual
by the immunological paramagnetic bead separation method. Diff-Quick
staining (x100).



show that the 18S and 28S bands (third and fourth band

from the left of the y axis, respectively) migrate to the

same extent in all eleven total RNA samples taken from

stool or tissue. 

Gene expression was measured on colonocytes kept in

different preservatives and stool preparation conditions.

As seen in Table I and Figures 4 and 5, no change in gene

expression pattern was observed in stool samples preserved

overnight at 4ÆC in S.T.A.R® medium or 72 h in

RNALater®. Gene expression values were also not

different if determined from isolated colonocytes, or if

total RNA was directly extracted from stool as shown in

Table II and Figure 6. However, it was not possible to

isolate colonocytes or extract RNA from stool if samples

were frozen at –70ÆC even if only overnight, because of

colonocyte rupture due to ice crystal formation as

observed earlier (13).

As in our previous publication (1), the data presented

in Tables I and II, and Figures 4-6 show that the selected

genes can distinguish between non-cancerous and

cancerous patients, and can also separate between various

Dukes’ stages.

Discussion

Convenience of improved methods and better commercial
preparations. Use of immunological paramagnetic beads for

colonocyte isolation is a convenient method that yielded

satisfactory results, and colonocytes were less distorted than

for example, when compared with those obtained by the

Percoll centrifugation methods, which results in only about

2% of the yield obtained by the present method (31, 32). 

Our yield of extracted high quality RNA was at least 10

times more than that reported about 9 years ago by Alexander

and Raicht (7) due to our use of better preservatives (Roche’s

S.T.A.R® or Ambion’s RNALater®) and improved

commercial preparations for RNA extraction (Qiagen RNeasy

Mini Kit and Sensiscript Reverse Transcriptase).

Standardizing stool preservation. Our results have shown that

it does not matter if the samples were preserved in Roche’s

S.T.A.R® medium overnight, or in RNALater® for 72 h

provided that samples are kept at 4ÆC, rather than at room

(21ÆC) or a higher temperature (e.g. 37ÆC). We also

recommend that stool samples be shipped in cold packs
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Figure 2. Representative Superload agarose gels for stool and LCM tissue samples showing nondegraded RNA from stool of 11 individuals who are
either normal, with various stages of colon cancer or IBD. Ns1, stool from a normal individual; NT1, tissue from a normal individual; S0-11, stool from
a patient with adenomatous colon polyp 1 cm (stage 0-1); S26, stool from colon carcinoma patient (stage 2); S311, stool from colon carcinoma patient
(stage 3); T0-11, LCM tissue from a patient with adenomatous colon polyp 1 cm (stage 0-1); T211, LCM tissue from colon carcinoma patient (stage 2);
T311, LCM tissue from colon carcinoma patient (stage 3); UCs1, stool from a patient with severe ulcerative colitis (UC); UCT1, LCM tissue from a
patient with severe UC; CDs1, stool from a patient with Chron’s disease(CD); CDT1, LCM tissue from a patient with severe CD.



since this will not add much to the cost of sample shipping,

and will keep stool samples at the 4ÆC temperature critical

for preserving colonocytes without lysis in stool samples. In

agreement with our findings, other investigators have also

reported that they are able to obtain almost the same

number of colonocytes from stools 3 days after fecal

evacuation on fresh sampling, if the material has been kept

at 4ÆC (11). 

Choice of reference housekeeping gene in semi-quantitative
PCR for marker development. In this study, data

normalization was carried out using the endogenous

housekeeping gene (HPRT) with a low copy number

because the efficiencies of amplification of the control and

experimental genes appeared to be equal, as judged by

similar slopes (21, 33). In a recent study of the effect of

RNA quality on reference housekeeping gene stability,

HPRT1 was ranked as relatively stable in intact RNA of

nasal polyposis and chronic rhinosinusitis samples, but was

quite unstable in degraded samples. Therefore, the quality

of employed RNA affects qPCR results and it is advisable

to use only high quality nondegraded RNA. In our study, we

measured RNA integrity on every sample tested and

discarded/replaced degraded ones, since we did not wish to

miss the small changes in expression encountered with some

of the selected genes. 

However, for optimum results, it would be instructive to

use more than one housekeeping gene for comparison of

expression values. For example, use could be made of ‚-

amyloid and prophobilinogen deaminase genes with

intermediate copy numbers (the latter also being

pseudogene-free), ‚-actin with a high-copy number, and 18S

ribosomal RNA (rRNA) with an invariable copy number.

Thus, for a low copy number target gene in a colon sample,

an external standard that is also present at alow level in the

same sample should be employed, and so on. Selection of

various reference genes should further improve on the

utility of selected genes to distinguish between cancerous

versus normal patients, and between various Dukes’ stages.

Although semi-quantitative PCR methods were thought

to be inferior to quantitative competitive ones, side-by-side

comparisons showed both assays produced equivalent

measures of template abundance (35). This is because

methods employing real-time qPCR measure amplification

in the logarithmic phase, whereas quantitative competitive

measurements determine amplification during the linear

phase (33). While the choice of valid markers for colon

cancer using a transcriptomic approach has been difficult
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Figure 3. An Agilent 2100 electrophoretogram showing the 28S, 18S and tRNA, 5.8S and 5S bands (from left to right) for the same stool and tissue
samples as in Figure 1.
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Table I. Comparative CPs of gene expression in stool and tissue from normal, cancer and IBD individuals after two preservatives.

S.T.A.R Medium RNA Later

Group HPRT IGF2 FLNA TGF‚igh CKS2 CSE1L DPEP1 KLKI0 CXCL3 HPRT IGF2 FLNA TGF‚igh CKS2 CSE1L DPEP1 KLKI0 CXCL3

NegConta 37.01 37.15 37.45 36.99 37.16 37.71 37.87 37.63 37.13 37.15 36.87 36.96 37.19 37.37 37.56 37.69 37.88 36.96

Ns1 37.9 36.85 37.06 37.37 37.77 36.92 37.25 37.43 36.87 36.99 37.22 37.11 36.79 37.14 37.61 36.83 37.18 37.36

2 36.93 37.14 36.55 36.81 37.17 37.58 37.39 37.77 36.79 37.67 36.66 37.12 36.96 36.79 37.32 37.19 36.99 37.56

3 37.45 37.61 36.79 36.92 37.46 37.84 37.38 37.46 36.48 37.41 37.53 37.26 36.75 36.84 37.63 37.28 37.67 37.24

4 36.55 37.48 37.91 36.76 37.24 37.33 37.47 36.65 37.45 36.91 37.46 36.86 36.99 37.06 37.38 37.83 37.54 37.22

5 37.56 37.42 36.76 37.21 36.64 36.79 37.52 37.43 37.11 37.09 36.78 37.03 37.63 36.79 36.94 37.33 36.87 36.88

6 37.43 37.15 37.73 36.66 37.32 37.24 37.41 36.59 37.37 37.36 37.58 37.49 37.09 36.99 37.32 37.55 37.69 37.41

7 37.41 37.96 37.51 37.09 36.96 37.83 37.26 36.37 37.08 36.77 36.89 37.33 37.11 37.84 36.93 36.59 37.21 37.63

8 36.95 37.32 37.45 37.39 37.88 37.56 37.32 36.62 36.55 37.39 37.83 37.57 37.39 37.93 37.42 37.27 37.21 36.84

9 37.56 37.23 36.89 36.72 37.24 37.86 37.12 36.69 37.73 36.83 37.35 36.59 37.94 36.85 37.27 37.74 37.09 37.66

10 36.99 37.37 37.29 37.39 37.22 37.85 37.39 37.21 37.85 37.08 36.89 36.69 37.94 37.79 36.55 36.79 37.55 37.32

NT1 37.75 36.49 36.79 37.42 37.08 37.63 37.29 36.85 36.78 37.63 37.53 37.42 36.86 37.48 37.56 37.35 36.73 37.61

2 37.33 36.87 36.93 37.55 37.46 37.08 37.62 37.82 36.69 37.41 37.82 37.58 37.25 36.84 37.35 37.44 37.48 37.41

3 36.87 36.72 37.55 37.37 36.74 36.39 37.31 37.22 37.11 36.76 36.94 37.74 36.63 37.33 37.81 37.44 37.18 36.59

4 37.31 37.53 37.58 36.49 36.62 37.29 37.09 36.69 37.42 37.13 37.49 37.25 36.95 36.79 37.55 37.39 37.44 37.32

5 37.33 37.07 36.79 36.88 37.63 37.59 37.69 36.84 36.79 36.76 37.79 37.49 37.11 36.94 36.52 37.06 37.77 37.39

6 37.43 37.02 36.84 36.79 37.55 37.28 37.61 36.95 37.22 36.89 37.34 36.88 37.55 37.06 37.47 37.51 37.39 37.48

7 36.79 36.83 37.52 37.32 37.39 36.69 36.49 37.26 37.35 36.74 37.59 37.59 37.52 36.93 36.95 36.84 36.49 37.31

8 37.57 37.82 36.62 36.58 36.89 37.22 37.45 37.07 37.29 37.66 37.27 36.89 36.84 37.15 37.38 37.94 37.09 37.42

9 37.98 37.83 37.81 36.78 36.39 36.28 36.59 37.93 37.29 36.87 37.55 36.38 36.83 37.28 37.01 36.69 37.47 37.32

10 37.37 37.48 36.97 36.69 37.11 37.55 36.59 36.85 37.34 37.11 37.27 37.85 37.73 36.36 36.29 36.33 37.15 37.28

S0-11 37.21 24.01 26.15 28.08 29.56 31.46 32.5 33.98 35.67 37.57 23.89 25.55 27.68 30.67 31.85 32.54 33.69 34.95

2 37.87 23.88 26.01 27.98 29.21 31.14 32.78 34.01 35.86 36.88 24.01 25.67 26.99 29.88 31.78 32.34 33.89 35.31

3 37.91 23.79 25.96 27.81 29.56 31.67 32.35 33.87 35.59 37.09 24.23 25.64 27.32 30.07 30.99 31.98 34.32 35.29

4 36.98 24.36 26.12 27.67 29.24 31.55 32.15 33.79 35.42 37.54 24.66 25.06 27.09 30.22 31.24 32.25 34.57 35.43

5 37.23 24.09 25.85 28.27 29.89 31.06 32.88 33.95 35.13 36.86 23.98 25.71 27.55 30.16 31.47 32.44 34.07 35.32

S26 37.22 22.84 23.59 25.17 26.55 27.99 29.15 31.02 32.68 37.11 22.92 23.66 25.07 26.14 28.88 29.07 30.89 32.33

7 36.89 22.91 23.44 25.81 26.25 28.01 29.31 30.79 32.71 36.98 22.12 23.24 25.32 26.58 29.01 29.55 30.89 31.87

8 37.47 22.79 23.64 25.89 26.78 27.69 28.99 31.81 32.19 37.21 22.74 23.49 25.89 26.47 28.77 29.26 30.71 32.22

9 36.73 22.53 23.69 25.37 26.49 28.23 29.21 31.44 32.45 36.79 22.87 23.27 25.09 26.79 29.15 30.01 30.98 32.55

10 37.36 22.32 23.59 25.89 26.11 28.15 29.11 30.88 31.99 36.78 22.55 23.14 25.59 26.33 28.77 29.45 31.03 32.16

S311 37.11 19.05 21.19 24.22 26.67 27.05 28.38 29.01 30.25 36.77 19.21 21.21 25.54 26.21 27.21 28.66 29.17 31.94

12 37.36 18.85 21.11 24.49 26.99 27.85 28.08 28.14 30.45 37.14 18.34 20.79 24.48 26.95 27.78 28.49 29.69 30.89

13 37.52 19.36 20.88 24.74 26.86 27.99 28.12 28.53 30.78 36.84 19.04 22.01 24.79 26.85 27.59 28.08 29.34 31.21

14 36.64 19.08 20.58 25.36 26.23 27.13 28.61 28.38 30.87 37.11 18.8 21.37 25.21 26.29 27.69 28.37 28.75 31.33

15 37.29 18.75 21.06 24.43 26.57 27.87 28.24 28.78 30.34 37.41 18.5 20.89 24.87 26.48 27.23 28.28 29.22 30.99

T0-11 37.34 22.01 23.67 25.93 28.75 29.24 30.87 31.08 32.21 37.78 21.16 22.85 26.04 28.94 30.01 30.59 30.99 33.07

2 36.87 21.89 23.23 26.01 28.97 29.89 31.09 32.01 32.68 37.11 21.34 22.26 25.98 29.03 30.15 31.22 31.88 33.01

3 37.53 22.11 23.26 26.11 28.88 29.78 30.89 32.11 32.97 37.21 20.87 23.04 25.65 29.01 29.99 31.14 31.56 32.87

4 36.87 22.42 23.87 26.11 29.06 30.09 31.11 31.89 33.15 36.98 21.44 22.76 25.49 28.98 30.19 30.98 31.49 32.98

5 37.31 22.19 23.43 25.98 29.11 30.22 30.98 31.88 33.09 37.11 21.36 22.99 26.09 29.11 30.78 31.25 32.07 32.79

T26 36.88 19.09 21.69 24.67 25.67 26.78 27.67 29.15 31.89 37.23 18.96 21.23 24.33 25.23 26.88 27.78 29.33 30.67

7 37.11 19.19 20.57 25.87 25.88 26.23 27.66 29.56 31.56 36.99 18.88 21.01 25.67 25.14 26.99 27.53 28.89 30.14

8 36.78 18.85 21.09 24.99 25.49 26.18 27.78 30.01 32.21 37.22 18.36 20.99 25.12 25.68 26.67 27.34 28.99 30.78

9 37.09 18.95 21.14 25.11 25.87 26.41 27.07 29.78 32.11 36.88 18.7 19.99 24.89 25.16 26.46 27.67 29.36 30.79

10 37.22 18.67 21.07 25.8 25.58 26.59 27.46 29.54 30.99 37.08 18.82 20.89 25.07 25.88 26.36 27.99 29.34 30.19

T311 36.89 14.69 19.01 22.56 24.46 25.23 26.05 28.01 29.17 37.22 19.04 18.88 22.99 24.13 25.06 26.56 28.11 29.36

12 37.34 15.89 18.78 22.78 24.22 24.89 26.79 27.79 29.36 37.05 15.33 18.55 22.67 24.66 25.15 26.24 28.01 29.18

13 36.88 15.66 18.23 22.89 24.77 25.11 26.65 28.08 29.16 37.26 15.55 18.06 22.78 24.78 25.71 26.71 28.23 29.47

14 37.23 14.78 18.56 22.86 24.64 25.05 26.31 27.88 29.38 37.22 14.92 18.22 22.42 24.34 25.36 26.55 27.57 29.78

15 36.75 15.01 18.09 23.01 24.61 25.13 26.45 28.11 29.47 36.78 14.69 18.13 23.03 24.79 25.23 26.76 27.88 28.96

UCs1 37.12 36.78 36.99 37.15 36.37 36.39 37.11 36.54 36.28 37.01 36.55 36.49 37.28 37.89 37.07 38.11 36.84 36.95

2 37.36 37.32 37.21 37.63 37.36 37.28 37.16 37.88 36.67 36.69 37.64 37.23 36.32 36.89 37.51 37.33 37.04 37.11

3 36.42 37.37 37.15 37.22 36.53 36.67 37.21 37.88 36.87 37.22 36.55 37.34 36.77 36.78 37.42 37.11 36.73 36.79

4 37.08 36.88 37.23 36.74 37.29 36.77 36.32 37.02 37.35 36.59 37.48 37.53 36.59 37.32 37.28 36.87 37.22 37.23

5 37.29 37.55 36.79 36.75 37.49 37.69 36.84 36.59 36.99 37.22 37.16 36.88 37.32 36.79 37.27 37.35 36.69 37.08

UCT1 36.75 36.93 37.58 37.27 36.93 36.38 36.64 37.08 37.11 37.15 36.87 37.24 37.38 36.59 36.48 36.78 37.33 36.91

Table I. continued



because there are no known colon cancer specific genes, and

carrying out a reproducible RT-qPCR requires numerous

validations due to issues of RNA degradation, PCR

inhibitors, template quality, biological replicas and issues of

sensitivity and specificity (36), the use of RT-qPCR has

been shown to result in a sensitive and specific measure for

developing diagnostic markers for CRC, particularly at the

early Dukes’ stages, by such an inclusive transcriptomic

approach (1) and present work.

Use of transcriptomic approach for molecular staging of colon
cancer. Although we have used relatively few patients, it is

evident from Figures 4 through 6 that this transcriptomic

approach could result in an improved molecular noninvasive

screening method for staging colon cancer patients over the

current histopathological procedures that use qualitative

parameters such as depth of tumor penetration,

histopathological grade of the tumor, presence of

lymphovascular invasion, and extracapsular extension

beyond the lymph nodes (37). Naturally, we need more

CRC patients to ascertain whether all Dukes' stages can be

routinely detected with higher sensitivity and specificity with

this approach than with current measures.

Differences between mutation and expression measurements in
feasibility assessments. To show how biological measurements

may be used to derive numerical values for feasibility,
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Table I. continued

S.T.A.R Medium RNA Later

Group HPRT IGF2 FLNA TGF‚igh CKS2 CSE1L DPEP1 KLKI0 CXCL3 HPRT IGF2 FLNA TGF‚igh CKS2 CSE1L DPEP1 KLKI0 CXCL3

CDs1 37.55 37.73 37.23 37.51 36.87 37.32 37.55 36.76 37.55 37.76 37.13 37.47 37.26 37.89 37.11 37.55 36.83 37.07

2 37.23 36.59 37.84 36.95 37.38 36.84 37.39 37.44 36.92 36.73 36.81 37.77 36.74 36.82 37.39 37.32 37.39 37.37

3 37.42 37.51 37.51 37.68 37.32 37.89 36.88 36.49 37.27 37.26 37.34 36.69 37.11 37.27 37.48 37.08 37.25 36.99

4 36.69 37.34 37.27 36.95 37.16 37.08 37.77 37.49 36.83 37.45 37.06 37.27 36.56 37.14 36.86 37.53 37.24 37.05

5 37.34 37.55 37.28 37.39 36.15 37.26 37.83 36.38 37.69 36.83 37.29 37.27 37.16 37.38 37.02 36.77 38.01 37.25

CDT1 36.69 36.45 36.29 36.77 36.55 37.18 36.69 37.21 36.93 36.55 36.74 36.08 37.03 36.48 37.07 36.84 36.39 37.02

aNo DNA added to reaction (negative control). This table was obtained from 35 individuals: 10 non-cancerous controls, 15 patients with colon cancer, 5 patients

with severe ulcerative colitis (UC), and 5 patients with Crohn's disease(CD). Ns1 (NT1) to Ns10 (NT10) , A stool (Tissue) from normal individuals 1 to 10; S0-

11 (T0-11) to SO-15 (T0-15)= Stool (LCM Tissue) from patients 1 to 5 with adenomatous colon polyp ≥ 1 cm (stage 0-1): S26 (T26) to S210 (T210) = Stool

(LCM Tissue) from colon carcinoma patients 6 to 10 (stage 2); S311 (T311) to S315 (T315) = Stool (LCM Tissue) from colon carcinoma patients 11 to 15 (stage

3); UCS1 (UCT1) =Stool (LCM Tissue) from first patient with severe UC: UCs2 to UCs5 = Stool from patients 2 to 5 with severe UC; CDs1 (CDT 1) = Stool

(LCM Tissue) from first patient with CD; CDS2 to CDS5 = Stool from patients 2 to 5 with CD. Samples were preserved in S.T.A.R® medium overnight at 4ÆC.

For RNALater®, preservation was carried out at 4ÆC for 27 h before RNA extraction.

Table II. Comparative CPs of gene expression in isolated colonocytes and stool samples from normal individuals and cancer patients.

Isolated colonocytes Stool samples

Group HPRT IGF2 FLNA TGF‚igh CKS2 CSE1L DPEP1 KLKI0 CXCL3 HPRT IGF2 FLNA TGF‚igh CKS2 CSE1L DPEP1 KLKI0 CXCL3

NegConta 37.36 36.48 37.79 37.83 37.55 36.49 37.57 36.49 36.33 37.32 37.07 37.55 36.69 36.88 37.22 36.98 37.36 37.11

NorC/S1 36.66 37.46 36.31 36.09 37.14 37.81 36.79 37.22 37.43 37.22 36.58 36.94 37.35 37.07 36.97 37.58 36.52 37.08

NorC/S2 37.48 37.29 37.03 37.42 37.77 36.92 37.25 37.43 36.87 36.99 37.22 37.11 36.79 37.14 37.61 36.83 37.18 37.36

C/S0-13 37.29 23.55 25.01 27.56 29.89 31.68 32.67 33.82 35.17 37.16 23.21 24.78 27.22 30.01 31.15 32.22 33.69 34.99

C/S0-14 36.79 24.01 25.11 27.87 30.03 31.58 32.91 33.79 35.01 37.52 23.69 25.09 27.59 29.37 30.99 33.02 33.83 35.15

C2/S25 37.22 22.84 23.59 25.17 26.55 27.99 29.15 31.02 31.68 37.11 22.92 23.66 25.07 26.14 28.02 29.07 30.89 32.33

C2/S26 36.79 22.41 23.36 25.48 26.89 27.69 29.09 30.87 31.99 37.07 23.04 23.57 25.61 26.55 27.89 29.18 30.71 31.87

C2/S27 37.37 22.15 23.75 25.08 26.33 27.45 29.57 30.51 31.44 36.78 22.45 23.49 25.45 26.11 27.61 29.26 30.43 32.04

C3/S38 37.26 19.45 21.36 24.68 25.78 26.89 28.58 29.41 30.99 37.11 19.23 21.42 24.52 25.61 26.71 28.42 29.13 30.84

C3/S39 36.15 19.51 21.11 23.98 25.43 26.76 28.43 29.32 31.03 37.82 18.98 21.33 24.09 25.33 26.19 28.21 29.45 30.88

C3/S310 37.09 18.98 21.79 23.35 25.13 26.35 28.27 29.67 31.27 37.31 18.75 21.44 23.67 25.63 26.69 29.01 29.59 31.46

aNo DNA added to reaction (negative control). This table was obtained from 10 individuals: 2 non-cancerous controls and 8 patients with colon cancer. NorC/S1

and NorC/S2=Isolated colonocytes/Stool from normal individuals 1 and 2; C0-1/S0-1 4 and C0-1/S0-1 5=Isolated colonocytes/Stool from patients 3 and 4 with

adenomatous colon polyp ≥1 cm (stage 0-1): C2/S2 5 to S/C27=Isolated colonocytes/Stool from colon carcinoma patients 5 to 7 (stage 2); C3/S3 8 to 10=Isolated

colonocytes/Stool from colon carcinoma patients 8 to 10 (stage 3). All samples were preserved overnight at 4ÆC in S.T.A.R® preservative before RNA extraction.



consider two samples of 100 cells each. In the first sample

(non cancerous), all 100 cells are normal, while in the second

sample (cancerous) 1 cell is cancerous while 99 are normal.

If for simplicity we assume that normal cells have a mutation

rate of 1 mutation unit (mu) and the cancerous cell have

mutation rates of 100 mu (a 100-fold increase), then in the

normal sample, mutation yield is 100 x 1 mu =100 mu. On

the other hand, in the cancerous sample, the total mutation

yield is 99 x 1mu + 1 x 100mu =199 mu, which is about a

two fold increase over the normal rate. Numerical values for

CRC mutations have been provided for APC (38), k-ras (39),

and TP35 genes (40). 

In the case of gene expression, the situation is, however,

different as there is no definitive yes or no answer, and it is

not possible to derive a transcription unit as easily. For

example, cancer genes are grouped into two classes: class I

genes that are mutated or deleted, and Class II genes that are

not altered at the DNA level, but that affect the phenotype

by expression changes (47). To further complicate the picture,

some genes may be in class I in a certain situation and class II

in others e.g. the breast cancer BRCA1 gene that can be

mutated in some familial breast cancer patients (48) making

it a class I gene, while nonsporadic mutations were found in

some patients without a family history of breast cancer, but
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Figure 4. Gene expression in stool samples taken from 35 individuals preserved in Roche’s S.T.A.R. medium. A) The condition of the patient is indicated
by the bottom row of the panel and by the type of line. There were 10 normal patients (gray lines), 10 with inflammatory bowel disease (IBD) (dashed
lines), and 15 with cancer (black lines). Instances of high expression appear on the right and those with low expression on the left. Expression was
measured by CP and scales were chosen so that minimum values line up on the Min mark labeled at the top of the panel. The same is true for the
maximum values which line up under the mark labeled Max. B) This panel displays gene expression for stool samples taken from 15 cancer patients. Stage
of cancer is indicated by the bottom row of the panel and by the type of line. There were 5 patients with stage 0 or 1 (gray lines), 5 with stage 2 (dashed
lines), and 5 with stage 3 (black lines) cancer. The 10 noncancerous patients (stage NA) are not shown. C) Gene expression in tissue samples taken
from 35 individuals. Conditions of the patient are the same as in panel A. D) This panel displays gene expression for tissue samples taken from 15 cancer
patients as in panel B. Stages of cancer are also indicated as in panel B.



rather a reduced amount of BRCA1 mRNA representing

down-regulation of the wild-type gene (49) making it a class

II tumor suppressor gene. Add to that the presence of many

splice variants and the degree of complexity of gene

expression patterns compared to mutation becomes clear.

Therefore, in the case of gene expression, one cannot simply

quantify the neoplasia-derived RNA as a fraction of total

human cellular RNA, but rather an expression index, which is

defined as a product of two or more genes divided by the

expression of another gene or a product of two or more

genes, is commonly derived (41-45). In that situation, we look

at how much that index can predict tumors at a certain

sensitivity and specificity. We have shown in this article and a

previous one (1) that using a transcriptomic approach, we can

detect changes close to >95% sensitivity and >95%

specificity, which is better than anything else on the market,

including mutations, proteomics and epigenetic changes.

Due to inadequacies in reporting results of many

tumor markers and the difficulty in interpreting and

comparing data from different articles, the National

Cancer Institute-European Organization for Research

and Treatment of Cancer (NCI-EORTC) have recently

published guidelines for tumor marker studies in order to

encourage transparency and adequate reporting so that

the relevant information becomes available (46). These

guidelines have been observed while carrying out this

discovery project in order to set the ground for an

independent validation set. Having achieved that aim, the

next step will naturally be to design a prospective

randomized study using enough number of patients (600

control individuals and 600 colon cancer patients) to be

able to have statistical confidence in its outcome using

the methods that we have outlined in our publications

(1), (13) & current study) as proof of principle.
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Figure 5. Gene expression in stool samples taken from 35 individuals preserved in Ambion’s RNALater. The legend as in Figure 4 for panels A-D. 
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