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Colorectal cancer (CRC), the third most frequently diagnosed
cancer in men and women in the United States and the
United Kingdom, carries an overall population lifetime risk
of about 5%.1,2 Despite being among the most preventable of
neoplasms and surgically curable in early stages, cancer of
the colon and rectum remains the second leading cause of
cancer death in the western world. In the United States,
150,000 people will be diagnosed with CRC in 2008 and
some 50,000 will die of their disease.1 Each year in the
United Kingdom, about 36,500 people receive a diagnosis of
CRC and some 16,000 die of it.2
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Most CRC arises from precursor adenomatous polyps,
developing over many years.3 Stage at detection is critically
related to patient survival. Localized cancers (tumor-nodemetastasis [TNM] Stages III) have an excellent 5-year survival prognosis (93% and 83%); regional stage (TNM Stage
III) patients have a 5-year survival rate about 60%; only 8%
of patients with late stage (TNM Stage IV) disease will survive 5 years.4 These features make CRC eminently suitable
for a screening program, and health authorities have long
promoted screening for CRC in average-risk adults, beginning at the age of 50 years.1,5,6
Despite repeated recommendations and awareness campaigns, however, populations have resisted CRC screening.
Paradoxically, although 90% of respondents in studies express
high interest in cancer screening in general and CRC screening in particular,7,8 screening compliance remains low. Only
about one-half of age-eligible Americans are current with recommended faecal- or endoscopic-based tests.9 In Canada,
only 24% of the target groups have ever been screened and a
mere 18% are up-to-date with recommendations.10 These
rates are much lower than compliance for breast and cervical
cancer screening, which range from 70–79% for mammography and for the Pap test.11
Low compliance reﬂects in large part the unpleasant nature of faecal procedures with varying degrees of dietary
restriction and requiring multiple stool samples, and endoscopic procedures, which require dietary restriction for colon
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Colorectal cancer (CRC) is often curable and preventable using current screening modalities. Unfortunately, screening
compliance remains low, partly due to patient dissatisfaction with faecal/endoscopic testing. Recent guidelines advise CRC
screening should begin with risk stratification. A blood-based test providing clinically actionable CRC risk information would
likely improve screening compliance and enhance clinical decision making. We analyzed 196 gene expression profiles to
select candidate CRC biomarkers. qRT-PCR was performed on 642 samples to develop a 7-gene biomarker panel using 112
CRC/120 controls (training set) and 202 CRC/208 controls (independent, blind test set). Panel performance characteristics and
disease prevalence (0.7%) were then used to develop a scale assessing an individual’s current risk of having CRC based on
his/her gene signature. A 7-gene panel (ANXA3, CLEC4D, LMNB1, PRRG4, TNFAIP6, VNN1 and IL2RB) discriminated CRC in the
training set (area under the receiver-operating-characteristic curve (ROC AUC), 0.80; accuracy, 73%; sensitivity, 82%;
specificity 64%). The independent blind test set confirmed performance (ROC AUC, 0.80; accuracy, 71%; sensitivity, 72%;
specificity, 70%). Individual gene profiles were compared against the population results and used to calculate the current
relative risk for CRC. We have developed a 7-gene, blood-based biomarker panel that can stratify subjects according to their
current relative risk across a broad range in an average-risk population. Across the continuous spectrum of risk as defined by
the current relative risk scale, it is possible to identify clinically meaningful reference points that can assist patients and
physicians in CRC screening decision making.
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cleansing, sedation and the necessity for taking time off work
and help getting home.12 Endoscopic procedures can also
result in serious complications. A recent Kaiser Permanente
study of 16,000 patients documented complications requiring hospital admission such as perforations and bleeding in 5
of every 1,000 patients undergoing colonoscopy.13 It is clear
that a safe, noninvasive blood test, which encourages patient
compliance, would be a welcome addition to the CRC screening armamentarium.
We and others have demonstrated that RNA proﬁling in
whole blood can be used to develop molecular signatures of
disease across a broad spectrum of pathology.14,15 Following
a preliminary study,16 for this study of 314 CRC patients and
328 controls, we characterized a 7-gene biomarker panel for
discriminating CRC based on patients’ blood RNA samples.
These biomarkers were selected after changing the collection
tubes from EDTA to Paxgene and the PCR from SYBR to
duplex TaqManV chemistries to improve the assay’s performance in terms of speciﬁcity and stability. We then developed
a test based on the performance characteristics of the 7-gene
panel in conjunction with the prevalence of CRC (0.7%) in
the average-risk population17 that enables us to assess a
patient’s current relative risk of having CRC. We further
demonstrated the beneﬁt of stratifying patients based on their
current relative risk of having CRC in the context of CRC
screening in the general population, similar to a stratiﬁcation
strategy proposed for breast cancer prevention.18
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Material and Methods
Patient samples

Blood samples were taken from screening colonoscopy subjects at 25 centers located primarily in the Greater Toronto
Area and surrounding region and also in the United States.
Samples were collected over a period of 3 years, from March
2005 to March 2008. The uniformity of collection procedures
at the different sites was ensured through following identical
study protocol, uniform training of personnel and monitoring
of the sites for protocol adherence. Informed consent was
obtained according to protocols approved by each institution’s Research Ethics Board. Initially, all subjects were enrolled at the colonoscopy clinics; however, the low incidence
rate of CRC in this population meant that most samples collected were conﬁrmed to be noncancer. As a result, it became
necessary to augment the number of cancer samples using
samples from cancer clinic patients with positive colonoscopy
results. Blood samples in these cases were collected before
any form of treatment, including surgery. Patients enrolled at
colonoscopy clinics donated blood before the colonoscopy.
Samples were categorized after pathologist reports were
reviewed. Controls comprised samples from subjects with no
pathology at colonoscopy; disease blood samples were from
colonoscopy-conﬁrmed CRC patients, who had not undergone CRC treatment. Institutional pathologists determined
cancer stage.

Blood collection and RNA isolation

For microarray study, samples of peripheral whole blood (10
ml) were collected in EDTA Vacutainer (Beckton Dickinson)
tubes (to avoid the high globin transcript problem associated
with the PAXgene system) and processed as described
previously.16
For qRT-PCR, blood collected in PAXgeneTM tubes (PreAnalytiX) was processed according to PAXgeneTM Blood
RNA Kit protocol. The PAXgene system is more suitable for
RT-PCR studies and clinical applications due to its ability to
immediately stabilize RNA and to keep it stable over a longer
period of time, thereby providing greater ﬂexibility in sample
collection.
For all samples, RNA quality was assessed using a 2100
Bioanalyzer RNA 6000 Nano Chip (Agilent Technologies).
All samples met quality criteria: RIN  7.0; 28S:18S rRNA
ratio  1.0, and a validated Agilent bioanalyzer scan. RNA
quantity was determined by absorbance at 260 nm in a
DU640 Spectrophotometer (Beckman-Coulter).
Microarray hybridization

Microarray hybridizations were carried out on whole blood
samples to generate gene expression proﬁles from CRC and
control subjects and to identify potential CRC biomarkers for
subsequent validation by qRT-PCR. Standard protocols,
established in GeneNews, were followed in blood sample
processing, RNA extraction and puriﬁcation, probe labeling
and hybridization. Five micrograms of total RNA per sample
was used for hybridization, following standard Affymetrix
protocol. All hybridizations were probe-level processed by
GC-RMA using GeneSpring. Unreliable measurements, identiﬁed by the crossgene-error model built in GeneSpring, were
removed from further analysis.
Microarray sample size calculation. The sample size calcula-

tion for microarrays was based on data published in early
2008, which estimated that 100 samples per group are
required to achieve adequate power (0.80) with a Type I
error less than 0.05 and a fold change over 1.2 for a large
proportion (over 75%) of genes being investigated.16 We used
SAM package under R software (as described in Ref. 19).
Blood samples were collected from 97 CRC and 99 control
subjects. Samples were matched for sex, age, body mass index
(BMI), ethnicity, comorbidity and medication. A total of 196
blood expression proﬁles were generated by Affymetrix
U133Plus2.0 GeneChips.
Hybridization data processing and normalization. To assess

whether there was any batch effect, principal component
analysis (PCA) was used, and different factors, including chip
lot, hybridization date, sample collection site, were labeled on
PCA plots. It was noticed that the hybridization date seemed
to be the main batch effect factor, and it was decided to
remove this effect by using mean-centering on GeneSpring.
C 2009 UICC
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Hybridization quality analysis and outlier detection. All

hybridizations passed the quality thresholds for Affymetrix
GeneChip suggested by the manufacturer. A number of
hybridizations showed larger deviation in certain quality control parameters from the rest.
More detailed analyses using Pearson’s correlation of the
expression proﬁles and PCA plots identiﬁed 7 hybridizations,
which were among the top 10 highest in GAPDH and
ACTIN 30 /50 ratios, suggesting the deviation of these samples
from the rest might be caused by lower RNA integrity. The
decision was made to exclude these 7 hybridizations from
further analysis, resulting in a ﬁnal total of 189 samples (98
controls and 91 CRC) for downstream analysis.
Quantitative reverse-transcriptase polymerase
chain reaction
Calculation of sample size for RT-PCR. In the computation of

the sample size, we used a signiﬁcance level a ¼ 0.05 in each
group, to detect a true difference in means of D = 0 with
power at least 1  b is
n¼

ðza þ zb Þ2 ðr21 þ r22 Þ
;
D2

where r1 is the standard deviation in the control group and r2
is the standard deviation in the CRC group, given za ¼ 1.645
and a power equal to 0.9 (b ¼ 0.1 given zb ¼ 1.28). To compute
the standard deviations and the difference delta, we randomly
selected a number of cohorts using 15 control/15 CRC and 30
control/30 CRC in bootstrap sampling. The calculation was
based on the data as described previously16 and current data,
which indicated that at least 67 samples per group are required.
Primers and probes for RT-PCR assay. Primers and probes

were designed with Primer3 software.20 Primers had to amplify
the same transcript as the Affymetrix probeset that was
selected from the microarray study. Preference was given to
primers matching the region of the Affymetrix probeset. Primers, probe or the amplicon had to span an exon–exon junction to avoid ampliﬁcation of genomic DNA. The primers and
probe must also be speciﬁc to genes of interest and not able to
amplify any other products. Genes were tested both in singleplex and in duplex reaction conditions, and similar Ct values
were observed for the same gene in each condition, indicating
that the expression levels of the genes were not affected by the
presence of a duplex partner in the reaction well.
One microgram of RNA was reverse transcribed into
single-stranded complementary DNA (cDNA) using High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems) in a 20 lL reaction volume. For PCR, 20 ng cDNA
was mixed with QuantiTectV Probe PCR Master Mix (Qiagen) and TaqManV dual-labeled probe and primers corresponding to the gene-of-interest and denominator in a 25 lL
reaction volume. PCR ampliﬁcation was performed using a
7500 real-time PCR system (Applied Biosystems).
R

R
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Quality assurance processes included veriﬁcation of negative template control for lack of ampliﬁcation, review of
ampliﬁcation curve shape for adequate signal, difference
between duplicate wells and stability of the positive reference
sample. Samples that failed these quality control checks were
repeated. Samples that failed a second time were excluded
from the analysis.
Validation of the biomarkers. Quantitative RT-PCR experi-

ments were performed in 2 phases. First, each gene of interest
was assayed in the 232-sample training set in duplex with an
endogenous reference gene (ACTB; beta actin) to identify genes
with statistically signiﬁcantly different expression levels
between CRC and controls (see ‘‘Characterization of 7-gene
panel’’ section later, for more details). Gene expression differences were estimated using the ‘‘comparative cycle threshold
(DCt) method’’ of relative quantiﬁcation,21 normalizing the Ct
values relative to the reference gene. This was performed by
calculating DCtsample ¼ Cttargetgene  Ctreferencegene. The relative
fold-change (CRC vs. controls) was represented as 2DDCt,
where DDCt ¼ mean DCtCRCsamplesmean DCtcontrolsamples.
In the second phase, we devised a tray format to evaluate
simultaneously all 6 duplex reactions of 7 genes for each
sample to conﬁrm the results from the initial phase. We
selected 6 genes that were statistically signiﬁcantly overexpressed in CRC vs. controls (p < 0.01). We chose IL2RB, an
underexpressed gene, as the common duplex partner to reassay the 232-sample training set with each of the 6 overexpressed genes. This format allows calculation of an ‘‘UP/
DOWN’’ gene expression ratio between each overexpressed
CRC biomarker gene and its duplex partner, IL2RB, from the
difference of their Ct values. Gene expression ratios using
small numbers of rationally selected genes have been established as highly accurate for distinguishing clinical groups,
eliminating the need for a third reference (housekeeping)
gene.22 A nonparametric Mann–Whitney test evaluated statistical signiﬁcance of differences between control and CRC
mRNA levels.23
The qRT-PCR training set was composed of 232 disease
and control samples. Cancer samples were matched for age,
sex, BMI and ethnicity to an approximately equal number of
control samples.
An independent blind test set was composed of 410 average-risk subjects (202 CRC/208 control): only patients aged
 50 years with no cancer or chemotherapy history, no previous record of colorectal disease (adenomatous polyps, CRC
or inﬂammatory bowel disease) and no ﬁrst-degree relatives
with CRC were enrolled. Cancer samples were matched for
sex, BMI and ethnicity to an approximately equal number of
control samples. The average age of disease samples was 3.6
years older than that of control samples. Furthermore, less
than 10% of the subjects had advanced (Stage IV) disease
(Table 1). Thus, the vast majority had local (Stage I/II) or regional (Stage III) disease, amenable to resection and appropriate adjuvant therapy. These selected samples were then
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Table 1. Clinical characteristics of the patient cohorts
Training set
Characteristics

Control

CRC

No.

120

112

Age (mean 6 SD)

66.0 6 11.5

67.5 6 12.5

Sex, no. (%)

Test set
1

p value

0.29

Control

CRC

208

202

64.7 6 8.7

68.3 6 10.1

0.50
69 (57.5)

70 (62.5)

138 (66.3)

122 (60.4)

Female

51 (42.5)

42 (37.5)

70 (33.7)

80 (39.6)

BMI, mean 6 SD

26.7 6 4.2

27.4 6 4.8

26.6 6 6.1

26.5 6 6.8

0.57

<0.001
0.22

Male

Ethnicity, no. (%)

p value1

0.75
0.892

0.20

White

101 (84.2)

91 (81.3)

162 (77.9)

138 (68.3)

Asian

9 (7.5)

6 (5.4)

32 (15.4)

35 (17.3)

Black

7 (5.8)

7 (6.3)

8 (3.9)

8 (4.0)

Hispanic

3 (2.5)

3 (2.7)

3 (1.4)

3 (1.5)

Other

–

5 (4.5)

3 (1.4)

2 (1.0)

N/A

–

–

–

16 (7.9)

I

–

31 (27.7)

–

62 (30.7)

II

–

31 (27.7)

–

55 (27.2)

III

–

33 (29.5)

–

64 (31.7)

IV

–

11 (9.8)

–

17 (8.4)

Unclassified

–

6 (5.4)

–

4 (2.0)

TNM stage, no. (%)

p values for age and BMI were calculated by Mann–Whitney test; p values for sex and ethnicity were calculated by Fisher’s exact test. 2Samples of
‘‘N/A’’ were excluded from the calculation.
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randomized and assigned blinded identiﬁcation before the
experiment, and data analysis was subsequently performed by
scientists blinded to the disease status.
Characterization of 7-gene panel

The 7 genes were derived from a larger set of genes initially
identiﬁed by microarray analysis and validated by qRT-PCR.
Brieﬂy, a candidate list of 45 genes was assembled from several previous microarray results and the current microarray
results. From 45 candidate genes derived from gene proﬁling
and cluster analysis we used multiple criteria, including level
of fold-change, expression intensity and primer optimization
to prioritize 20 genes for further study. These 20 genes were
further validated using qRT-PCR against an initial cohort
and combinations of between 2 and 14 of these 20 genes
were then evaluated for predictive performance using both a
standard logistic regression approach and a nested bootstrapping analysis. This revealed that a 7-gene panel was optimal
in terms of unbiased prediction accuracy. One thousand iterations of randomized 5-fold and 10-fold stratiﬁed bootstrapping (subsampling with replacement) were conducted at various stages to guide the gene selection process.
Constructing a predictive model

We constructed a predictive, logistic regression model using
the 6 DCt values from the 232 samples in the training set to

determine the coefﬁcients of these DCt values to the log-odd
value in the predictive model23: ln½p=ð1  pÞ ¼ c0 þ
P6
g¼1 cg  DCtg , where p is the probability of samples being
predicted as CRC and {Cg} are coefﬁcients of logistic regression. Optimum threshold for best accuracy on the training
set was estimated using MedCalc (MedCalc software, Mariakerke, Belgium).
To check for hidden subgroups, a bootstrap technique was
applied to train a total of 10,000 logistic regression predictive
models.
In each of 100 iterations, 40 randomly selected control
and 40 randomly selected CRC samples were set aside as
testing data. From the remaining samples, 48 control and 48
CRC samples (2/3 of remaining CRC samples) were again
randomly selected to train a Logistic regression candidate
model. If the area under the receiver-operating-characteristic
curve (ROC AUC) of the candidate model reached 0.75 or
better, the candidate model was accepted as a predictive
model. A total of 100 predictive models were generated in
the bootstrap iteration. A total of 10,000 predictive models
were generated from these 100 bootstrap iterations. The average coefﬁcients of the 10,000 predictive models were selected
as the coefﬁcients of the 6 DCt values to the log-odd value in
the ﬁnal predictive model. The standard deviations of the
coefﬁcients yielded an estimate of the robustness of the
model. The coefﬁcients of variation (CV) were less than 1.1%
C 2009 UICC
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for the 6 genes. These very low CV values are indicative that
the population is quite homogeneous. The models were then
applied to the 6 DCts from the training and blind sets to predict the CRC status of the samples. As expected, both models
(derived directly from the entire 232-sample set and the average from the bootstrap) generated virtually the same scores
(R2 ¼ 0.9998). Log-odd values generated from the predictive
model were designated logistic regression scores24; subjects
with scores greater than 0 were classiﬁed ‘‘CRC.’’
Calculating current relative risk for CRC

Bayes’ theorem was applied to calculate the current relative
risk (CURR) for CRC using logistic regression scores.25 The
logistic regression score distributions of CRC and controls
were ﬁrst used to determine corresponding distributions in
the average-risk population. Then, given a subject’s logistic
regression score, Bayes’ theorem was applied to calculate the
probability of the subject having CRC, using the obtained
logistic regression score distributions of CRC and non-CRC
in the average-risk population as conditional probability density functions and the CRC prevalence (0.7%) as the a priori
probability.25
Unless otherwise speciﬁed, all statistical analyses were carried out using ‘‘R.’’3

Results

Benjamini-Hochberg false discovery rate (BH-FDR) analysis
with cutoff of 0.01 resulted in a total of 1,092 probesets identiﬁed as differentially expressed genes (Fig. 1).
To prioritize these biomarker candidates for real-time RTPCR validation, the following criteria were applied to shorten
the gene list: (i) average expression intensity above 50; (ii)
known genes; (iii) fold change (mean) > 1.2 and fold change
(median) > 1.15 or fold change (median) > 1.2 and fold
change (mean) > 1.17 and (iv) high- probe design grade,
low-probe crosshybridization and cluster evidence supported
by mRNA. This analysis resulted in a total of 45 biomarker
candidates for CRC (data not shown).
Seven-gene CRC biomarker panel: Development
and validation

From the short list of candidate genes identiﬁed by the
microarray studies, 20 were validated on a training set of 232
samples (112 CRC and 120 controls) using TaqManV qRTPCR (data not shown). Seven genes were selected for the
development of our CRC biomarker panel. Six of them
(ANXA3, CLEC4D, LMNB1, PRRG4, TNFAIP6 and VNN1)
were overexpressed (1.31- to 1.67-fold), and 1 (IL2RB) was
underexpressed (0.84-fold) in CRC when compared with controls. We chose the underexpressed IL2RB as the common
denominator for all overexpressed genes to compute UP/
DOWN gene expression ratios and to examine the accuracy
of the ratios in classifying the 232 samples with respect to
R

C 2009 UICC
Int. J. Cancer: 126, 1177–1186 (2010) V

Figure 1. Heat map of gene expression and hierarchical cluster
diagram showing 1,092 probe sets and the 91 CRC and 98 control
samples. Dendrogram generated using ‘‘Heatmap’’ function in R,
using default settings for the clustering algorithm.

group membership (Table 2). We calculated 6 UP/DOWN
gene expression ratios per sample (Methods). All 6 ratios
were statistically signiﬁcantly different (p < 0.001) between
the groups.
Logistic regression multivariate analysis of the 6 ratios
from the expression values of the 7 genes was used to train a
predictive model for CRC (see Material and Methods section). The model correctly classiﬁed 92 of 112 CRC and 77
of 120 controls in the training set [performance characteristics: 73% accuracy; 82% sensitivity; 64% speciﬁcity; 68% positive predictive value (PPV); and 79% negative predictive
value (NPV) (Fig. 2a). The corresponding area under the receiver-operating-characteristic curve (AUC) was 0.80 6 0.03
(95% CI: 0.74–0.85, Fig. 2b).
To validate predictive performance of the 7-gene combination generated from the training set, we quantiﬁed mRNA
levels for the same 7 genes by qRT-PCR using a blind independent average-risk cohort [410 samples; 202 CRC; 208
controls] (Table 1). Test set subject identiﬁcations were
blinded, then scored using the logistic regression model
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Table 2. Colorectal cancer (CRC) biomarker gene list and differential expression in the training set (112 CRC and 120 controls)
Gene
symbol5

Gene name

Sequence
accession ID

Fold
change1

Fold change
p value2

Expression
ratio3

Expression
ratio p value2

Expression
ratio AUC4

ANXA3

Annexin A3

NM_005139

1.67

<0.001

1.71

<0.001

0.71

CLEC4D

C-type lectin domain family
4, member D

NM_080387

1.39

0.002

1.50

<0.001

0.66

IL2RB

Interleukin 2 receptor, beta

NM_000878

0.84

0.01

–

–

–

LMNB1

Lamin B1

NM_005573

1.31

<0.001

1.37

<0.001

0.68

PRRG4

Proline rich Gla
(G-carboxyglutamic acid)
4 (transmembrane)

NM_024081

1.58

<0.001

1.72

<0.001

0.76

TNFAIP6

Tumor necrosis factor,
alpha-induced protein 6

NM_007115

1.50

<0.001

1.58

<0.001

0.66

VNN1

Vanin 1

NM_004666

1.48

<0.001

1.53

<0.001

0.67

1

2

3

Determined by qRT-PCR analysis using ACTB (reference) gene as denominator. Calculated by Mann–Whitney test. Determined by qRT-PCR analysis
using IL2RB (underexpressed) gene as denominator. 4Area under receiver-operating-characteristic curve. 5Biomarker candidates were screened by
microarray (5 lg of total blood RNA extracted from blood collected into EDTA tubes was hybridized to U133Plus2.0 GeneChip, Affymetrix).

generated from the training set, resulting in 146 correct CRC
predictions and 145 correct control predictions. Hence, the
performance characteristics showed 71% accuracy, 72% sensitivity, 70% speciﬁcity, 70% PPV and 72% NPV (Fig. 2c). The
AUC was 0.80 6 0.02 (95% CI: 0.76–0.84, Fig. 2d).
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Using the biomarker panel to assess current relative risk
for CRC

An assay based on the 7-gene biomarker panel was developed
to assess individual CURR for having CRC. Logistic regression score distributions of CRC and non-CRC samples in the
test set were used to determine the corresponding distributions of the average-risk population (Fig. 3a).26 Bayes’ theorem was used to calculate an individual’s CURR, deﬁned as
the ratio of the probability of having CRC to the CRC prevalence, based on their blood-sample gene expression proﬁle
(see Material and Methods section). At CURR ¼ 1, a subject
has the same CRC risk as the unstratiﬁed average-risk population. At CURR ¼ 10, the subject has a 10-fold risk increase.
Similarly, at CURR ¼ 0.1, the subject has a 10-fold risk
decrease.
CURR distributions of the 202 CRC and 208 controls in
the test set are plotted in Figure 3b. Of CRC samples, 59
(29%) had CURR < 1 and 143 (71%) had CURR > 1. By
comparison, 147 (71%) controls had CURR < 1 and 61
(29%) had CURR > 1. At CURR ¼ 1, PPV was 70%, and
NPV was 72%.
Stratification of average-risk population for
current CRC risk

Using CRC prevalence (0.7%) and the ﬁtted distributions of
logistic regression scores for CRC and non-CRC in Figure
3a, we plotted the corresponding cumulative distributions of
average-risk population and of CRC patients as a function of
CURR in Figure 3c. The distribution of average-risk population was calculated by combining the distributions of CRC

and non-CRC patients with appropriate coefﬁcients to
account for CRC prevalence. The top 5% population for CRC
risk is expected to have relative risk levels no less than 3.5:
32% of the CRC patients would fall within this group. The
bottom 5% population for CRC relative risk is expected to
have risk no greater than 0.066; only 0.2% of CRC patients
would fall within this group. Hence, the most central 90% of
the average-risk population spreads across a 53-fold difference in risk.
Across the continuous spectrum of risk, reference points
can be identiﬁed to assist CRC screening decision making
(Figure 3d and Table 3). For example, CURR ¼ 2 indicates a
2-fold risk increase. Patients with CURR  2 have a current
CRC risk equal-to or greater-than having a ﬁrst-degree relative with CRC.27,28 We expect 12% of the average-risk population and 51% of CRC patients have CURR  2. The corresponding PPV is 3.0%. Conversely, CURR ¼ 0.5 correlates
with a 2-fold decrease in current CRC risk. We expect 51%
of average-risk patients and 12% of CRC patients to have RR
 0.5. The corresponding population-based NPV is 99.8%. In
comparison, the population-based PPV is only 0.7%, and the
population-based NPV is 99.3% for the unstratiﬁed, averagerisk population.

Discussion
Clinical practice guidelines for CRC population screening
were recently updated,29 and it was concluded that ‘‘ideally,
screening should be supported in a programmatic fashion that
begins with risk stratiﬁcation and the results from an initial
test and continues through proper follow-up based on ﬁndings.’’ Here, we have addressed this need for risk stratiﬁcation,
showing that whole-blood gene expression proﬁling can stratify the CURR that an individual has CRC.
We recruited patients from 25 North American colonoscopic study centers. Using our extensive experience in gene
proﬁling to identify blood-based disease biomarkers from
C 2009 UICC
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Figure 2. (a) Display of logistic regression (LogReg) scores of control (non-CRC) and colorectal cancer (CRC) samples in the training set (112
CRC and 120 controls). Logistic regression scores were calculated from a self-trained logistic regression model. The horizontal line at 0
indicates the CRC vs. control decision threshold. Samples were predicted as CRC if their logistic regression scores were equal to or greater
than 0. The performance of the predictive model on the training set had the following characteristics: 73% accuracy, 82% sensitivity, 64%
specificity, 68% positive predictive value (PPV) and 79% negative predictive value (NPV). (b) Receiver operating characteristic (ROC) curve
of the training set (thick solid line). Thin lines on either side of the central thick line indicate 95% confidence interval (CI) of the ROC
curve. The area under ROC curve (AUC) was 0.80, and its 95% CI was 0.74–0.85. (c) Displays of logistic regression scores of control and
CRC samples in the test set (202 CRC and 208 controls). Logistic regression scores were calculated from the logistic regression model
trained on the training set. The horizontal line at 0 indicates the CRC vs. control decision threshold that was fixed by the training set.
Samples were predicted as CRC if their logistic regression scores were equal to or greater than 0. The performance of the predictive model
on the test set had the following characteristics: 71% accuracy, 72% sensitivity, 70% specificity, 70% PPV and 73% NPV. (d) ROC curve of
the test set (thick solid line). Thin lines on either side of central thick line indicate 95% CI of the ROC curve. The AUC was 0.80, and its
95% CI was 0.76–0.84.

microarray-derived candidate genes,14 we identiﬁed and validated a 7-gene biomarker panel for CRC detection on 642
well-categorized, sex-, BMI- and ethnically matched CRC
patients and controls. These biomarkers enabled the development of a scale to stratify average-risk patients into subgroups
based on an assessment of their CURR of having CRC.
C 2009 UICC
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The whole-blood biomarkers identiﬁed in this study are
likely not conventional tumor-derived cancer biomarkers but
rather reﬂect subtle alterations in blood gene expression
serving as a systemic response to disease, possibly acting
to maintain homeostasis30 or mediating disease pathology.
Thus, for example, 1 of the biomarker genes identiﬁed in this
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Figure 3. (a) Distributions of logistic regression (LogReg) scores of colorectal cancer (CRC) and control (non-CRC) samples in the test set
(202 CRC and 208 controls) (Note: The test set was drawn from a population composed entirely of average-risk subjects.) The 2
distributions were tested as normal based on Shapiro-Wilk normality test (22) (p ¼ 0.82 for the distribution of control samples and 0.77
for that of CRC samples). The variances of the 2 distributions were tested as equal (p ¼ 0.46 by F test). The 2 distributions were fitted to
normal distributions with equal variance. (b) Relative risk distributions of 208 control and 202 CRC samples in the average-risk population
test set. (c) Cumulative CURR distributions of the average-risk population (thin solid line) and the CRC subpopulation (thick solid line). The
distribution of average-risk population was calculated by combining the distributions of CRC and non-CRC with appropriate coefficients to
account for CRC prevalence 0.7%. For any point (x, y) on a cumulative distribution curve, the y value indicates the fraction of population
whose relative risks are equal to or greater than the x value. (d) CURR scale for stratifying patients.
Table 3. Stratification of average-risk population (ARP) for colorectal cancer (CRC)
Population

Relative risk

ARP (%)

CRC detected (%)

Average-risk (base state, unstratified)
Increased risk

Decreased risk

PPV (%)

NPV (%)

0.7

99.3

2.0

12

51

3.0

1.0

28

73

1.8

0.5

51

12

99.8

0.3

34

5

99.9

PPV: positive predictive value; NPV: negative predictive value; ARP: average risk population.

study, ANXA3, encodes annexin A3, a potential factor mediating angiogenesis.31 Angiogenesis, the generation of new
blood vessels from existing vasculature, is involved in the
growth of tumors and may facilitate metastasis.
Another biomarker of interest in carcinogenesis, IL2RB
encodes the beta chain of the interleukin 2 (IL2) receptor: a

key factor in T-cell-mediated immune responses. Increased
expression of IL2 and its receptor complex has been associated with breast tumor development and increased malignancy.32 IL2 and IL2R expression have been reported in
other types of tumors, including stomach, renal, squamous
cell, melanoma and prostate (Ref. 32). In our study, IL2RB is
C 2009 UICC
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Figure 4. Colorectal cancer (CRC) detection rates as a function of
colonoscopy capacity for an average-risk population with or
without prescreening by gene expression profiling on their blood
samples. Without prescreening, CRC detection rate equals capacity
(assuming perfect sensitivity by colonoscopy). With prescreening,
colonoscopy capacity can be used to determine a CURR threshold
(Fig. 3c) to select patients whose CRC risks are equal to or greater
than the threshold for colonoscopy. As shown in Figure 3c, the
fraction of CRC patients is always higher than that of the averagerisk population at any given current relative risk threshold. Hence,
a greater number of CRC patients can be diagnosed by combining
prescreening with colonoscopy. For example, at 10%, 20%, 30%
and 40% colonoscopy capacity, the corresponding CRC detection
rates for an average-risk population can be improved to 47%,
64%, 75% and 83%, respectively.

underexpressed in CRC patient blood, suggesting a homeostatic regulatory attempt to modulate this factor.
CRC screening saves lives, but patient compliance with
faecal testing and endoscopy remains low.4 Although colonoscopy is considered a CRC diagnostic ‘‘gold standard,’’ as a
screening tool the technology has limitations. Many are
averse to the procedure, and most healthcare systems have
limited capacity; even in the United States, colonoscopy
capacity is insufﬁcient to adequately screen the entire average-risk population.33 Furthermore, the 0.5% incidence of
signiﬁcant colonoscopy-associated morbidity13 is of concern
given low CRC prevalence (0.7%) in the over 50, average-risk
population. A blood-based test providing clinically actionable

CRC risk information would likely enhance screening compliance and facilitate clinical decision making.
The 7-gene test can be incorporated into CRC decision
making in several ways. A blood test would beneﬁt patients
who desire information about their CRC status but refuse
screening due to dislike of screening options. In particular,
identiﬁcation of increased current CRC risk may facilitate
colonoscopy decision making for these patients, who would
otherwise refuse colonoscopy.
Second, in healthcare systems with limited colonoscopy
capacity, this approach could help prioritize patients at greatest current risk for CRC, similar to the proposed breast
cancer stratiﬁcation strategy.17 Figure 4 plots CRC detection
rates, with and without prescreening, as a function of colonoscopy capacity in the average-risk population. Combining
prescreening and colonoscopy can detect 2.1–4.7 times more
cancers, when colonoscopy capacity is between 10% and
40%, which is the case in most countries. For example, in the
CURR  2.0 group, PPV is 3.0%, representing a 4-fold
increase in CRC detection rate per colonoscopy performed
(compared with base-state PPV of 0.7% for the unstratiﬁed
average-risk population; Table 3).
Furthermore, identifying patients with diminished current
CRC risk can help enhance physician and patient decision
making. As Table 3 shows, 34% of the average-risk population have a CRR  0.3. Only 0.1% of patients in this range
are expected to have CRC (NPV ¼ 99.9%). Provision of this
type of novel, decreased-risk information can help facilitate
subsequent screening decision making that is tailored to a
patient’s individual circumstances. It can also help ensure
that ﬁnite colonoscopy resources are directed to those with
greatest risk.
In sum, this 7-gene biomarker combination enabled development of a scale providing enriched information about an
individual’s CURR for having CRC. As a blood test, it
addresses 1 of the greatest challenges currently limiting CRC
screening effectiveness: lack of compliance. Additionally, by
identifying patients with enhanced CURR (increased PPVs)
and with diminished CURR (increased NPVs), this approach
can help healthcare providers assess need for increased monitoring or further workup, and help tailor the use of invasive
and expensive procedures to those most likely to beneﬁt.
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