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Abstract
Colorectal cancer (CRC) is the second leading cause of cancer-related death in developed

countries. Early detection of CRC leads to decreased CRCmortality. A blood-based CRC

screening test is highly desirable due to limited invasiveness and high acceptance rate

among patients compared to currently used fecal occult blood testing and colonoscopy.

Here we describe the discovery and validation of a 29-gene panel in peripheral blood mono-

nuclear cells (PBMC) for the detection of CRC and adenomatous polyps (AP). Blood sam-

ples were prospectively collected from a multicenter, case-control clinical study. First, we

profiled 93 samples with 667 candidate and 3 reference genes by high throughput real-time

PCR (OpenArray system). After analysis, 160 genes were retained and tested again on 51

additional samples. Low expressed and unstable genes were discarded resulting in a final

dataset of 144 samples profiled with 140 genes. To define which genes, alone or in combi-

nations had the highest potential to discriminate AP and/or CRC from controls, data were

analyzed by a combination of univariate and multivariate methods. A list of 29 potentially

discriminant genes was compiled and evaluated for its predictive accuracy by penalized lo-

gistic regression and bootstrap. This method discriminated AP >1cm and CRC from controls

with a sensitivity of 59% and 75%, respectively, with 91% specificity. The behavior of the

29-gene panel was validated with a LightCycler 480 real-time PCR platform, commonly

adopted by clinical laboratories. In this work we identified a 29-gene panel expressed in

PBMC that can be used for developing a novel minimally-invasive test for accurate detec-

tion of AP and CRC using a standard real-time PCR platform.
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Introduction
Colorectal cancer (CRC) is the third most common cancer and second leading cause of cancer-
related death among men and women in Europe [1]. Importantly, CRC is often curable, when
diagnosed at early stages. Moreover, detection and removal of adenomatous polyps (AP) pre-
vents CRC formation and decreases mortality due to CRC. Several countries have already
adopted screening modalities for CRC and clinical practice guidelines recommend that average
risk individuals begin regular screening at 50 years of age [2, 3]

Colonoscopy is the “gold standard” for AP and CRC diagnosis, however it is not the pre-
ferred method for mass screening because of its cost, invasiveness, low compliance and limited
accessibility. Currently recommended non-invasive methods for mass screening include im-
munochemical and guaiac fecal occult blood testing (iFOBT, gFOBT). Yet, compliance with
fecal tests is still suboptimal in countries with an FOBT screening program [4, 5, 6]. Therefore,
there is still a large unmet need calling for a non- or minimally-invasive, compliant, cost-effec-
tive and accurate screening test to detect AP and CRC at early stages. A blood-based screening
test is highly attractive due to its minimal invasiveness and high acceptance among patients. In
particular we and others have reported signatures derived from peripheral blood mononuclear
cells (PBMC) gene expression profiles associated with digestive [7, 8, 9, 10], breast [11], renal
[12, 13], pulmonary [14] and bladder cancers [15]. These tests are conceptually different from
classical tumor biomarker tests, as they are based on the detection of the host response to
tumor-derived signals [16, 17] rather than on markers originating from the tumor itself.

When searching for differences in gene expression and identification of RNA transcripts to
be subsequently used as potential biomarkers, commonly used methods include microarray-
based DNA hybridization platforms or RNA-based sequencing techniques [18, 19]. Although
powerful, these methods are complex, time consuming and expensive, and generate high vol-
ume of data that require specialized bioinformatics tools and competencies for their analysis.
Moreover, identified genes of interest require further validation by more accurate and sensitive
methods such real-time qPCR, before they can be translated into clinically useful tests [20]. In
alternative to these techniques, high throughput real-time qPCR platforms demonstrated to
perform well when candidate gene selection was driven by solid scientific evidence, in spite of
the fact that they allow the analysis of only a fraction of the transcriptome [21]. Importantly,
biomarker discoveries based on qPCR platforms have the major advantage that a further vali-
dation step in view of their clinical use is not required. Furthermore, they are substantially less
expensive than whole genome approaches, allowing the analysis of a larger sample set and thus
increasing the statistical power of the study.

Here we report the discovery and characterization of a 29-gene panel in PBMC for the de-
tection of colorectal adenomas and carcinomas using a nanoliter high throughput qPCR plat-
form (OpenArray) [22]. To this purpose we used samples prospectively collected from a
multicenter, case-control study in which patients were referred for colonoscopy or scheduled
for surgery for CRC removal. We also demonstrated that the gene panel could be easily trans-
ferred and implemented into a medical laboratory-friendly assay, which is a key step in the de-
velopment of a new cost-effective, simple blood-based colorectal cancer screening test.

Material and Methods

Patients
A case-control study (DGNP-COL-0310), including three South Korean and six Swiss centers
which enrolled 1665 subjects older than 50 years that were referred for colonoscopy by general
practitioner or were scheduled for surgery, was conducted from June 2010 to April 2013. The
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study was specifically conceived and designed for the development and validation of a new test
for CRC screening. The biomarker discovery phase took place during the first half of patient re-
cruitment. For this purpose, a subset of 144 subjects, allocated to control, CRC and AP groups
(Table 1), was randomly selected, and used for gene expression profiling by high throughput
qPCR.

Subjects had no first-degree family history of CRC or a known CRC predisposition, previous
history of polyps or cancer including CRC, no hepatobiliary, genitourinary, autoimmune and
inflammatory disorders, including inflammatory bowel diseases, infectious diseases and fever
within 4 weeks before colonoscopy. Chronic diseases common in the old population, such as
diabetes, hypertension, hypercholesterolemia, heart failure, were not considered as exclusion
criteria. A control subject was defined as an individual without any past and present history of
colorectal lesions or diseases (e.g. small adenomas, hyperplastic polyps, cancer). The AP group
included subjects diagnosed with an adenoma larger than 1 cm, based on the endoscopic mea-
surement. The CRC group included patients with carcinoma at all four TNM stages. Final diag-
nosis was based on colonoscopy and histopathological evaluation.

Ethical approval
The study protocol (DGNP-COL-0310) was approved by the competent review boards and
ethics committees for research on human subjects of Canton Bern, Switzerland (Kantonale
Etikkommission Berne, No KEK 139/10), Canton St. Gallen, Switzerland (Ethikkommission
des Kantons St. Gallen, No. EKSG 10/091/1B), Canton Vaud, Switzerland (Commission Canto-
nale d’éthique de la recherche sur l’être human, No. VD 77/10), Canton Basel, Switzerland
(Ethikkommission beider Basel, No. EKBB 242/10), of the Severance Hospital, Yonsei Univer-
sity College of Medicine, South Korea (No. 4-2010-0128) and by the Institutional Bioethics Re-
view Board of Seoul National University Hospital, South Korea (IRB No. H-1004-020-315).
Written informed consent was obtained from all study participants adhering to the local ethical
guidelines.

Blood collection and processing
Peripheral blood from all subjects was drawn either up to 30 days before or up to 12 weeks
after colonoscopy and prior to any polyp or cancer resection or pre-operative chemotherapy.
Blood samples were collected into 4x4 ml BD Vacutainer CPT tubes (Becton Dickinson, Frank-
lin Lakes, NJ). Filled CPT tubes were kept at room temperature and PBMC separation per-
formed within 6 hours according to manufacturer’s instructions. PBMC pellets were
resuspended in RNAlater Solution (Life Technologies, Carlsbad, CA) and stored at -80°C.

Table 1. Characteristics of the study population.

Subjects (n) Age median (25%-75%) Men

Total 144 61 (55–68) 56%

Controls 50 59 (53–66) 44%

Adenomas � 1cm 46 61 (56–67) 61%

CRC 48 64 (56–68) 65%

Stage I 12 - -

Stage II 12 - -

Stage III 12 - -

Stage IV 12 - -

doi:10.1371/journal.pone.0123904.t001
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RNA preparation
Automated purification of total RNA was performed on QIAcube by RNeasy Mini kit (Qiagen,
Venlo, Netherlands) and included a DNase treatment. RNA concentration was measured by
Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA) and RNA integrity was ana-
lyzed by Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Samples with a
RIN< 7 were considered of poor quality and discarded. On average RNA showed a RIN of
9±0.5. Isolated total RNA was aliquoted and stored at -80°C. In order to meet the high RNA
concentration required by the RT protocol, RNA samples were systematically precipitated fol-
lowing a standard 100% ethanol/3M sodium acetate method.

Screening design and dataset generation
In order to find relevant blood biomarkers for CRC, we performed gene expression screening
on 144 samples derived from patients with AP or CRC and control subjects. The screening was
conceived in 2 phases (Fig 1). First, we profiled 93 samples with a large gene panel. The panel
included 667 candidate, of which 42 biomarkers previously identified by our laboratory [8] and
625 new candidate selected from the literature (S1 Table). Three reference genes for qPCR data
normalization were also added. The literature search focused on genes, molecular pathways
and biological processes considered to be relevant in the tumor-host response such as inflam-
mation and immune response, tumor invasion and metastasis, hematopoiesis, signal transduc-
tion pathways (in particular NF-kB pathway), chemokines and cytokines (in particular IL-1,
IL-2), extracellular matrix proteins, adhesion molecules and cell surface markers. For each can-
didate gene, a TaqMan assay was selected from a commercial repository (Life technologies,
Carlsbad, CA) (S1 Table) and distributed in three 224-assay Open Array plates, each measuring
12 samples in parallel. Hence, to fully profile 12 samples, three 224-assay plates, thermocycled
in parallel, were used. To check for inter-plate variability and reproducibility, the reference

Fig 1. Study design. In a first screening phase performed on the OpenArray system, 670 genes were
profiled on 93 samples. Out of these, 163 genes were selected and further tested in phase 2 on additional 51
samples. The final dataset included 144 samples profiled with 163 genes. A 29-gene panel was compiled
based on highest power to discriminate AP/CRC from controls by univariate and multivariate analysis.
Finally, the 29-gene panel was validated with a LightCycler480 platform, commonly used in clinical
laboratories.

doi:10.1371/journal.pone.0123904.g001
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gene RPLP0 was assayed for each sample on all 3 plates. RPLP0 standard deviation (SD) analy-
sis of the 3 sample replicates showed a median SD of 0.21 Ct, with an inter-quartile range of
0.14–0.34, indicating that sample measurement was accurate and highly reproducible across
the 3-plate series. In this phase we focused on catching the broadest subject biological variabili-
ty rather than minimizing the technical one, therefore systematic sample replicates were not
performed, to allow the profiling of a maximum number of samples.

Out of 670 genes analyzed, 133 showed no expression or a poor PCR amplification. The re-
maining 534 candidate genes and 3 reference genes were overall well expressed with a median
Ct of 22.94 (inter-quartile range: 21.28–25.24) and a median SD of 0.7 (inter-quartile range:
0.59–1.04) (S2 Table). Gene profiles passed through a light filtering step in which they had to
satisfy at least one of the following criteria for at least one of the discrimination analysis (i.e.
control versus CRC or control versus AP): a p-value less than 0.1 or a fold-change greater than
1.5 (linear scale). In addition, biomarkers previously identified in our laboratory [8] were re-
tained in this phase regardless their p-value or fold change in order to be assessed in a larger
sample set and using a multivariate statistical approach. In total, 160 genes were selected, to-
gether with the three reference genes, for the second phase of the screening. This time the 163
genes, measured by 168 assays (5 genes with very low expression had a second assay to validate
the measure obtained), were allocated in a single plate (S3 Table). Additional 51 samples were
profiled in duplicate with this reduced gene panel to increase the sample size and the statistical
power in subsequent analyses. Also, 40 samples already profiled in the phase 1, were re-ana-
lyzed to ensure the reproducibility of the measurements across phase 1 and phase 2 and the dif-
ferent plate format (224- vs. 168-assay format). The expression levels obtained in both phases
for these 40 samples were highly correlated (R2 = 0.993) (S1 Fig), prompting us to combine the
93 and 51 samples, profiled for the 163 genes, into a single final dataset (Fig 1). To compile the
dataset, the mean values of the 40 samples measured in duplicates were used.

Nanoliter high throughput qPCR
Nine hundred ng of total RNA was reverse transcribed in 20 μl volume using the high-Capacity
cDNA Reverse Transcription kit (Life Technologies, Carlsbad, CA) with random primers, ac-
cording to the manufacturer’s instructions.

Gene expression profiling was performed using the OpenArray system [22] (Life Technolo-
gies, Carlsbad, CA), a nanoliter high throughput real-time PCR platform, allowing 3,072 reac-
tions in a single plate. PCR reactions were performed according to the TaqMan OpenArray
real-time plates protocol. Briefly, PCR reaction mixtures containing 2.5 μl GeneAmp Fast PCR
Master Mix (Applied Biosystems, Carlsbad, CA), 1 μl TaqMan OpenArray Remix (Applied
Biosystems, Carlsbad, CA), 0.3 μl RNase-free water, and 1.2 μl cDNA, were loaded automati-
cally in single or duplicate reaction into the OpenArray plates using an OpenArray AccuFill in-
strument according to the manufacturer’s protocols. The thermal cycling protocol consisted of
40 cycles at 95°C for 15 seconds and 60°C for 1 minute. At the end of each run, the images, col-
lected before and during the PCR run, were visually inspected to check for sample misloading
or plates reading problems. Ct values were computed by the OpenArray analysis software
using automatic thresholding with the Ct confidence minimum signal set at 300. Values below
the minimum signal setting indicated a failed reaction or no amplification and missing values
appeared in the exported data. Most of the time a failed reaction was due to expression levels
beyond the limit of detection. Since the maximum Ct detected was inferior to 36, these values
were replaced by the arbitrary Ct value of 36. Missing values judged to be caused by technical
reasons were replaced by the median Ct values of the concerned gene across all samples. A ref-
erence RNA (Xpress Ref Human Universal total RNA) (Qiagen, Venlo, Netherlands) was
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present as positive control at least once in every PCR run in order to ensure process and re-
agent stability as well as reproducibility over different PCR runs. Negative controls containing
water instead of cDNA were used to rule out possible DNA contamination.

Real-time qPCR on 384-well plates
Two hundred ng of total RNA was reverse transcribed into cDNA using SuperScript VILO
cDNA Synthesis Kit (Invitrogen, Carlsbad, CA) according to manufacturer’s instructions.

RealTime ready Custom RT-qPCR assays (Roche, Basel, Switzerland) based on Universal
ProbeLibrary (UPL) technology (S4 Table), were pre-loaded on 384-well plates by the manu-
facturer. Real-time PCR analysis on 384-well plates was performed on the Lightcycler 480 in-
strument (Roche, Basel, Switzerland) on 144 samples. PCR reactions were carried out in
duplicates in 384-well plates in a total volume of 10 μl. Each well was loaded by an automated
pipettor (MICROLAB STARLet, Hamilton Robotics, Reno, NV) with 5 μl of RealTime Ready
DNA Probes Master Mix (Roche, Basel, Switzerland) and the cDNA equivalent of 2.5 ng of
total RNA. The qPCR program consisted of 2 seconds at 95°C and 30 seconds at 60°C for 40
cycles. Positive and negative controls were generated with each retrotranscription batch and
were included in every qPCR run for each target assay. The negative control contained neither
RNA nor cDNA to confirm no contamination occurred. The positive control was made with a
standardized quantity of Human Universal Reference RNA (Clontech, Mountain View, CA)
aliquoted and stored at -80°C. For qPCR run validation, the negative control yielded no ampli-
fication or a Crossing point (Cp) value up or equal to 35, and the positive control a Cp value,
for each target gene, that fell within a pre-determined range. Cp values were automatically cal-
culated with the LightCycler 480 analysis software according to the 2nd derivative maximum
method [23].

Statistical analysis
PCR data derived from the OpenArray and the LC480 platforms were normalized by the ΔCT
method using the mean of three housekeeping genes RPLP0, NACA and TPT1. These genes
were selected because they were the most stable in 3 PBMC-related microarray dataset available
from the GEO database [24] and also in qPCR analysis performed by us (data not shown).

Gene expression fold change, was defined as FCgene ¼ 2ΔΔCt with

ΔΔCt ¼ mean ΔCtDiseaseð Þ �mean ΔCtControlð Þ, where ΔCt is the normalized data.
Wilcoxon rank test [25] was applied to the normalized gene expression data in order to de-

fine genes significantly differentially expressed between groups. In addition, in phase 2 screen-
ing, Wilcoxon rank test was applied to 500 randomly selected datasets (bootstrap) and
significance was set to genes appearing significant (p-value<0.05) in at least 250 bootstraps out
of 500.

The multivariate analysis used for feature selection in phase 2 screening included the follow-
ing methods: K-top scoring pair, a parameter-free, feature selection algorithm [26], and penal-
ized logistic regression method with different algorithms [27, 28].

To evaluate the predictive accuracy of the 29-gene panel, penalized logistic regression mod-
els were fitted on the dataset and validated by non-overlapped bootstrap method [29]. Five
hundred random datasets were drawn with replacement from dataset; each bootstrap had the
same size as the training set. The model was re-fitted at each bootstrap and validated on the
out-of-bag samples. The specificity and sensitivity average values over 500 bootstraps were cal-
culated and Receiver Operating Characteristics (ROC) curves were generated by plotting the
sensitivity against the false positive rate (1—specificity). Area under the curve (AUC) was
calculated.
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The Pearson correlation coefficient was used to evaluate linear correlation between genes’
measurements by two instruments.

The R statistics environment was used for statistical analyses.

Results

Definition of a 29-gene panel for colorectal cancer and adenoma
detection
The dataset generated from phase 2 screening (163 genes and 144 samples) was analyzed and
filtered for low expression and unstable genes across the two phases, and 20 genes were further
discarded, reducing the number of candidate genes to 140. The data were explored in order to
define which genes, alone or in combinations, had the highest power to discriminate CRC, AP
and AP together with early stage CRC (AP+CRC I-II) from the control group (S3 Table). In ad-
dition, the CRC group was compared to AP group, to identify specific genes able to differenti-
ate between CRC and AP. In general, most of the genes appeared to be up-regulated in the
CRC and AP groups when compared to the control group. The observed gene expression fold
changes were relatively modest, not exceeding a factor of 2.3 (log2 = 1.22) (Fig 2). When a filter
based on a FC>1.3 and p-value<0.05 was applied to all group comparisons (CRC/Con, AP/
Con, AP+CRCI-II/Con, CRC/AP), we found 28 genes that satisfied both criteria (S3 Table).
Among those, 14 discriminate CRC and 8 AP from control group (Fig 2), two of which were
common to both conditions (CES1 and IL1B). Seven were specific only for separating AP from
CRC and 1 for discriminating AP +CRC I-II. Genes were confirmed to be significant when sta-
tistical testing was applied to 500 randomly generated datasets (bootstrap, data not shown).

Multivariate analysis was applied to the dataset to discriminate CRC, AP, AP+CRC from
control group. It included KTS-pair [26] and five different algorithms based on penalized logis-
tic regression method [27, 28, 30] for variable selections and model fitting. Genes were ranked
according to the frequency of selection by the method used which is summarized by the multi-
variate score. Thirty-eight genes with a score of at least two were retained to compile the final
gene list (S3 Table).

The univariate and multivariate gene lists were then merged, resulting in a final list of 29
genes (Table 2). Interestingly, most of the univariate top-scoring genes appeared to be also the
top-scoring genes in the multivariate analysis. Four genes (MAP2K3, MAPK6, CD63, ITGB5),
excluded by the filter of the univariate analysis because FC<1.3 but statistically significant (p
value<0.05), were “rescued” by the multivariate analysis. Of the other 10 genes not statistically
significant and integrated in the final lists thanks to the multivariate approach (GATA2, LTF,
MMP9, CXCL10, MSL1, RHOC, FXYD5), the first three showed a FC>1.3.

Functional analysis conducted with the Ingenuity Pathway Analysis package (IPA; www.
qiagen.com/ingenuity), revealed that the panel was enriched in genes involved in leukocytes
migration and chemotaxis (CCR1, CXCL10, CXCL11, CXCR3, IL1B, IL8, ITGA2, MMP9,
S100A8) (Table 3). These cellular functions are tightly related to immune cell trafficking and
inflammation. Highly represented were also genes involved in cell proliferation and differentia-
tion (BCL3, CD63, EGR1, GATA2, JUN, LTF, MAPK6, MMP11, NME1, PPARG, TNFSF13B),
reflecting a possible role in hematopoiesis.

Validation of the 29-gene panel
To evaluate the clinical relevance of our 29-gene panel, in particular its predictive accuracy, pe-
nalized logistic regression was applied to the dataset and fitted models were validated by non-
overlapped bootstrap method. Models could discriminate CRC or AP>1cm from controls
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Fig 2. Differential gene expression analysis of 140 genes. The volcano plots summarize the gene
expression fold-changes (FC) (x-axis) and the p-values (y-axis) for the comparisons: A, CRC versus control
or, B, AP versus control. P-value cutoff was fixed at 0.05 (horizontal line) and fold-change threshold at ±0.38
(equivalent to ± 1.3 in linear scale, vertical line). A FC equal to 1 means that the gene is expressed in the
group of interest, on average, twice as much than in the control group.

doi:10.1371/journal.pone.0123904.g002
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Table 2. 29-gene panel for colorectal cancer and adenoma detection.

Gene
Symbol

Con CRC AP CRC/Con AP+CRCI-II/
Con

AP/Con CRC/AP Multivariate
Score

mean SD mean SD mean SD p-
value

FC p-
value

FC p-
value

FC p-
value

FC

BCL3* 4.95 0.46 4.41 0.68 4.88 0.61 3.8E-
05

1.45 6.2E-
02

1.14 4.7E-
01

1.05 4.5E-
04

1.39 12

IL1B* 8.73 0.93 7.85 1.48 8.14 1.10 6.4E-
04

1.85 8.1E-
03

1.59 2.3E-
02

1.50 3.3E-
01

1.23 15

PTGS2* 9.65 1.06 8.72 1.59 9.22 1.29 2.1E-
03

1.90 4.8E-
02

1.46 1.3E-
01

1.34 1.3E-
01

1.42 8

MAP2K3 3.97 0.33 3.61 1.02 3.88 0.49 6.3E-
03

1.28 1.4E-
01

1.16 5.0E-
01

1.07 1.0E-
01

1.20 3

PTGES* 12.43 2.90 11.27 2.73 12.03 2.26 6.8E-
03

2.23 3.1E-
01

1.52 8.3E-
01

1.31 4.3E-
03

1.70 11

PPARG* 12.52 2.27 11.59 2.30 12.58 2.77 8.8E-
03

1.91 1.8E-
01

1.20 7.1E-
01

-1.04 3.9E-
02

1.99 9

MMP11* 12.53 1.66 13.79 2.77 12.84 2.21 1.1E-
02

-2.40 1.3E-
01

0.56 6.5E-
01

-1.24 4.3E-
02

-1.93 11

CCR1* 5.25 0.65 4.84 0.90 4.98 0.78 1.2E-
02

1.33 4.2E-
02

1.22 4.3E-
02

1.21 7.2E-
01

1.10 6

EGR1* 6.43 1.50 5.42 1.96 5.91 1.60 1.5E-
02

2.01 4.6E-
02

1.72 2.1E-
01

1.43 2.4E-
01

1.41 10

CACNB4* 11.42 0.76 12.14 1.84 11.81 1.78 2.5E-
02

-1.64 1.0E-
01

0.73 3.2E-
01

-1.31 3.8E-
01

-1.25 15

CES1* 6.65 1.26 7.34 1.79 7.41 1.56 2.8E-
02

-1.62 2.0E-
03

0.54 1.1E-
02

-1.69 9.1E-
01

1.05 12

IL8* 7.93 1.58 7.03 1.86 8.03 1.49 3.3E-
02

1.87 6.1E-
01

1.20 5.4E-
01

-1.07 7.7E-
03

2.00 2

S100A8* 0.48 0.58 0.08 1.03 0.42 0.77 3.5E-
02

1.32 7.3E-
01

1.04 9.0E-
01

1.04 5.9E-
02

1.27 9

CXCL11* 12.00 3.27 12.82 3.42 13.21 3.41 1.8E-
01

-1.75 2.0E-
02

0.44 1.8E-
02

-2.30 4.4E-
01

1.31 12

ITGA2* 12.19 2.21 11.85 1.72 11.53 1.45 7.6E-
01

1.27 1.1E-
01

1.51 3.6E-
02

1.59 1.7E-
01

-1.25 7

NME1* 10.66 0.96 10.50 1.09 10.27 0.83 5.1E-
01

1.11 2.2E-
02

1.35 4.6E-
02

1.31 4.3E-
01

-1.18 7

JUN 4.77 0.86 5.00 1.20 5.06 0.80 1.5E-
01

-1.18 2.5E-
02

0.77 9.8E-
02

-1.22 8.7E-
01

1.04 5

TNFSF13B 4.35 0.52 4.11 0.83 4.51 0.54 1.5E-
01

1.19 3.8E-
01

0.96 9.1E-
02

-1.11 5.6E-
03

1.32 1

CXCR3 9.04 0.82 9.32 1.00 8.80 0.71 1.9E-
01

-1.21 6.8E-
01

1.02 7.8E-
02

1.18 6.9E-
03

-1.43 3

MAPK6 6.99 0.28 6.74 0.46 7.03 0.37 7.9E-
04

1.19 4.5E-
01

1.02 8.2E-
01

-1.03 5.6E-
04

1.22 6

CD63 3.05 0.31 2.82 0.62 3.04 0.56 1.9E-
02

1.17 4.1E-
01

1.03 5.8E-
01

1.01 1.2E-
01

1.16 2

ITGB5 6.16 0.98 6.00 1.16 5.84 0.95 5.5E-
01

1.12 2.2E-
01

1.17 5.1E-
02

1.25 2.2E-
01

-1.12 6

GATA2 7.96 1.06 8.14 1.08 8.36 0.90 5.3E-
01

-1.13 1.8E-
01

0.78 2.0E-
01

-1.31 6.0E-
01

1.16 6

LTF 14.08 3.64 13.97 4.35 13.17 3.49 6.2E-
01

1.08 6.9E-
01

1.23 3.1E-
01

1.89 6.2E-
01

-1.74 8

MMP9 14.11 3.38 13.59 3.77 13.61 3.41 4.7E-
01

1.43 8.0E-
01

1.21 6.3E-
01

1.42 8.4E-
01

1.01 7

(Continued)
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with an average sensitivity of 75% and 59%, respectively. The average specificity, defined as the
number of controls correctly classified over the total number of controls, was 91%. ROC analy-
sis determined an AUC of 0.88 (0.83–0.92, 95% CI) and of 0.85 (0.78–0.91, 95%CI) for CRC or
AP detection, respectively (Fig 3). When the same approach was applied to the 15 top-ranked
genes for CRC or AP discrimination by univariate analysis only (Table 2), predictive accuracy
drastically decreased. When specificity was set at 91%, CRC were detected with a sensitivity of
65% and AP with a sensitivity of 37%, with an AUC of 0.86 (0.77–0.84, 95% CI) and 0.77
(0.70–0.82, 95% CI), respectively. This result supported our choice of integrating univariate
and multivariate approach for gene selection: genes that otherwise would have been discarded
because not meeting the fixed p-value and FC criteria, were indeed valuable for CRC and AP
detection as deemed by multivariate methods.

Table 2. (Continued)

Gene
Symbol

Con CRC AP CRC/Con AP+CRCI-II/
Con

AP/Con CRC/AP Multivariate
Score

mean SD mean SD mean SD p-
value

FC p-
value

FC p-
value

FC p-
value

FC

CXCL10 8.47 0.67 8.43 1.16 8.55 0.93 8.5E-
01

1.03 4.1E-
01

0.96 3.4E-
01

-1.06 6.2E-
01

1.08 6

MSL1 4.88 0.39 4.87 0.67 4.91 0.46 8.8E-
01

1.01 9.2E-
01

0.99 6.0E-
01

-1.02 4.1E-
01

1.03 4

RHOC 5.34 0.42 5.45 0.80 5.28 0.52 2.4E-
01

-1.08 9.6E-
01

0.98 4.6E-
01

1.04 1.1E-
01

-1.13 4

FXYD5 1.21 0.44 1.25 0.64 1.32 0.44 4.5E-
01

-1.03 4.8E-
01

0.94 1.9E-
01

-1.08 6.3E-
01

1.04 3

The analysis has been carried out with the delta Ct values obtained on 144 samples. P-values were determined by the Wilcoxon rank sum test. Fold-

change (FC) inductions are expressed in linear values for a more intuitive reading. FC >1.3 and p-values <0.05 are in bold. Genes marked with * were the

15 top-ranked genes by univariate analysis for AP and CRC discrimination. The multivariate score represents the frequency by which each gene

appeared during the analysis and is calculated by summing the gene presence in all combinations/fitted models for all group analyses. The score could

range from 0 (no selection) to 18 (presence in every model/combination) and genes with a score of at least two were retained to compile the final list.

doi:10.1371/journal.pone.0123904.t002

Table 3. Functional analysis of the 29-gene panel.

IPA Functional Category p-Value Genes

Leukocytes migration and chemotaxis 2.51E-14 18

Hematological system development 6.74E-11 14

Gene expression 3.78E-11 15

Cell death and survival 1.09E-09 17

Cell signaling and interaction 1.47E-09 15

Cellular growth and proliferation 4.02E-09 21

The table reports the most significantly represented biological functions within the gene panel. P-values

measure the likelihood that the association between a set of biomarkers and a given Ingenuity Pathway

Analysis (IPA) functional category is random. The p-value is calculated using the right-tailed Fisher Exact

Test. The number of genes associated with a specific function is reported in the last column.

doi:10.1371/journal.pone.0123904.t003
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Assay migration to a 384-well plate qPCR platform
The OpenArray platform demonstrated to be valuable for high throughput gene expression
profiling and biomarker discovery. However, this platform is not suitable in a routine clinical
laboratory setting, in which easiness of use, flexibility and low costs are preferred. With the aim
of developing the 29-gene panel into a widely used CRC screening test, we evaluated the panel
behavior on a qPCR platform that is commonly adopted by clinical laboratories. The 144 sam-
ples were profiled with the 29-gene panel using a LightCycler 480 (LC480) instrument and a

Fig 3. Receiving Operating Characteristics (ROC) analysis. A. Summary of the false and true positive
rates of the 29-gene panel in classifying CRC cases.B. Summary of the false and true positive rates of the
29-gene panel in classifying AP cases. Analyses were performed using 500 bootstrap validations. The
boxplots represent the distribution of the 500 bootstraps. The black line represents the average values over
500 bootstraps for clinical specificity and sensitivity.

doi:10.1371/journal.pone.0123904.g003
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set of commercially available probe-based assays (Universal ProbeLibrary, Roche), preloaded
on 384-well plates.

Correlation and linear regression analysis showed that gene expression levels measured on
the two platforms were highly comparable (correlation coefficient: 0.933) (Fig 4A). In general,
gene expression showed similar variance across the samples (Fig 4B). However, a group of
lowly expressed genes displayed measurements with smaller standard deviations on the LC480
platform than on the OpenArray one, suggesting that the assays on the LC480 instrument are
more accurate. When we repeated the differential gene expression analysis between controls
and CRC groups with the LC480 dataset, we found that relative abundance and statistical sig-
nificance for the 29 genes were similar or with the similar trend to what observed on the

Fig 4. Validation of the 29-gene panel on the LightCycler480 qPCR platform. Scatter plots comparing
analyses performed for each gene on the datasets generated on the LC480 and OpenArray platforms. The
following variables have been used: A.Mean normalized expression values (ΔCp and ΔCt) (R2: 0.933),B.
Mean standard deviations (SD) relative to each target gene measured,C.Gene expression fold changes
between the CRC and the control group (linear absolute values),D. p-values from statistical testing between
the CRC and the control group (log transformed). Lines represent a p-value<0.05. Gene names have been
overlapped to the graphs.

doi:10.1371/journal.pone.0123904.g004
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OpenArray dataset (Fig 4C and 4D). However, for five genes (PTGES, MMP11, IL8, CCR1,
S100A8) statistical significance was lost when measured on the LC480.

Discussion and Conclusions
In this work we have identified a 29-gene panel expressed in PBMC, capable of discriminating
individuals with AP>1cm or CRC from healthy individuals. Penalized logistic regression anal-
ysis correctly classified 75%, 59% (sensitivity) and 91% (specificity) of CRC, AP and
controls, respectively.

The approach we used is different compared to existing screening tests for CRC, as it is
based on PBMC genes expression profiles. This leverages the well-established concept of
tumor-host interaction and contribution of bone marrow-derived cells to tumor progression
[16, 17]. It is of interest the fact that AP, considered premalignant lesions, are also detected, al-
beit with a lower sensitivity, by the 29-gene panel. Indeed, inflammation is associated with neo-
plastic colonic polyp formation [31] and inflammatory bowel diseases, in particular colitis
ulcerosa, are a risk factor for CRC [32]. Importantly, non-steroidal anti-inflammatory drugs
protect against CRC development [33], prevent adenoma formation in experimental models of
familial adenomatous polyposis coli [34] and reverse gene expression changes in the normal
colon to adenoma sequence [35]. This reinforces the notion that the proposed approach might
be developed for AP and early CRC detection as more effective alternative to fecal occult
blood-based tests. The pool of 670 candidate genes used for the screening included many host
genes and pathways involved in inflammation, immune response and tumor progression. Im-
portantly, these genes were not chosen based on a preceding genome-wide screen, but based on
existing knowledge (i.e. literature and own data) and hypotheses (i.e. role of inflammation in
cancer progression). The majority of these 29 genes of the panel are mediators/regulators of in-
flammation, cell motility, cell survival, cell signaling and proliferation (Table 2 and 3). This is
consistent with the notion that tumor-mobilized bone marrow-derived circulating myelomon-
cytic cells are in a state of activation in response to tumor-released factors. We have previously
shown that tumor-released PlGF and KitL are capable of modulating the differentiation pro-
gram of CD11b+ cells mobilized from the bone marrow in response to the growing primary
tumor, thereby generating pro-angiogenic or pro-metastatic CD11b+ cells, respectively [36,
37].

We recognize that genes associated to inflammatory processes might be similarly modulated
in inflammatory conditions/diseases other than CRC or AP, possibly leading to reduced signa-
ture specificity. However, the weight of possibly “non-specific” genes is moderated by the infor-
mation carried by other genes in the panel. We are planning to evaluate the gene panel in an
independent test set of samples collected during this clinical study, including several inflamma-
tory conditions, in particular inflammatory bowel diseases and to use this sample set to opti-
mize a predictive algorithm highly specific for CRC and AP detection.

Technically, our discovery strategy leveraged the recent development of accurate and sensi-
tive high-throughput qPCR platforms based on microfluidic technologies, such as the OpenAr-
ray [22]. The apparent disadvantage of this approach, the screening of only a limited part of
the transcriptome, is overcome by several advantages. In particular, the high analytical sensitiv-
ity typical of qPCR, reached with relatively low amounts of native, non-amplified RNA, togeth-
er with a direct transcript measure, will make further analytical validation steps unnecessary.
In addition, the rapidity of sample processing due to the high throughput technology, with the
analysis of more than hundred samples per day, and the easiness of data mining and bioinfor-
matic analysis, greatly balanced the advantages of a genome-wide approach, like microarray
and RNA-seq. With the aim of translating our gene panel into an assay easily implementable as
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a routine lab test, we performed a technology transfer from the high throughput platform to a
standard 384-well plate qPCR platform using plates preloaded with specific target gene assays.
As shown, the gene expression profiles and differential analysis results obtained from the two
platforms were comparable. We therefore concluded that the LC480 platform is suitable to im-
plement a CRC screening assay based on the 29-gene panel. Nevertheless, it would be interest-
ing to reanalyze the samples with a genome wide approach (e.g. RNAseq) and to compare the
discriminatory power of the newly identified genes to the 29-gene panel described here. Addi-
tional genes issued from such an approach might be eventually added to the current signature
to improve sensitivity and specificity of the test.

The findings reported here are in line with the recently reported results obtained from a
pilot monocentric study in which the feasibility of the use of a PBMC-derived signature to de-
tect CRC and AP was demonstrated [8]. The significance of the study was limited, however, by
the small sample size and by the low number of CRC samples compared to AP. The present
study was designed to independently validate this pilot study in a multicenter, case-control
study. The two studies also differed from a technical point of view as numerous changes were
introduced in the assay procedures, in particular blood collection, PBMC isolation and the
qPCR chemistry, which made necessary a fully new development and assessment.

In spite of the major clinical and technical differences in these studies, 8 genes were found
common to the 29-gene panel reported here and the 42-gene panel previously reported [8].
Four of those, would have been excluded from the 29-gene panel without the decision of push-
ing to the phase 2 of the screening, genes identified by Nichita et al. but not significant in phase
1. Moreover, the predictive accuracy reported in the two studies is very similar, thereby demon-
strating the consistency and robustness of our approach. The fact that the two panels overlap
only for a fraction of genes could be explained by the fact that the biomarker discovery reported
by Nichita et al. focused predominantly on adenoma samples rather than CRC. However, it is
already known that different gene signatures may carry the same biological information as it
was reported in gene-expression signatures in breast cancer [38].

In conclusion, we have discovered and characterized a 29-gene panel in PBMC for the de-
tection of colorectal adenomas and CRC. The signature can discriminate AP>1cm and CRC
from controls with an average sensitivity of 59% and 75%, respectively, and a specificity of
91%. We also demonstrated that the gene panel could be easily transferred and implemented
into a medical laboratory-friendly assay, which is a key step in the development of a new cost-
effective, simple blood-based colorectal cancer screening test. The identified signature will be
the basis for developing a decisional algorithm that will be validated for its prospective discrim-
inatory value on the remaining samples collected in this case-control multicenter study. The
availability of a larger number of AP>1 cm and early stage CRC samples, as well as the pres-
ence of patients with inflammatory diseases or other type of tumors, will allow to finely tune
the algorithm to be highly sensitive and specific to precancerous and early stage cancerous
lesion.

Supporting Information
S1 Fig. Linear regression between mean Ct values obtained from the two screening phases.
Forty samples were analyzed in both phase 1 and phase 2 and Ct values compared. Ct1 refers
to Ct values obtained in the phase 1 and Ct2 in the phase 2. Mean Ct values obtained in the two
phases were highly correlated (R2 = 0.993).
(TIFF)

S1 Table. Annotated list with the 670 genes tested in the screening. For each of the gene is
reported the official gene symbol, the full gene name, the RNA reference sequence database ID
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(RefSeq), the TaqMan assay ID (Life Technologies, Carlsbad, CA) used during the screening as
well as, if any, the alternative assay used in phase 2 (TaqMan assay 2), and at last the genes se-
lected for phase 2 screening.
(XLSX)

S2 Table. Summary of the univariate analysis performed during phase 1 screening. In this
phase 93 PBMC samples, equally distributed among controls (Con), adenomatous polyps
>1cm (AP) and CRCs stage I-IV (stage I-II, n = 17), were profiled with 670 genes. The table
displays only those 534 genes showing expression levels above the limit of detection for more
than 50% of the samples or a good PCR amplification. Mean, standard deviation (SD) and me-
dian values are reported for four main analysis groups (Con, AP, CRC and AP plus CRC
(AP-CRC)) and for two subgroups: CRC stages I-II only (CRCI-II) and AP plus CRCI-II
(AP-CRCI-II). During the univariate analysis, the disease groups/subgroups were compared to
the control one and the AP group was evaluated against the CRC one. For each gene and for
each group analysis, p-values derived from Student’s t-test and Wilcoxon rank sum test and
fold-change (FC) linear values, derived from the mean or median, are reported. In addition,
the table indicates if the gene was selected for the phase 2 screening (163 genes) and in the final
29-gene panel.
(XLSX)

S3 Table. Summary of the univariate and multivariate analysis performed during phase 2
screening. In this phase 144 PBMCs samples, including 50 controls (Con), 46 adenomatous
polyps>1cm (AP) and 48 CRCs stage I-IV (stage I-II, n = 24), were profiled with 163 genes.
Univariate and multivariate analysis were conducted only on the 140 genes showing stable and
reproducible measurements between the two phases. For the univariate analysis, the same set-
tings explained in S2 Table were applied, and the results were reported similarly. Multivariate
analysis was applied only for the discrimination of the main groups (CRC, AP, AP-CRC) from
control one. It included KTS-pair and five different penalized logistic regression algorithms for
variable selections and model fitting. Selection of a given gene by one multivariate method, for
one particular group analysis, is indicated by 1, whereas non-selection is indicated by 0. The
frequency by which each gene appeared during the analysis is summarized by the Multivariate
Score, calculated by summing the gene presence in all combinations/fitted models for all group
analyses. The score could range from 0 to 18 and genes with a score of at least two were re-
tained to compile the final gene list. (nd: not determined, NA: not applicable).
(XLSX)

S4 Table. Final 29-gene panel. RealTime ready Custom RT-qPCR assays (Roche, Basel, Swit-
zerland) used to validate the gene panel on the LightCycler 480 instrument are reported, in-
cluding forward and reverse primer sequences and the associated UPL probe ID. The assays
were pre-loaded on 384-well plates. Reference genes used for PCR values normalization are
marked with �.
(PDF)
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