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Pathway activation strength is a novel independent
prognostic biomarker for cetuximab sensitivity in
colorectal cancer patients
Qingsong Zhu1,7, Evgeny Izumchenko2,7, Alexander M Aliper1,3,4, Evgeny Makarev1, Keren Paz5, Anton A Buzdin3,4,6,
Alex A Zhavoronkov1,3,4 and David Sidransky2

Cetuximab, a monoclonal antibody against epidermal growth factor receptor (EGFR), was shown to be active in colorectal cancer.
Although some patients who harbor K-ras wild-type tumors benefit from cetuximab treatment, 40 to 60% of patients with wild-type
K-ras tumors do not respond to cetuximab. Currently, there is no universal marker or method of clinical utility that could guide the
treatment of cetuximab in colorectal cancer. Here, we demonstrate a method to predict response to cetuximab in patients with
colorectal cancer using OncoFinder pathway activation strength (PAS), based on the transcriptomic data of the tumors. We first
evaluated our OncoFinder pathway activation strength model in a set of transcriptomic data obtained from patient-derived
xenograft (PDx) models established from colorectal cancer biopsies. Then, the approach and models were validated using a clinical
trial data set. PAS could efficiently predict patients’ response to cetuximab, and thus holds promise as a selection criterion for
cetuximab treatment in metastatic colorectal cancer.
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INTRODUCTION
Colorectal cancer (CRC) is the third most commonly diagnosed
cancer in the United States. The American Cancer Society
estimates that, in 2015, 132 700 people will be diagnosed with
CRC and that 49 700 people will die from the disease. Distant
metastasis is the main cause of death in CRC patients, and 40–50%
of newly diagnosed patients are already in advanced stages when
diagnosed.1 In the past decade, the management of patients with
metastatic CRC (mCRC) has been profoundly improved by the
introduction of anti-epidermal growth factor receptor (anti-EGFR)
monoclonal antibodies, cetuximab (Erbitux) and panitumumab
(Vectibix). Clinical trials have shown the activity of cetuximab as a
single agent and in combination with chemotherapeutic agents in
advanced CRC.2–5

It is well established that K-ras mutation status is a strong
predictive factor for anti-EGFR therapy in patients with mCRC.
Although anti-EGFR therapy has little or no effect in colorectal
tumors harboring K-ras mutations (codons 12 and 13 in the exon
2), patients with wild-type K-ras tumors are more likely to benefit
from the treatment.6,7 However, K-ras wild-type status is not a
reliable predictor of tumor response to anti-EGFR monoclonal
antibodies, as only about 40–60% of patients with wild-type K-ras
benefit from anti-EGFR therapy.6,7

EGFR orchestrates various processes involved in cell growth,
differentiation, survival, cell cycle progression, angiogenesis and
drug sensitivity via Ras-Raf-MAPK, PI3K-AKT, JAK/STAT and other
pathways.8 Therefore, accumulative evidence suggests that an

increase in the EGFR gene copy number and dysregulation of
downstream EGFR signaling pathway modulators, such as BRAF,
HRAS, NRAS, PI3K and AKT/PTEN, are also important factors when
determining tumor sensitivity to EGFR antibodies.9,10 Previous
studies have demonstrated that neither EGFR activation nor EGFR
expression level itself is capable of discriminating responses to
cetuximab in CRC.11–13 Moreover, EGFR mutations are rare in CRC
and have no clinical relevance with regard to the activity of anti-
EGFR therapy.14,15 Although multiple efforts have been made to
identify additional biomarkers to predict cetuximab response in
wild-type K-ras CRC,7,16–19 no reliable markers of clinical utility
have been identified. Therefore, there is an urgent need to
develop new strategies to identify patients whose tumors could
respond to and clinically benefit from anti-EGFR therapy in mCRC.
We hypothesized that analysis of the comprehensive tumor

pathway activation profile may be a more efficient strategy to
segregate cetuximab responders from non-responders in the K-ras
wild-type population than previously described methods, such as
evaluating the gene expression profile,16 selective pathways
expression status19 or genotyping EGFR downstream effectors
for activating mutations.18 As a novel approach to improving the
decision-making in the treatment of solid cancers, we propose a
new in silico drug screening and efficacy prediction tool,
OncoFinder, for both quantitative and qualitative analysis of the
intracellular signaling pathway activation.20,21 OncoFinder per-
forms pathway-level analysis of an expression data set of tumors
and determines the pathway activation strength (PAS). PAS is a
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measurement of the cumulative value of perturbations of a
signaling pathway and serves as a valuable cancer biomarker.20–22

In the current study, this approach was extensively evaluated
for the prediction of cetuximab sensitivity using the expression
microarray data set from patient-derived CRC tumorgrafts and
validated in a cohort of CRC patient data available from a Phase II
exploratory clinical trial. TumorGrafts or patient-derived xenografts
are established from directly implanted tumor tissue samples into
an immunodeficient mouse. TumorGrafts are increasingly recog-
nized as representative in vivo clinical models and are vastly
superior to commonly used cell line xenografts.23–26 TumorGraft
or patient-derived xenograft models maintain global gene
expression patterns, DNA copy-number alterations, mutational
status, metastatic potential, clinical predictability and tumor
architecture of the parental primary tumors.25,27 Therefore,
personalized tumorgrafts can be successfully used as model
platforms for drug screening and improving decision-making in
tumor treatment. Time is critical for definitive treatment, especially
for advanced cancer patients, and the entire process of implanta-
tion and propagation followed by drug screening typically takes
12–16 weeks. As OncoFinder could increase the therapy success
and decrease the time and cost for effective tumorgraft drug
screening by narrowing down the drug candidates, we first
evaluated whether the OncoFinder PAS algorithm can predict
cetuximab sensitivity in a set of transcriptomic data obtained from
CRC tumorgrafts and then validated our approach in CRC patient
data available from a clinical trial. Taken together, our study
demonstrates that PAS was capable of predicting the cetuximab-
sensitive tumor phenotype in both tumorgrafts and primary
human tumors. Furthermore, the combined predictive value of
PAS and K-ras mutation status could predict the cetuximab
response more accurately than either PAS or K-ras as stand-alone
markers. These observations have important clinical implications
for the treatment of patients with EGFR inhibitors, as PAS may
have clinical value as a predictive biomarker to discern patients
who are likely to benefit from EGFR inhibitors from those who are
unlikely to respond to such therapy.

MATERIALS AND METHODS
Gene expression and drug response of tumorgrafts and human
CRC
Before cetuximab treatment, the gene expression of 92 CRC tumorgrafts
derived from 33 patients was investigated using microarray. Raw data (CEL
files) and tumor growth inhibition (TGI) data from six patients were
obtained through collaboration with Champions Oncology using their
extensive internal gene expression database. To avoid any platform-
dependent variation, as a reference we used 10 mucosa samples from
healthy donors obtained from the Gene Expression Omnibus (GEO, www.
ncbi.nlm.nih.gov/geo) repository data set GSE44076 (sample GSM1077598-
GSM1077607) produced on the same platform.28 Human CRC gene
expression data sets containing both healthy colorectal samples and tumor
samples were selected. Three cohorts of colorectal patient samples were
downloaded from GEO (GEO accession: GSE21510, GSE33113, and
GSE44076). PAS values were calculated for each pathway and each sample
in both tumorgrafts and cohorts of human CRC patients. Then, the PAS
values of the tumorgrafts were compared with the PAS values of each
cohort of human CRC samples. Correlations were computed between every
two sets of PAS values. Finally, the linear regressions were applied to the
correlations. As a validation data set, we used a phase II exploratory
pharmacogenomics study containing eighty patients (n= 80) with mCRC
treated with cetuximab (GEO accession: GSE5851).17

Bioinformatics analysis and expression data pre-processing
All microarray preprocessing steps were performed in R version 3.1.0 using
packages from Bioconductor.29 Raw microarray data (CEL files) from
tumors and samples from healthy donors were pre-processed with the
GCRMA algorithm using the affy package30 and summarized using

redefined probe set definition files from the Brainarray repository (Version
17).31 Obtained gene expression values were averaged across all replicates.

OncoFinder PAS
Preprocessed gene expression data were loaded into OncoFinder software
suite. PAS serves to evaluate the degree of pathological changes in the
signaling pathway. The algorithm used to calculate PAS is as follows:

PASp ¼
X

n
ARRnp � BTIFn � lgðCNRnÞ

Here, CNRn is the ratio of the expression level of a gene n in the tumor
sample and in the control; BTIFn is a value of beyond tolerance interval
flag, which equals 0 or 1; and ARRn is an activator/repressor role equal to
− 1, − 0.5, 0, 0.5 or 1, defined by the role of protein n in the pathway. More
information can be found in previous publications.20,21 PASs were
determined using the default parameters of OncoFinder, a sigma filter of
2 and a CNR value o0.67 or 41.5.

Principal component analysis
Principal component analyses were performed to examine any variation
and clustering between PAS of tumorgrafts and GSE44076 using the
prcomp function of the ‘stats’ package in R.

Linear prediction model training in CRC tumorgrafts
PASs were prepared as outlined above. A linear regression model was
fitted for tumorgrafts TGI against PAS. An R package ggplot2 from
Bioconductor was used to generate the linear equations and plot the
graphs.

The area under the ROC curve
The area under the ROC curve values were calculated according to Brisov
et al.22 and Subramanian and Simon.32 Statistical analyses were performed
using the R package.

Validation of the model in a CRC clinical trial
For the CRC clinical trial, all gene expression data were preprocessed and
PASs were determined using OncoFinder, as described above. First, the
tumorgraft-trained linear models were used to calculate a predicated TGI
value for each patient. Then, the predicated TGI values were compared
with the patients’ progression-free survival (PFS) values. A Pearson’s
correlation test was used to estimate the accuracy and significance of the
prediction.

RESULTS
This multistage study was designed to investigate a novel
approach to predicting patients’ response to cetuximab in mCRC.
A workflow of the study design is shown in Figure 1. Detailed
information about the study design and analytical approach can
be found in the Materials and Methods section.

TumorGrafts retain PAS profiles inherent to human CRC
To evaluate the pathway activation profiles of CRC, we first
analyzed and compared the pathway activation profiles of
tumorgrafts and primary colorectal tumors. Ninety-two tumorgraft
samples from 33 independent models were profiled on the
Affymetrix Human Genome U219 array platform before treatment
with cetuximab. As parental tumor samples were not available for
comparison with the tumorgrafts, we chose three cohorts of CRC
patient samples from NCBI GEO, GSE21510 with 123 patients,
GSE33113 with 90 patients and GSE44076 with 98 patients. None
of the patients had been treated with chemotherapy or radiation
before their tumor biopsy, so the spectrum of differentially
expressed genes observed in these samples largely reflects tumors
in their naturally occurring state. The expression microarrays of
tumorgrafts and human CRC samples were first normalized and
preprocessed with the GCRMA algorithm using R packages. Then,
using OncoFinder we determined a quantitative measure of the

Pathway activation strength predicts cetuximab sensitivity
Q Zhu et al

2

Human Genome Variation (2015) 15009 © 2015 The Japan Society of Human Genetics

www.ncbi.nlm.nih.gov/geo
www.ncbi.nlm.nih.gov/geo


signaling PAS for the 273 distinct signaling pathways implicated in
cancer.22,33 Our comprehensive analysis revealed that 194, 233,
145 and 213 pathways were significantly dysregulated
(P valueo0.05) in tumorgrafts and each of the three primary
human cancer cohorts (GSE21510, GSE33113 and GSE44076
respectively), when these samples were compared with healthy
human colonic samples. Overall, we identified 84 distinct
signaling pathways commonly dysregulated in all four data sets
(Supplementary Table S1 and Supplementary Figure F1). Interest-
ingly, a subsequent analysis of commonly dysregulated signaling
pathways revealed an upregulation of the pathways that were
shown to be frequently activated in CRC, such as AKT/mTOR,
MAPK, RAS, p53 and Wnt.34–37 Moreover, pathway activation
profiles of these 84 dysregulated pathways significantly correlated
between the tumorgraft models and each one of the primary
human colorectal patient cohorts, GSE21510, GSE33113 and
GSE44076. The correlation coefficients for tumorgrafts and the
GSE21510, GSE33113 or GSE44076 cohorts were 0.7098, 0.5589
and 0.5543, respectively, and all of the correlations had a P-value
lower than 0.0001 (Figures 2a–c).
To further compare the pathway activation profiles between

tumorgrafts and human CRC, principle component analyses were
performed to assess any variation and clustering between the PAS
of tumorgrafts and primary CRC using the prcomp function of
‘stats’ package in R. Gene expression profiles of patients in cohort
GSE44076 were used as representatives of human CRC. As
references, pathway activation profiles were calculated from two
microarray expression data sets derived from patients with lung
cancer (GSE30219) and melanoma (GSE7533) and compared with
the results discovered in colorectal tumorgraft models. The score
plots were used to assess the clustering between the colorectal
tumorgrafts and human CRC, lung cancer or melanoma samples
(Figure 2d). The mean Euclidean distances between the colon
cancer tumorgrafts group and human colon cancer, lung cancer
and melanoma cohorts were 41.43, 79.95 and 124.65, respectively.
The first three principal component plotters showed that
tumorgrafts were close to and overlaid with human colorectal
samples, whereas lung cancer and melanoma samples, which
were plotted as references, showed no clustering with either
colorectal tumorgrafts or primary colorectal tumors (Figure 2d).
These data suggest that pathway activation profiles of the
tumorgrafts and primary human CRC can be attributed to
collection from divergent random mating populations.
We next compared the PAS values of four representative

pathways that are highly associated with EGFR signaling (EGFR1,

RAS, MAPK and p53 pathways) between the tumorgrafts and
GSE44076 cohort (Figure 3). Despite the relatively small number of
tumorgrafts models available for this study (33 CRC tumorgrafts),
our analysis determined that the PAS values of the four pathways
compared were within a very similar range. Collectively, these
results demonstrate that PAS profiles generated from tumorgrafts
are highly representative of PAS profiles in primary human CRC at
both global and local levels.

Pathway activation profile correlates with cetuximab-sensitivity in
colorectal tumorgrafts models
We next used six of the 33 tumorgrafts models, which were
treated with cetuximab and for which TGI values were available, to
investigate whether the PAS values obtained from analysis of the
tumorgrafts could be used to predict cetuximab response. TGI
values were calculated following standard procedures.24,25 Two
hundred and seventy-three PASs were assessed using Pearson
correlations against the TGI values of the tumorgrafts. Our
analysis discovered that the PAS of 26 pathways significantly
correlated with cetuximab-induced TGI values (P value o0.05)
(Supplementary Table S2). Two of the pathways highly associated
with CRC carcinogenesis, IL1038–40 and the VEGF-mTOR41–45

pathways, were selected for further analysis, and their PAS values
were plotted against the TGIs. Linear regressions were applied to
the grafts (regression model: y= 16.76*x− 0.5848 and
y= 63.05*x− 61.13, respectively) (Figure 4). The PAS of the two
selected pathways had a significant positive correlation to the TGI
of the tumorgrafts (R2 = 0.8754, P value = 0.0061 and R2 = 0.7166,
P value = 0.0335, respectively). Thus, our data indicate that
cetuximab-induced TGI in CRC tumorgrafts could be predicted
from the PAS of the same tumorgraft models.

Cetuximab treatment in CRC patients
Finally, to validate our approach, we identified linear PAS-TGI
models for patients from an available clinical trial data set, which
assessed the response to cetuximab monotherapy in 80 patients
(n= 80) with mCRC (GEO accession: GSE5851).17 In the original
study, it was found that patients without K-ras mutations whose
tumors expressed high transcriptional levels of the EGFR ligands
epiregulin and amphiregulin were more likely to respond to
cetuximab.17 As low expression of epiregulin and amphiregulin
does not necessarily correlate with EGFR pathway deactivation,
which can be upregulated due to activating mutations in
downstream pathway targets, we thought that a comprehensive

Figure 1. Workflow diagram of the study design and analytical approach for predicting patients’ drug sensitivity. The raw microarray gene
expression data were (1) preprocessed using R packages. Then, the PAS for each sample was (2) determined using OncoFinder with the default
parameters. (3) A linear regression model was fitted for TGI against the PAS, and then this model was applied to human clinical samples to
estimate the predicted TGI. The predicted TGIs for patients were plotted with PFS to determine the accuracy and significance in the prediction
of patients’ drug sensitivity (4). More details are available in the Materials and Methods section.

Pathway activation strength predicts cetuximab sensitivity
Q Zhu et al

3

© 2015 The Japan Society of Human Genetics Human Genome Variation (2015) 15009



-20 -10 0 10 20
-50

0

50

100

TumorGrafts

G
SE

33
11

3

r = 0.7098
P value < 0.0001

-20 -10 0 10 20
-20

0

20

40

60

TumorGrafts

G
SE

21
51

0

r = 0.5543
P value < 0.0001

-20 -10 0 10 20
-20

0

20

40

TumorGrafts

G
SE

44
07

6

r = 0.5889
P value < 0.0001

Figure 2. Correlation of pathway activation profiles in CRC tumorgrafts and primary colorectal tumors and principal components analysis.
Compared with normal colorectal tissue, significantly upregulated or downregulated pathways were identified based on PAS values
(P valueo0.05). The PAS values of tumorgrafts correlated significantly with the PAS values of primary colorectal cancer patients in all three
cohorts tested: (GSE33113, a), (GSE21510, b) and (GSE44076, c). Principle component analyses (PCA) were performed to assess the variation
and clustering between PAS of tumorgrafts and primary CRC patients (GSE44076), and the first three principal components are shown (d).
Each sample is represented by one dot. Samples from tumorgrafts (red dots) and the primary CRC data set (GSE44076) (green dots) are
overlaid. One set of lung cancer (GSE30219, blue dots) and melanoma (GSE7533, orange dots) samples were also plotted as references. The
mean Euclidean distances between the colon cancer tumorgrafts group and the human colon cancer, lung cancer and melanoma groups are
41.43, 79.95 and 124.65, respectively.
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Figure 3. Correlation between the PAS values of representative pathways in tumorgrafts and primary colorectal cancers. PASs for the EGFR1
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and the human colorectal cancer cohort (GSE44076).
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analysis of all cancer-related pathways in the tumor might be a
more reliable predictive biomarker of the response to EGFR TKIs.
Interestingly, while the cetuximab-induced TGI, predicted from

the PAS values of IL10 and VEGF-mTOR pathways generated from
tumorgrafts, failed to correlate with PFS in all treated patients
(Figure 5a) and in the K-ras mutant population (Figure 5b)
(P values 0.2132, 0.5020 and 0.1403, and 0.8931, respectively),

the predicted TGI significantly correlated with PFS in the K-ras
wild-type patients (P values 0.0243 and 0.0426, respectively,
regression models: y= 0.2506*x+93.91 and y= 0.4760*x− 17.45,
respectively) (Figure 5c). Although our data clearly support the
fact that K-ras status is a critical factor in predicting cetuximab
sensitivity in CRC, it also suggest that our OncoFinder prediction
tool may further stratify the patients who probably will not
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respond to cetuximab from a larger number of K-ras wild-type
patients who will respond to cetuximab treatment.
To further assess PAS as a predictive biomarker for cetuximab

sensitivity in CRC, the PASs of 273 cancer-related pathways were
assessed using Pearson correlations against the patients’ PFS in all
80 patients in this cohort. Our analysis revealed that the PAS
values of 18 distinct pathways significantly correlated with PFS
(Supplementary Tables S3 and S4). Interestingly, of these 18
pathways, signaling pathways associated with apoptosis nega-
tively correlated with PFS values (Supplementary Table S3), further
supporting the credibility of our approach.
To compare PAS and K-ras status as a drug response prediction

biomarker for cetuximab in CRC, patients were classified as
responders or non-responders. Patients with complete response,
stable disease and partial response were defined as responders,
whereas patients with progressive disease were defined as non-
responders. The PAS values of the two pathways that most
significantly correlated with PFS, the JNK pathway (insulin
signaling) and the mitochondrial apoptosis pathway (apoptosis),
were plotted against cetuximab response (Figures 6a and b).
Moreover, the K-ras status of the tumor was plotted against the
PFS values of the same patient’s cohort (Figure 6c). As expected,
the patients’ K-ras status was significantly correlated with drug
response (PFS). Interestingly, although the PASs of both repre-
sentative pathways were able to significantly discriminate
cetuximab responders from non-responsive patients (Figures 6a
and b), the ability of both PAS values to predict cetuximab
sensitivity was comparable or even better than the predictive
value of the K-ras status (Figure 6c). To further evaluate the
prognostic power of individual PAS to predict cituximab respon-
siveness, we performed area under the ROC curve analysis for the

PAS values of the 18 distinct pathways that significantly correlated
with PFS (Supplementary Table S5). Consistent with previous
results, the JNK pathway (insulin signaling) and mitochondrial
apoptosis pathway (apoptosis) had area under the ROC curve
values of 0.79 and 0.70, respectively. Collectively, our data indicate
that individual PAS values are strongly associated with PFS and
may represent a prognostic signature for cetuximab responsive-
ness in CRC patients.
We next asked whether PAS could further distinguish

cetuximab-resistant patients with wild-type K-ras. Our analysis
indicates that PAS values of the JNK pathway (insulin signaling)
(Figure 6d) and the mitochondrial apoptosis pathway (apoptosis)
(Figure 6e) significantly correlated with response to cetuximab in
K-ras wild-type CRC patients. Consequently, our data suggest that
the concurrent evaluation of K-ras mutation status and PAS may
better predict response to cetuximab than either of the factors as
stand-alone biomarkers.

DISCUSSION
The treatment of mCRC has evolved significantly over the past
decade, and overall patient survival has nearly tripled. A significant
contribution to the improvement was the development of novel
targeted agents, such as the anti-EGFR monoclonal antibodies
cetuximab and panitumumab. Although EGFR is known to be
overexpressed in various tumors of epithelial origin, including
CRC, multiple independent studies have shown that EGFR
activation and expression levels were not capable of predicting
cetuximab response in colorectal patients.5,11–13 Furthermore,
activating mutations in EGFR are uncommon in CRC and have no
clinical relevance for anti-EGFR therapy.14,15
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Activating K-ras mutations have been established to be strong
predictive biomarkers of cetuximab response, hence the FDA
approved the use of cetuximab for the treatment of K-ras
mutation-negative (wild-type), EGFR-expressing mCRC. Although
the assessment of K-ras mutation status has been included in
clinical guidelines for patients with CRC, a significant fraction of
patients with wild-type K-ras fail to respond to cetuximab (http://
www.cancer.gov/cancertopics/druginfo/fda-cetuximab). Therefore,
multiple efforts have been made to detect additional biomarkers
to stratify the subset of patients whose tumors could respond and
who would clinically benefit from cetuximab therapy from
patients whose tumors would not respond. Khambata and Ford
suggested that high transcriptional levels of the EGFR ligands
epiregulin and amphiregulin might serve as an indicator of
cetuximab sensitivity in wild-type K-ras CRC patients.17 However,
low expression of epiregulin and amphiregulin is not a reliable
indicator of EGFR pathway deactivation, which can be upregulated
by activating mutations in downstream pathway targets.
As RAS/RAF/MEK/MAPK and PIK3CA/PTEN/AKT are the key

downstream components of the EGFR signaling pathway, several
studies have focused on the downstream effectors of EGFR
signaling, including other RAS family members, BRAF, PIK3CA and
PTEN.9,10,18,19,46–49 In theory, overexpression of the downstream
effectors of the EGFR signaling pathway or activating mutations in
these genes would likely make anti-EGFR therapy ineffective. While
these studies define certain molecular features of cetuximab
response, their use as a modality for large-scale implementation
has recognized limitations. Multifaceted EGFR signaling affects
numerous cellular processes, such as growth, differentiation,
survival, cell cycle progression, angiogenesis and drug sensitivity.8

Moreover, extensive cross-talk and transactivation have been
observed between EGFR and other RTKs that modulate progression
of solid cancers.45,50–57 Thus, assessing the expression status of
selective pathways may reveal only a minority of dysregulated
signaling processes that are present in the tumor and may
therefore underestimate responses to therapy. As an alternative
to evaluating selective pathways or genotyping EGFR downstream
effectors for activating mutations, the series of independent studies
proposed microRNAs as a potential biomarker to predict cetuximab
response in CRC patients. It was found that several microRNAs were
associated with CRC development, progression and clinical
response,58–61 whereas members of the Let-7 microRNA family
were reported to be associated with cetuximab sensitivity.62

Although these data look promising, larger confirmatory studies
are warranted to further investigate the correlation between
microRNAs and drug response in CRC.
Balko and Black suggested that genome-wide gene expression

analysis make better markers of cancer than expression of
individual genes. Using the transcriptomic data from 100 CRC
patients treated with cetuximab, published by Khambata-Ford and
colleagues,17 the authors proposed a gene expression model
capable of predicting cetuximab response in the K-ras wild-type
population.16 Despite its potential clinical utility, the main
limitation of this algorithm is the analysis of gene expression
without considering the functional roles of the genes in well-
defined signaling pathways.
We hypothesized that annotating differentially expressed genes

into functional pathways would allow a comprehensive analysis of
signaling pathway activation profiles and would offer better
predictive capacity and broader clinical utility than raw gene
expression evaluation. We have recently developed OncoFinder, a
novel tool for quantitative and qualitative analysis of the
intracellular signaling pathway activation.20,21 OncoFinder performs
pathway level analysis of an expression data set and determines
PAS, a measurement of the cumulative value of perturbations of a
signaling pathway, which serves as a valuable cancer
biomarker.20–22 We have shown here that our approach can predict
cetuximab sensitivity in a set of transcriptomic data obtained from

CRC tumorgrafts and can be applied to forecast the clinical
outcome in patients with mCRC. Successful application of our
model to predict the clinical outcome for cetuximab in a cohort of
mCRC patients using a PAS profile derived from microarray gene
expression data represents a true validation of the predictive
strength of the OncoFinder PAS algorithm. Surprisingly, the ability
of PAS to predict cetuximab sensitivity in cancer patients was as
good as or even better than the predictive value of the K-ras
mutation status. Although these data suggest that the PAS is a
reliable predictive biomarker of the primary tumor response to
cetuximab regardless of K-ras status, the concurrent evaluation of
K-ras mutation status and PAS may more accurately predict
response to cetuximab than either PAS or K-ras as stand-alone
biomarkers. Moreover, OncoFinder PAS was useful for stratifying
cetuximab response in K-ras wild-type patients. These data have
important clinical implications, since to date, there are no reliable
clinical biomarkers to identify wild-type K-ras CRC patients who will
benefit from cetuximab therapy.
Although additional studies are warranted to validate the

predictive capacity of our model in larger cohorts, our data
identify the OncoFinder PAS as a promising predictive biomarker
of the response of colorectal tumors to cetuximab and suggest
that it should be used in combination with K-ras status.
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