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Abstract

In the past two decades there has been a tremendous increase in the understanding of the molecular basis of human malignancies. In
a variety of neoplasms, specific molecular markers became part of disease classifications and are now routinely used to define specific
entities. Molecular analyses discriminate prognostic groups, guide differential treatment strategies and identify targets for molecular
defined cancer therapy. A battery of new drugs has been developed to specifically inhibit oncogenic pathways. For an increasing  
number of solid and haematological malignancies, the availability of molecular targeted drugs has fundamentally changed treatment
algorithms. However, the diagnostic, prognostic and therapeutic impact of selected molecular markers is still limited in many cases.
After all, the success of a molecular targeted therapy is clearly determined by the significance of the targeted structure for the biology
of cancer and the ability of the malignant cell to evade specific inhibition.
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Introduction

Targeted therapies have been already used successfully for
decades in various malignancies. Examples include tamoxifen as
an anti-oestrogenic therapy in oestrogen receptor positive breast
cancer [1, 2] or radioiodine in iodine-avid thyroid cancer [3]. More
recently, the anti-CD20 monoclonal antibody rituximab [4] and the
radioactive-labelled anti-CD20 antibodies ibritumomab tiuxetan
[5] and tositumomab [6] have emerged as targeted therapy in
CD20� non-Hodgkin lymphoma.

However, very few malignancies are actually caused and driven
by a single or limited number of oncogenic events that combine

(bio)marker and target characteristics. One of the rare examples is
chronic myelogenous leukaemia (CML), where the t(9;22)
(q34;q11) balanced reciprocal translocation generates the Bcr-Abl
oncogene that encodes a constitutively active tyrosine kinase. The
development of the Abl tyrosine kinase inhibitors (TKI) imatinib
mesylate was facilitated by progress in structure-based drug
development and resulted in a highly efficient, well-tolerated
 therapy that has displaced more aggressive treatment modalities
from first line therapy [7]. However, most malignant diseases are
driven by a highly complex and plastic survival network that
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evolves during tumorigenesis. This oncogenic network can rapidly
change and adapt during anticancer therapies and progression
[8–11].

Recently, a plethora of potentially suitable drugs that target
surface, cytoplasmic or nuclear structures of tumour cells have
been developed, that inhibit pathway activation or that hinder
tumour–stroma interactions. Therefore, there is an increasing
requirement for informative biomarkers that can be used to
 identify promising applications for these new compounds and to
allow discrimination of prognostic groups. The identification of
prognostic and therapeutic biomarkers, that allow identification of
suitable patients and disease monitoring during therapy, repre-
sents a major diagnostic challenge for therapies that use molecu-
lar targeted drugs.

Techniques used for diagnosis and
monitoring of malignant diseases
treated with targeted therapies

Sophisticated methods are available today for molecular diagnos-
tics and biomarker identification. Most of these analytical tech-
niques are in the hands of pathologists. High throughput gene
expression analysis allows the time efficient acquisition of the
whole transcriptome in a given sample [12, 13]. High throughput
DNA sequencing complements this technique in molecular diag-
nosis and monitoring [14, 15]. Pharmacogenomics correlate gene
expression or single nucleotide polymorphisms with drug efficacy
or toxicity [16]. Finally proteomic analysis and most recently
metabolomic analysis are emerging to extent the technical spec-
trum on the protein and metabolite level. Although not used in
routine diagnostics thus far both proteomics and metabolomics
have been applied in cancer cell lines and primary cancer cells.
Compared with gene expression studies and gene sequencing,
proteomics and metabolomics provide the intriguing opportunity
to assess changes downstream of transcription and thus might
more appropriately reflect phenotype and function [17–19].

Chronic myelogenous leukaemia: the
poster child of targeted therapy

CML has become the paradigm for targeted cancer treatment. The
introduction of imatinib has led to a dramatic improvement of
prognosis in chronic phase patients when compared to conven-
tional chemo-/immunotherapy. Imatinib has become the gold
standard in the treatment of CML with excellent and durable
responses and minimal side effects. The use of small molecule
kinase inhibitors has been extended to other malignant entities,
and thereby redefined the management of cancer in general.

Bcr-Abl as target for therapeutic kinase inhibition

Protein tyrosine kinases are enzymes that transfer phosphate groups
from ATP to substrate proteins, thereby governing cellular processes
such as growth and differentiation. Tight regulation of tyrosine
kinases is indispensable and, if not maintained, deregulated kinase
activity can lead to transformation and initiation of malignancy. The
Philadelphia chromosome, first described as a shortened chromo-
some 22 [20], results from a reciprocal translocation between the
long arms of chromosomes 9 and 22 [21], and is present in approx-
imately 95% of CML patients and up to 20% of adult acute lym-
phoblastic leukaemia (ALL) [22, 23]. The Philadelphia translocation
gives rise to the oncogenic Bcr-Abl fusion protein that is character-
ized by a constitutively active tyrosine kinase. Bcr-Abl is sufficient to
cause CML in mice [24], and its transforming capacity strictly
depends on tyrosine kinase activity [25]. This makes Bcr-Abl an
attractive target for therapeutic intervention in CML and Ph � ALL.

Preclinical and clinical development 
of the TKI imatinib

The 2-phenylaminopyrimidine class of small-molecule kinase
inhibitors was identified using a high throughput screen of com-
pound libraries at Ciba-Geigy (now Novartis, Basel, Switzerland)
[26]. The phenylaminopyrimidine CGP57148B (Imatinib-mesylate,
hereafter  imatinib), a derivative of the initial lead compound, was
found to inhibit autophosphorylation of four kinases: The receptor
tyrosine kinase platelet-derived growth factor receptor (PDGF-R) 
� and �, the receptor tyrosine kinase cKit and the protein tyrosine
kinase Abl, including its close homologue Arg [27, 28]. Imatinib has
been demonstrated to specifically inhibit oncogenic derivatives of
these kinases including Bcr-Abl [29, 30] and cKit harbouring onco-
genic mutations [31]. Preclinical studies demonstrated activity in
Bcr-Abl� cell lines and in animal models [26, 29, 32]. Based on these
observations, clinical trials in Bcr-Abl� CML were initiated in 1998.

Phase 2 clinical trials demonstrated activity of imatinib in
chronic phase as well as in accelerated phase (AP) and blast cri-
sis (BC) CML [33–35] and lead to the approval of imatinib for the
treatment of CML in 2002. Activity was reported in patients with
chronic phase CML and IFN resistance or intolerance [36]. A
phase 3 clinical trial (IRIS trial) documented the superiority of
imatinib over IFN in combination with low-dose cytarabine in
patients with newly diagnosed, untreated chronic phase CML with
respect to haematological, cytogenetic and molecular responses
[37, 38], and also with respect to overall survival [39, 40]. After 
7 years, 60% of patients randomized to receive imatinib were still
on study medication, and the overall survival rate for patients ran-
domized to imatinib (intention to treat) was 86% or 94% when
only CML-related deaths were considered [41]. Imatinib side
effects were mainly considered as mild or moderate [37, 42].
These results were reproduced outside the setting of a clinical trial
[43] and established imatinib 400 mg daily as standard treatment
for patients with CML in chronic phase [44, 45].
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While imatinib leads to sustained responses in the majority of
chronic phase CML cases, responses in advanced phase CML
usually are short lived [34, 35]. Therefore, patients in BC should
proceed to allogeneic haematopoietic stem cell transplantation as
soon as a haematological response has been achieved [44].
Patients in AP should be closely monitored, and in case of a loss
of haematological or cytogenetic response (CyR), should be sub-
mitted to stem cell transplantation.

CML: molecular diagnostics guide treatment

According to the techniques used for monitoring, three levels of
response can be discriminated [44, 46]. With decreasing leukemic
burden, the primary finding will be the normalization of blood cell
counts (haematological response). Later on, the decrease of
Philadelphia-positive metaphases in the bone marrow indicates
CyR. Molecular response is reflected by a decrease of Bcr-Abl
transcripts in peripheral blood or bone marrow using quantitative
real-time PCR (qRT-PCR).

Haematological and CyR to first-line imatinib at 3, 6 and 
12 months in patients with chronic phase CML determines
 progression-free and overall survival. Patients who are continued
with imatinib despite a lack of CyR face the risk of progression to
accelerated and blast crisis. In contrast, achieving a complete CyR
is associated with excellent progression-free survival, provided
that imatinib is continued without dose reduction or interruptions
[37, 47]. Thus, regular monitoring of imatinib treatment in CML is
indispensable to confirm adequate response and to identify
patients with suboptimal response or treatment failure early
enough to make appropriate treatment changes [44, 47].

A failure to achieve haematological response and loss of a pre-
viously achieved haematological or CyR are rare events in chronic
phase CML [37, 47]. However, primary cytogenetic failures are
more prevalent [42, 47]. In contrast, in advanced phase CML
 primary haematological failure occurs more frequently, and after 
4 years, resistance to imatinib had emerged in 45–70% of cases
in AP, and 90% in BC, respectively [48–51].

Molecular mechanisms that frequently cause clinical resistance
to imatinib include Bcr-Abl gene amplification and protein overex-
pression [52, 53], clonal cytogenetic evolution [53–55] and most
importantly, mutations of the Bcr-Abl kinase domain that lead to
structural changes so that imatinib is no longer able to displace
ATP [52, 53, 56–59]. Importantly, not only treatment failure itself
but also molecular mechanisms leading to resistance can be
 identified by molecular diagnostic procedures that are routinely
performed during treatment monitoring: Conventional cytogenetic
analysis (clonal cytogenetic evolution), fluorescence in situ
hybridization (FISH; Bcr-Abl gene amplification), denaturing high-
performance liquid chromatography (DHPLC; screening for Bcr-Abl
gene mutations) and sequencing of the Bcr-Abl kinase domain.

The finding of clinical resistance to imatinib triggered the
development of novel Abl kinase inhibitors. Preclinical models
revealed a higher inhibitory activity of these drugs against wild-
type Bcr-Abl in cell lines and animal models, and also demon-

strated activity of these novel compounds against many of the
known imatinib resistant Bcr-Abl exchanges. Examples include
nilotinib (AMN107) [60], and dasatinib (BMS354825) [61]. Both
nilotinib and dasatinib have been demonstrated to induce haema-
tological responses in imatinib intolerant and resistant CML
[62–66] and have been approved for the treatment of imatinib
resistant or intolerant CML.

In the treatment of CML with imatinib, molecular diagnostics 
constitute an integral part of the routine monitoring. Results of cyto-
genetic analysis and qRT-PCR indicate suboptimal response or treat-
ment failure and should trigger Bcr-Abl mutation analysis. The 
presence of an individual resistance mutation is one of the factors that
determine the choice of the appropriate further treatment (Fig. 1).

Lessons learned from CML targeted therapy: 
c-Kit, PDGFR and EGFR dependent tumours

Mutations conferring clinical resistance to therapeutically used
kinase inhibitors were also identified in several other target kinases
in various malignant diseases. Imatinib resistance  mutations were
identified in FIP1L1-PDGFR� in patients with hypereosinophilic syn-
drome [67, 68], and in cKit in patients with gastrointestinal stromal
tumours (GIST) [69, 70]. In addition, a resistance mutation in the
kinase domain of FLT3-ITD in a patient with acute myeloid leukaemia
treated with the kinase inhibitor PKC412 has been described [71].
Similarly, in patients with  non-small cell lung cancer (NSCLC) treated
with the kinase inhibitor gefitinib, an exchange of threonine at posi-
tion 790 to methionine in the epidermal growth factor receptor
(EGFR) was reported [72, 73]. Interestingly, this mutation together
with the imatinib resistant mutations cKit/T670I and FIP1L1-
PDFGR�/T674I are homologous to the position T315 in the Abl
kinase domain. Thus, mutations in kinase domains seem to be a gen-
eral mechanism of resistance against the class of TKIs and clearly
demonstrate that TKIs used to treat these diseases hit critical targets.

While cytogenetics and PCR are routinely used to establish the
diagnosis and to monitor residual disease in leukaemia, the appli-
cation of molecular diagnostic tools in solid tumours is heretofore
routinely used only in a limited number of specific entities. In GIST,
activating mutations of cKit or PDGFR� can be identified in 85 per
cent of the cases and treatment with imatinib, which inhibits both
cKit and PDGFR� induces responses in the majority of cases [74].
Like in CML, resistance to imatinib in GIST is associated with muta-
tions in the cKit or PDGFR� kinase domain, and second line TKI
treatment with sunitinib can be active after imatinib failure [75].
Therefore, GIST tumours represent an example of a solid tumour
entity uniformly addicted to a specific oncogenic kinase (mostly
cKit). Molecular diagnostics in GIST can be used for discrimination
to other forms of sarcoma (cKit immunohistocehmistry), but also
adds valuable prognostic information, as the cKit genotype deter-
mines response to imatinib [76]. Similar to GIST in which the sur-
vival of the tumour cells strictly depends on a growth factor recep-
tor, other solid tumours with activating mutations in growth factor
receptors have been identified. 5–10% of NSCLC patients harbour
mutations in the EGFR or METR and show excellent responses to
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EGFR targeted therapy. In addition, there are a growing number of
solid tumours which show amplification of the EGFR. In NSCLC,
head and neck and colorectal cancer (CRC) EGFR is a target for
already approved and effective molecular therapies.

Treating cancer with EGFR 
targeting therapy

Cancer is a disease of deregulated cell proliferation and impaired
apoptosis [8, 9]. The capacity for autonomous and deregulated cell
growth as well as inappropriate execution of cell death is often
mediated through abnormal expression of growth factor receptors
and the constitutive activation of their downstream signalling path-
ways leading to increased proliferation and survival. Many epithe-
lial cancers are characterized by functional activation of members
of the EGFR family [77–79]. EGFR is a transmembrane protein
encoded by 28 exons on chromosome 7p12. It is a receptor tyro-
sine kinase (RTK) and belongs to the Erb family that consists of
four closely related members: EGFR (ErbB1), HER-2/neu (ErbB2),
Her-3 (ErbB3) and Her-4 (ErbB4). These transmembrane proteins
feature an extracellular ligand-binding domain, a membrane-span-
ning and an intracellular domain. The major signalling pathways
activated by EGFR are the RAS-RAF-MAP kinase  pathway, which is
mainly involved in proliferation, and the PI3K-PTEN-AKT pathway,
which is mainly involved in survival [80]. EGFR seems to play an
important role in tumorigenesis, since in comparison to normal
control tissues, the EGFR gene is frequently found mutated or

amplified in cancer. Furthermore, enhanced  ligand expression may
contribute to activation of EGFR signalling in human cancer [78,
79, 81, 82]. Targeting EGFR mediated cell proliferation and survival
is therefore an attractive approach in various solid tumours. The
initiation of a growth and survival  signalling cascade requires
receptor dimerization upon ligand binding, which subsequently
leads to phosphorylation of tyrosine kinases and downstream sig-
nalling mediators [78, 83, 84]. One signalling step may be the
nuclear localization of EGFR [85]. The monoclonal antibody C225
(cetuximab) was identified as a putative therapeutic as it binds the
EGFR receptor and blocks subsequently phosphorylation and acti-
vation. In a xenotransplant model cetuximab resulted in sup-
pressed growth of human cancer cells [86]. The currently available
drugs that target either the ligand binding extracellular domain
(monoclonal antibodies) or the kinase domain (TKI) all have sub-
stantial side effects [87, 88]. Since only a subgroup of patients
treated with EGFR antagonists gain a clinical benefit, there is a
pressing need to more accurately select these patients. Several
studies now suggest that clinical, pathological and genetic markers
help to identify patients with an expected benefit.

EGFR mutations in non-small cell lung cancer:
molecular characteristics outweigh clinical
 characteristics

Lung cancer is the leading cause of cancer-related death in the
world. About 85% of lung cancer patients have NSCLC and the
majority presents with advanced disease that cannot be cured by
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Fig. 1 Treatment algorithm in Bcr-Abl� CML. Abbreviations: qRT-PCR, quantitative real-time PCR; CHR, complete haematological response; PCyR, par-
tial cytogentic response; CCyR, complete CyR; AP, accelerated phase; BC, blast phase; Allo-Tx, allogeneic stem cell transplantation.
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a surgical approach [89]. The 1-year survival using platinum-
based doublet chemotherapy, which represents the current
 standard of care for patients with advanced disease in good
 performance status, is approximately 35–40% [90]. EGFR is fre-
quently overexpressed in NSCLC and thus constitutes a promising
target for therapy [78, 91]. Several mechanisms have been sug-
gested that lead to hyperactivation of EGFR and its downstream
effectors in NSCLC: overexpression of the receptor, e.g. by gene
amplification or increased expression of ligand, or mutations of
the receptor that lead to constitutive tyrosine kinase activity in the
absence of ligand binding [78, 92]. Targeting the latter by using
small molecule TKI (erlotinib and gefitinib) has shown promising
results in clinical trials and led to the approval of TKI for NSCLC.
Additional analyses established the presence of several clinical
(female, adenocarcinoma including bronchioloalveolar carcinoma,
never smokers) and molecular markers that are useful in predict-
ing which patients are most likely to benefit from TKI treatment.
Many objective responders had EGFR mutations in exon 19 or 21,
which in turn have been shown to be associated with the above
 mentioned clinical characteristics of TKI responders [93–96]. In
addition to its utility in guiding second-line therapy, this informa-
tion may now permit the use of TKI for the initial management of
carefully selected patients with advanced NSCLC. This approach
was initially tested in a non-randomized approach in patients whose
tumours harboured mutations in EGFR exons 18 to 21. The
response rate to gefitinib monotherapy in these genetically pre-
selected patients was 55% and the median progression free survival
was 9.2 months with good tolerability [97]. Recently presented data
from a randomized phase III trial that compared first line gefitinib
versus carboplatin–paclitaxel therapy in clinically selected patients
(Asians, non- or ex-smokers, adenocarcinoma, performance status
of 0–2) now provides evidence that TKI treatment improves the
overall response rate and reduces the relative risk of disease pro-
gression compared to chemotherapy. The superiority (RR and PFS)
of TKI treatment was striking in the group of patients with EGFR
mutations, while mutation-negative patients had a significantly

higher RR in the chemotherapy arm [98]. This randomized study
thus clearly provides evidence that molecular characteristics out-
weigh clinical characteristics and that gefitinib should be the current
treatment of choice for the identified subpopulation. It has just
recently led to approval of gefitinib by the European Medicines
Agency as first line treatment for NSCLC that harbour activating
EGFR mutations. More evidence for such an approach comes from
a randomized phase II trial in Caucasian patients that compared
erlotinib versus erlotinib plus chemotherapy [99].

Hence, increasing evidence supports the idea of a ‘personal-
ized’ therapy for advanced NSCLC utilizing the EGFR mutation sta-
tus as predictive biomarker before treatment initiation, and EGFR
mutation analysis is thus required on a routine basis in pathology
practice (Fig. 2A).

EGFR, EGFRvIII and other markers in head 
and neck cancer

Squamous cell carcinoma of the head and neck (SCCHN) is char-
acterized by high expression of EGFR in more than 90% of tumours
relative to normal control tissue, and elevated expression corre-
lates with poor disease control and metastasis [100, 101]. This
overexpression is often caused by gene amplification [102].
Furthermore, overexpression of two of its ligands, EGF and trans-
forming growth factor-�, has been linked to a poor prognosis
[103]. There is plenty of evidence that EGFR overexpression and
enhanced activity of EGFR-mediated signalling is an important step
in the progression of this cancer, but further events have been iden-
tified leading to the alteration of various molecular pathways that
contribute to progression from premalignant lesions to invasive
localized disease and to metastasis [104–107]. It has been shown
that in SCCHN EGFR inhibition and conventional cytotoxic therapy
collaborate in tumour control [108]. A phase III clinical trial 
comparing cisplatin plus cetuximab versus cisplatin plus placebo
revealed a significant improvement in the rate of objective
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Fig. 2 EGFR targeting in solid tumours: current/
possible future implication of molecular assess-
ment. (A) EGFR TKI in NSCLC. (B) EGFR anti-
body treatment in CRC. Abbreviations: EGFR,
epidermal growth factor receptor; TKI, tyrosine
kinase inhibitor.
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responses (26% versus 10%), indicating at least an additive effect
for the combination treatment [109]. Recently the addition of
cetuximab to the standard first-line regimen cisplatin/5-fluorouracil
[110] not only increased the rate of objective responses but also
improved progression-free and overall survival in patients with
recurrent or metastatic SCCHN [111]. These results led to the
approval of cetuximab for first-line combination treatment of recur-
rent/metastatic SCCHN. Whether patients expressing the extracel-
lular domain deletion mutant EGFRvIII (~42% of all patients [112])
also benefit from EGFR inhibition needs to be tested in clinical tri-
als. Several studies are on the way examining EGFR TKI in various
clinical settings in SCCHN but no drug has been approved yet.
Preliminary data suggest modest activity [104, 105].

Despite the non-disputable improvement in the treatment of
metastatic/ recurrent SCCHN, advancement towards a more indi-
vidual approach that considers the patient’s specific tumour char-
acteristics is limited. The molecular pathogenesis of SCCHN is
well established [104–107] and a number of additional pre-treat-
ment prognostic factors (including p53 status, human papilloma
virus status, expression of cell cycle regulators and anti-apoptotic
proteins) have been identified that predict disease behaviour and
may thus allow to choose treatment [113]. However, the definition
of a patient subgroup based on biological parameters has yet been
more robust than molecular assessment, and selection by
response to chemotherapy [114] might currently be more reliable
than genetic assessment (reviewed in [115]. Molecular profiling
based on mRNA expression and analysis of genomic changes by
comparative genomic hybridization arrays might nonetheless
identify patients with dismal prognosis [116–118] that should be
included in experimental protocols. Unfortunately, except for
human papilloma virus status [114], these studies have not yet
identified predictors that allow individualized treatment. Moreover,
EGFR mutations that predict particular sensitivity to EGFR TKI [96]
have not been found in SCCHN [102, 119].

SCCHN provides the advantage of easily accessible tumour tis-
sue. This disease is therefore well suited for clinical trials in which
treatment responses, especially to molecular targeted drugs,
could easily be correlated to changes in signalling pathways and
effects on downstream targets. The feasibility of this approach
was recently demonstrated in a study that tested intralesional
application of EGFR antisense DNA [120].

EGFR and KRAS, BRAF and 
PIK3CA mutations in colorectal cancer

Patients with metastatic colorectal cancer (mCRC) have a 5-year
survival rate of less than 10% [121]. The addition of antibody ther-
apy targeting vascular endothelial growth factor (bevacizumab)
has significantly improved PFS and OS [122], presumably by
inhibiting tumour angiogenesis [123]. Overexpression of EGFR
has long been associated with a poor prognosis in CRC [124]. The
inhibition of EGFR signalling by the monoclonal antibodies cetux-
imab or panitumomab has shown activity as a monotherapy and

can overcome resistance to standard cytotoxic drugs [121, 125,
126]. Analysis of EGFR expression by immunohistochemistry is
not predictive for response to EGFR antibody treatment and
patients without EGFR expression as assessed by IHC might
respond to cetuximab-based therapy [127]. Assessment of EGFR
copy number by FISH seems to predict for response [128].

Interestingly, recent analyses of the RAS-RAF-MAP kinase
pathway have shown that mutations downstream of EGFR can
bypass EGFR dependence and are actually more informative than
EGFR expression data. The presence of mutated KRAS alleles has
been demonstrated to be an independent marker for resistance to
the anti-EGFR monoclonal antibodies cetuximab and panitu-
momab [129–132]. Since less than half of the non-responders to
these EGFR antibodies display mutant KRAS [129, 131–133] other
signalling molecules caught attention as putative mediators of
EGFR independence. A recent retrospective analysis revealed that
the mutant BRAF V600E allele impairs the therapeutic effect of
both approved anti-EGFR antibodies in tumours that display wild-
type KRAS, and in fact none of the BRAF V600E-mutant patients
responded to antibody treatment [134]. Whether the proposed
combinatorial treatment with the BRAF inhibitory TKI sorafenib
[135] restores sensitivity to EGFR inhibition also in a clinical set-
ting remains to be demonstrated (Fig. 2B).

The second major signalling pathway activated by EGFR is the
PI3K-PTEN-AKT pathway. PIK3CA encodes for a kinase that medi-
ates EGFR signalling and is kept in check by the tumour suppres-
sor PTEN, which is frequently mutated or deleted in human cancer
[80, 136]. The PIK3CA gene is mutated in ~20% of CRC patients
[137] and PTEN oncogenic mutations in CRC have been shown to
be associated with clinical resistance to panitumomab and cetux-
imab even in the presence of wild-type KRAS. The authors suggest
that a combinatorial molecular assessment of the PTEN-PIK3CA
and KRAS pathways may identify the majority of patients unlikely
to respond to anti-EGFR antibody treatment [138] (Fig. 2B).
Although these retrospective analyses are of potential great
importance for the clinical management of CRC patients a
prospective evaluation is urgently needed before implementing
such molecular assessments in routine clinical decision-making.

Taken together, analysis of the KRAS mutational status in
metastatic CRC has become a standard approach to identify patients
who will not benefit from EGFR antibody treatment. It is likely that
analysis of additional predictive genetic biomarkers that bypass
EGFR blockade will become a routine approach in the near future.

Diagnostic use of gene expression
analysis: carcinoma of unknown
 primary

Despite advances in immunohistochemical analysis of tumour
biopsies [139] and modern imaging techniques including 
2-deoxy-glucose positron emission tomography [140] a small but
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significant percentage of patients still remains with the diagnosis
of carcinoma of unknown primary (CUP) [141–143]. For best
effective treatment it is desirable that the origin of the tumour is
identified. Molecular profiling for carcinoma of unknown primary
has been shown to provide a method to identify the tissue origin
in the majority of patients. One recent publication applied a com-
bination of immunohistochemical assessment and gene expres-
sion analysis using formalin-fixed, paraffin-embedded (FFPE)
samples from 84 patients with adenocarcinoma of known origin
and 38 patient samples with adenocarcinoma of unknown primary
origin (ACUP). An extensive immunohistochemical panel allowed
classification of ACUP in 42% of the cases. Gene expression-
based profiling (GEP) was superior allowing classification in 83%
of the cases with known origin. GEP correctly classified 94% of
ACUP in which IHC identified the primary site, and added valuable
information in 64% of the cases that could not be classified by IHC
[144]. A different study assessed the feasibility of a 10-gene
reverse transcriptase polymerase chain reaction assay to identify
the tissue of origin in patients with CUP. The assay was technically
feasible in 87% of patients and a tissue of origin could be identi-
fied in 61% of patients. This assay was designed to detect six
tumour types, and in cases where GEP detected one of those
 cancers the clinical and pathological features were mostly consis-
tent with these diagnoses. As expected mainly patients with CRC
benefited from a more detailed primary tumour characterization as
treatment regimens used for CRC differ from platinum/taxane
duplets often applied in CUP [145]. Thus, ACUP with a CRC pro-
file is an example of a particular CUP subset that benefits from
specific therapy [146].

Whether the considerable technical requirements for molecu-
lar assignment of tissue of origin in cancer of unknown primary
will translate in improved treatment responses and prolonged
survival however remains to be shown [147]. With the availabil-
ity of molecular targeted treatment options this might change
though and molecular diagnostics and biomarker identification
could concomitantly serve to (i) establish a tissue of origin pro-
file and (ii) determine a treatment modality of first choice includ-
ing targeted agents.

Prognostic relevance of gene
 expression analysis: diffuse large 
B-cell lymphoma

Diffuse large B-cell lymphoma (DLBCL) is the most common
type of lymphoma in adults [148]. This disease is recognized as
a  distinct entity in the WHO classification of lymphoid neo-
plasms, but it has been acknowledged that DLBCL comprises
genetically heterogenous lymphomas [149]. The introduction of
the CD20- targeted monoclonal antibody rituximab into clinical
practice has significantly improved progression-free and overall
survival in all risk groups [148]. These risk groups previously

have been defined by easily assessable clinical and laboratory
prognostic factors (age, extranodal involvement, elevated lactate
dehydrogenase, poor performance status, stage III/IV disease)
[150]. More recent analysis by means of GEP identified two bio-
logically and clinically distinct molecular subtypes of DLBCL.
The germinal centre (GC)-like DLBCL subtype, that most likely
arises from normal GC cells, and the activated B-cell-like DLBCL
subtype that comes up from a post-GC B-cell blocked in further
differentiation [151, 152]. With standard chemotherapy (CHOP:
doxorubicin, vincristine, cyclophosphamide and prednisone)
these two GEP-defined populations exhibit a significantly differ-
ent clinical outcome [153]. A different GEP approach that also
included DLBCL cases treated with CHOP discriminated four
subgroups displaying prognostically distinct gene expression
signatures: a ‘GC’ subgroup (favourable prognosis), a ‘prolifera-
tion’ subgroup (poor prognosis), a ‘major histocompatibility
class II’ subgroup (inferior  prognosis) and a ‘lymph node’ signa-
ture subgroup (favourable prognosis) [151, 154]. A third study
identified genes implicated in DLBCL outcome that include B-cell
receptor signalling, critical  serine/threonine phosphorylation
pathways and apoptosis [155]. Taken together, results from GEP
indicate that in DLBCL pre-treatment gene expression signatures
determine outcome. Several of the hereby identified biomarkers
could be incorporated into routinely  performed IHC or FISH
analysis of lymphoma specimens. Examples for phase II/III clin-
ical trials investigating drugs targeting molecular drug targets
that were identified by GEP include enzastaurin, a protein kinase
C-� inhibitor [155–157] and fostamatinib disodium, a Syk TKI
that might specifically target DLBCL that express a ‘B-cell recep-
tor signalling’ signature [157, 158].

The challenges in identification of novel prognostic biomarkers
in DLBCL include robustness and reproducibility of the techniques
(IHC and GEP), as well as availability at reasonable cost. The
 predictive value of new markers with respect to response to the
currently available best treatment, in this case immunochemother-
apy, needs to be established. The presumption that DLBCL is a
curable disease should not prevent the inclusion of patients into
clinical trials that assess new molecular targeted treatments as
these treatments might well be associated with less side effects.
GEP and other diagnostic tools should allow identification of
patients suitable for a specific treatment.

The role of biomarker analysis 
within clinical trials – involvement 
of pathologists

Increasing knowledge of the biology of human cancer has pro-
vided an enormous number of interesting therapeutic target struc-
tures. Drug design has been facilitated by progress in structural
analysis of putative target proteins [159]. Switching from
chemotherapeutic agents to molecular targeted drugs however
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may require a different selection of study patients and a different
assessment of optimal drug administration as well as efficacy
(reviewed in [160, 161]) and this process involves pathologists at
various stages.

Identification and validation of predictive
 biomarkers in trials evaluating molecular
 targeted treatments

Molecular targeted agents may fail in clinical trials due to an
inappropriate study design that does not enrich a patient popu-
lation that most likely will benefit from treatment due to the
genetic and biological heterogeneity of specific tumour sub-
groups. Several approaches have been used to address this
problem. First, in  retrospective approaches, subgroups respond-
ing to a molecular targeted therapy in clinical trials have been
further analysed for genetic or molecular characteristics associ-
ated with response, including predictive biomarkers established
in other diseases entities. In the case of NSCLC and response to
gefitinib, this evidence was derived from the finding of EGFR
activating mutations identified in brain tumours. In NSCLC,
sequencing the coding region of EGFR in gefitinib responders
and non-responders revealed activating EGFR mutations in gefi-
tinib responders [96]. This finding was taken as a basis for
phase III trials examining first-line TKI  treatment in patients with
NSCLC harbouring activating EGFR mutations [98]. Second, in a
less biased approach, it has been shown that genome-wide
screening for receptor tyrosine kinase mutations is feasible
[162]. In addition to histopathological and molecular assess-
ment the strategy of selecting patients based on clinical charac-
teristics has been proven efficacious. In the case of NSCLC Asian
parentage, female gender, non- or ex-smoking status and adeno-
carcinoma histology were identified as specific epidmiological
markers associated with response to EGFR TKI [95].

Interesting experimental data that may be integrated into
prospective clinical trials in the future were derived from the
screening of tumour cell lines using an ‘integrated genomic profil-
ing’ approach [163]. Based on the presumption that distinct
genetic lesions create a state of addiction to activated oncogenic

signalling pathways [11], genomically annotated cell lines that
represent primary tumours were used to screen compound
libraries. KRAS-driven murine lung tumours were found highly
susceptible to Heat shock protein (Hsp) 90 inhibitors and tumours
with increased v-Abl and SRC copy numbers are greatly sensitive
to the Src/Abl TKI dasatinib [163]. Thus, primary cancer genomics
using acknowledged cell line profiles could be used to enrich
 suitable patient subgroups in clinical trials examining molecular
targeted drugs in the future (Fig. 3).

Assessment of optimal drug dose, schedule 
and treatment combinations

Conventional cytotoxic drugs usually result in a therapeutic effect
that is correlated with its toxic effect. The maximum tolerated dose
(MTD) is therefore established in phase I clinical trials. This might
not be a suitable approach when using targeted drugs since toxic
effects and target inhibition could occur at different drug levels or
through specific drug schedules [160, 164, 165]. A promising
approach of a study design that tries to identify rationally based
doses and schedules for targeted cancer treatment has been real-
ized in pharmacodynamic phase I studies. Recent published work
uses repeated tumour and normal tissue biopsies to assess the
optimal dosage and scheduling of mammalian target of rapamycin
(mTOR) inhibiting drugs [166, 167]. mTOR is aberrantly activated
in various human cancers and controls cellular proliferation and
metabolism [168]. By assessing the inhibition of mTOR down-
stream events (e.g. phosphorylation of S6 Kinase 1) in tumour
biopsies during different dosing and scheduling of everolimus, the
dosage-inhibiting mTOR activity was below the previously deter-
mined maximum tolerated dose and could be used in future trials
[166]. Furthermore, by investigating additional pathways that
might be activated upon inhibition of the targeted signal, rational
targeted drug combinations can be identified [167].
Pharmacodynamic studies such as biomarker modulation using
tumour tissue obtained before and after application of the study
drug should therefore be included into early clinical trials when-
ever technically feasible and appropriate from an ethical point of
view (Fig. 3).
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Fig. 3 Biomarkers analysis in molecular targeted
therapy trials. The pathologist’s role comprises
drug target discovery and biomarker identifica-
tion, as well as evaluation of toxicity and efficacy
in normal and tumour tissue samples.
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Summary

Increasing knowledge about the molecular pathophysiology of
tumour growth and metastasis and new techniques to screen and
monitor molecular aberrations in patient’s tumour tissues have
greatly changed diagnosis, treatment and monitoring of tumour
patients in the last decade. Neoplasias which have been previously
diagnosed as single entities are now recognized as very
 heterogeneous and distinct malignancies with different molecular
aberrations, pathophysiology and outcome. In haematological malig-
nancies this has already led to tailored treatment strategies, which
are based on molecular profiling. These personalized treatment
strategies are now also applied to solid tumour patients, where
oncologists to a very high extent rely on the analytical techniques
provided by pathologists. For the treating oncologist and the pathol-
ogist knowledge of the molecular mechanisms of tumorigenesis in a

particular patients is already today of upmost importance for accu-
rate diagnosis and treatment in many cases. It is very likely that
molecular profiling will further change cancer diagnosis and treat-
ment dramatically in the near future. To keep pace with this develop-
ment oncologists and pathologists have to cooperate very closely in
diagnosis, treatment, monitoring and research. Pathologists should
be already integral part in the design and planning of clinical trials
with molecular defined modern cancer therapies.

Acknowledgement

We thank the staff of the III. Medical Department, Klinikum rechts der Isar,
TU München, for ongoing critical discussion of clinical aspects of targeted
therapy.

References

1. Lerner LJ, Jordan VC. Development of
antiestrogens and their use in breast can-
cer: eighth Cain memorial award lecture.
Cancer Res. 1990; 50: 4177–89.

2. Katzenellenbogen BS, Frasor J.
Therapeutic targeting in the estrogen
receptor hormonal pathway. Semin Oncol.
2004; 31: 28–38.

3. Sherman SI, Angelos P, Ball DW, et al.
Thyroid carcinoma. J Natl Compr Canc
Netw. 2007; 5: 568–621.

4. Maloney DG, Grillo-Lopez AJ, White
CA, et al. IDEC-C2B8 (Rituximab) anti-
CD20 monoclonal antibody therapy in
patients with relapsed low-grade non-
Hodgkin’s lymphoma. Blood. 1997; 90:
2188–95.

5. Witzig TE, White CA, Wiseman GA, et al.
Phase I/II trial of IDEC-Y2B8 radioim-
munotherapy for treatment of relapsed or
refractory CD20(�) B-cell non-Hodgkin’s
lymphoma. J Clin Oncol. 1999; 17:
3793–803.

6. Horning SJ, Younes A, Jain V, et al.
Efficacy and safety of tositumomab and
iodine-131 tositumomab (Bexxar) in B-cell
lymphoma, progressive after rituximab. 
J Clin Oncol. 2005; 23: 712–9.

7. Deininger MW. Milestones and monitor-
ing in patients with CML treated with
 imatinib. Hematol Am Soc Hematol Educ
Program. 2008; 2008: 419–26.

8. Hanahan D, Weinberg RA. The hallmarks
of cancer. Cell. 2000; 100: 57–70.

9. Evan GI, Vousden KH. Proliferation, cell
cycle and apoptosis in cancer. Nature.
2001; 411: 342–8.

10. Weinstein IB. Cancer. Addiction to onco-
genes–the Achilles heal of cancer. Science.
2002; 297: 63–4.

11. Weinstein IB, Joe AK. Mechanisms of dis-
ease: oncogene addiction–a rationale for
molecular targeting in cancer therapy. Nat
Clin Pract Oncol. 2006; 3: 448–57.

12. Golub TR, Slonim DK, Tamayo P, et al.
Molecular classification of cancer: class
discovery and class prediction by gene
expression monitoring. Science. 1999;
286: 531–7.

13. Lockhart DJ, Winzeler EA. Genomics,
gene expression and DNA arrays. Nature.
2000; 405: 827–36.

14. Greenman C, Stephens P, Smith R, et al.
Patterns of somatic mutation in human
cancer genomes. Nature. 2007; 446:
153–8.

15. Thomas RK, Baker AC, Debiasi RM, et al.
High-throughput oncogene mutation pro-
filing in human cancer. Nat Genet. 2007;
39: 347–51.

16. Eichelbaum M, Ingelman-Sundberg M,
Evans WE. Pharmacogenomics and indi-
vidualized drug therapy. Annu Rev Med.
2006; 57: 119–37.

17. Pandey A, Mann M. Proteomics to study
genes and genomes. Nature. 2000; 405:
837–46.

18. Griffin JL, Shockcor JP. Metabolic profiles
of cancer cells. Nat Rev Cancer. 2004; 4:
551–61.

19. Spratlin JL, Serkova NJ, Eckhardt SG.
Clinical applications of metabolomics in
oncology: a review. Clin Cancer Res. 2009;
15: 431–40.

20. Nowell PC, Hungerford D. A minute chro-
mosome in human granulocytic leukaemia.
Science. 1960; 132: 1497–501.

21. Rowley JD. Letter: a new consistent chro-
mosomal abnormality in chronic myeloge-
nous leukaemia identified by quinacrine
fluorescence and Giemsa staining. Nature.
1973; 243: 290–3.

22. Faderl S, Talpaz M, Estrov Z, et al. The
biology of chronic myeloid leukemia. 
N Engl J Med. 1999; 341: 164–72.

23. Sawyers CL. Chronic myeloid leukemia. 
N Engl J Med. 1999; 340: 1330–40.

24. Daley GQ, Van Etten RA, Baltimore D.
Induction of chronic myelogenous
leukemia in mice by the P210bcr/abl gene
of the Philadelphia chromosome. Science.
1990; 247: 824–30.

25. Lugo TG, Pendergast AM, Muller AJ, 
et al. Tyrosine kinase activity and transfor-
mation potency of bcr-abl oncogene
 products. Science. 1990; 247: 1079–82.

26. Zimmermann J, Buchdunger E, Mett H,
et al. (Phenylamino)pyrimidine (PAP)
derivatives: a new class of potent and
highly selective PDGF-receptor autophos-
phorylation inhibitors. Bioorg Med Chem
Lett. 1996; 6: 1221–6.

27. Zimmermann J, Buchdunger E, Mett H,
et al. Potent and selective inhibitors of the
ABL-kinase: phenylaminopyrimidine (PAP)
derivatives. Bioorg Med Chem Lett. 1997;
7: 187–92.

28. Buchdunger E, Cioffi CL, Law N, et al. Abl
protein-tyrosine kinase inhibitor STI571
inhibits in vitro signal transduction medi-
ated by c-kit and platelet-derived growth

© 2010 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



814

factor receptors. J Pharmacol ExpTher.
2000; 295: 139–45.

29. Druker BJ, Tamura S, Buchdunger E, 
et al. Effects of a selective inhibitor of the
Abl tyrosine kinase on the growth of Bcr-
Abl positive cells. Nat Med. 1996; 2:
561–6.

30. Beran M, Cao X, Estrov Z, et al. Selective
inhibition of cell proliferation and BCR-ABL
phosphorylation in acute lymphoblastic
leukemia cells expressing Mr 190,000
BCR-ABL protein by a tyrosine kinase
inhibitor (CGP-57148). Clin Cancer Res.
1998; 4: 1661–72.

31. Heinrich MC, Griffith DJ, Druker BJ, 
et al. Inhibition of c-kit receptor tyrosine
kinase activity by STI 571, a selective tyro-
sine kinase inhibitor. Blood. 2000; 96:
925–32.

32. le Coutre P, Mologni L, Cleris L, et al.
In vivo eradication of human BCR/ABL-posi-
tive leukemia cells with an ABL kinase
inhibitor. J Natl Cancer Inst. 1999; 91: 163–8.

33. Kantarjian H, Sawyers C, Hochhaus A, 
et al. Hematologic and cytogenetic
responses to imatinib mesylate in chronic
myelogenous leukemia. N Engl J Med.
2002; 346: 645–52.

34. Talpaz M, Silver RT, Druker BJ, et al.
Imatinib induces durable hematologic and
cytogenetic responses in patients with
accelerated phase chronic myeloid
leukemia: results of a phase 2 study.
Blood. 2002; 99: 1928–37.

35. Sawyers CL, Hochhaus A, Feldman E, 
et al. Imatinib induces hematologic and
cytogenetic responses in patients with
chronic myelogenous leukemia in myeloid
blast crisis: results of a phase II study.
Blood. 2002; 99: 3530–9.

36. Hochhaus A, Druker B, Sawyers C, et al.
Favorable long-term follow-up results over
6 years for response, survival, and safety
with imatinib mesylate therapy in chronic-
phase chronic myeloid leukemia after fail-
ure of interferon-{alpha} treatment. Blood.
2008; 111: 1039–43.

37. O’Brien SG, Guilhot F, Larson RA, et al.
Imatinib compared with interferon and
low-dose cytarabine for newly diagnosed
chronic-phase chronic myeloid leukemia.
N Engl J Med. 2003; 348: 994–1004.

38. Hughes TP, Kaeda J, Branford S, et al.
Frequency of major molecular responses
to imatinib or interferon alfa plus cytara-
bine in newly diagnosed chronic myeloid
leukemia. N Engl J Med. 2003; 349:
1423–32.

39. Hochhaus A, O’Brien SG, Guilhot F, et al.
Six-year follow-up of patients receiving

imatinib for the first-line treatment of
chronic myeloid leukemia. Leukemia.
2009; 23: 1054–61.

40. Roy L, Guilhot J, Krahnke T, et al.
Survival advantage from imatinib com-
pared with the combination interferon-
alpha plus cytarabine in chronic-phase
chronic myelogenous leukemia: historical
comparison between two phase 3 trials.
Blood. 2006; 108: 1478–84.

41. O’Brien SG, Guilhot F, Goldman J, et al.
International randomized study of
 interferon versus STI571 (IRIS) 7-year
 follow-up: sustained survival, low rate of
transformation and increased rate of major
molecular response (MMR) in patients (pts)
with newly diagnosed chronic myeloid
leukemia in chronic phase (CML-CP)
treated with imatinib (IM). 50th ASH
Annual Meeting. San Francisco, CA: Blood.
2008; 112.

42. Druker BJ, Guilhot F, O’Brien SG, et al.
Five-year follow-up of patients receiving
imatinib for chronic myeloid leukemia. N
Engl J Med. 2006; 355: 2408–17.

43. de Lavallade H, Apperley JF, Khorashad
JS, et al. Imatinib for newly diagnosed
patients with chronic myeloid leukemia:
incidence of sustained responses in an
intention-to-treat analysis. J Clin Oncol.
2008; 26: 3358–63.

44. Baccarani M, Saglio G, Goldman J, 
et al. Evolving concepts in the manage-
ment of chronic myeloid leukemia.
Recommendations from an expert panel
on behalf of the European Leukemianet.
Blood. 2006; 108: 1809–20.

45. (NCCN) NCCN. Clinical Practice Guidelines
in Oncology. Chronic Myelogenous
Leukemia. Version 2.2009. 2008.

46. Talpaz M, Kantarjian HM, McCredie K, 
et al. Hematologic remission and cytoge-
netic improvement induced by recombi-
nant human interferon alpha A in chronic
myelogenous leukemia. N Engl J Med.
1986; 314: 1065–9.

47. Marin D, Milojkovic D, Olavarria E, et al.
European LeukemiaNet criteria for failure
or suboptimal response reliably identify
patients with CML in early chronic phase
treated with imatinib whose eventual out-
come is poor. Blood. 2008; 112: 4437–44.

48. Kantarjian HM, O’Brien S, Cortes JE, 
et al. Treatment of philadelphia chromo-
some-positive, accelerated-phase chronic
myelogenous leukemia with imatinib
mesylate. Clin Cancer Res. 2002; 8:
2167–76.

49. Kantarjian HM, Cortes J, O’Brien S, et al.
Imatinib mesylate (STI571) therapy for

Philadelphia chromosome-positive chronic
myelogenous leukemia in blast phase.
Blood. 2002; 99: 3547–53.

50. Kantarjian H, Talpaz M, O’Brien S, et al.
Survival benefit with imatinib mesylate
therapy in patients with accelerated-phase
chronic myelogenous leukemia–comparison
with historic experience. Cancer. 2005; 103:
2099–108.

51. Palandri F, Castagnetti F, Alimena G, 
et al. The long-term durability of cytoge-
netic responses in patients with accelerated
phase chronic myeloid leukemia treated
with imatinib 600 mg: the GIMEMA CML
Working Party experience after a 7-year fol-
low-up. Haematologica. 2009; 94: 205–12.

52. Gorre ME, Mohammed M, Ellwood K, 
et al. Clinical resistance to STI-571 cancer
therapy caused by BCR-ABL gene muta-
tion or amplification. Science. 2001; 293:
876–80.

53. Hochhaus A, Kreil S, Corbin AS, et al.
Molecular and chromosomal mechanisms
of resistance to imatinib (STI571) therapy.
Leukemia. 2002; 16: 2190–6.

54. Marktel S, Marin D, Foot N, et al. Chronic
myeloid leukemia in chronic phase
responding to imatinib: the occurrence of
additional cytogenetic abnormalities pre-
dicts disease progression. Haematologica.
2003; 88: 260–7.

55. Cortes JE, Talpaz M, Giles F, et al.
Prognostic significance of cytogenetic
clonal evolution in patients with chronic
myelogenous leukemia on imatinib mesy-
late therapy. Blood. 2003; 101: 3794–800.

56. von Bubnoff N, Schneller F, Peschel C, 
et al. BCR-ABL gene mutations in relation
to clinical resistance of Philadelphia-chro-
mosome-positive leukaemia to STI571: a
prospective study. Lancet. 2002; 359:
487–91.

57. Branford S, Rudzki Z, Walsh S, et al.
High frequency of point mutations clus-
tered within the adenosine triphosphate-
binding region of BCR/ABL in patients with
chronic myeloid leukemia or Ph-positive
acute lymphoblastic leukemia who develop
imatinib (STI571) resistance. Blood. 2002;
99: 3472–5.

58. Roche-Lestienne C, Soenen-Cornu V,
Grardel-Duflos N, et al. Several types of
mutations of the Abl gene can be found in
chronic myeloid leukemia patients resist-
ant to STI571, and they can pre-exist to the
onset of treatment. Blood. 2002; 100:
1014–8.

59. Shah NP, Nicoll JM, Nagar B, et al.
Multiple BCR-ABL kinase domain muta-
tions confer polyclonal resistance to the

© 2010 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



J. Cell. Mol. Med. Vol 14, No 4, 2010

815

tyrosine kinase inhibitor imatinib (STI571)
in chronic phase and blast crisis chronic
myeloid leukemia. Cancer Cell. 2002; 2:
117–25.

60. Weisberg E, Manley PW, Breitenstein W,
et al. Characterization of AMN107, a selec-
tive inhibitor of native and mutant Bcr-Abl.
Cancer Cell. 2005; 7: 129–41.

61. Shah NP, Tran C, Lee FY, et al. Overriding
imatinib resistance with a novel ABL kinase
inhibitor. Science. 2004; 305: 399–401.

62. Hochhaus A, Baccarani M, Deininger M,
et al. Dasatinib induces durable cytoge-
netic responses in patients with chronic
myelogenous leukemia in chronic phase
with resistance or intolerance to imatinib.
Leukemia. 2008; 22: 1200–6.

63. Guilhot F, Apperley J, Kim DW, et al.
Dasatinib induces significant hematologic
and cytogenetic responses in patients with
imatinib-resistant or -intolerant chronic
myeloid leukemia in accelerated phase.
Blood. 2007; 109: 4143–50.

64. Cortes J, Kim DW, Raffoux E, et al.
Efficacy and safety of dasatinib in imatinib-
resistant or -intolerant patients with
chronic myeloid leukemia in blast phase.
Leukemia. 2008; 22: 2176–83.

65. Kantarjian HM, Giles F, Gattermann N, 
et al. Nilotinib (formerly AMN107), a
highly selective BCR-ABL tyrosine kinase
inhibitor, is effective in patients with
Philadelphia chromosome-positive chronic
myelogenous leukemia in chronic phase
following imatinib resistance and intoler-
ance. Blood. 2007; 110: 3540–6.

66. le Coutre P, Ottmann OG, Giles F, et al.
Nilotinib (formerly AMN107), a highly
selective BCR-ABL tyrosine kinase
inhibitor, is active in patients with imatinib-
resistant or -intolerant accelerated phase
chronic myelogenous leukemia. Blood.
2007; 111: 1834–9.

67. Cools J, DeAngelo DJ, Gotlib J, et al.
A tyrosine kinase created by fusion of the
PDGFRA and FIP1L1 genes as a therapeu-
tic target of imatinib in idiopathic hypere-
osinophilic syndrome. N Engl J Med. 2003;
348: 1201–14.

68. von Bubnoff N, Sandherr M, Schlimok G,
et al. Myeloid blast crisis evolving during
imatinib treatment of an FIP1L1-PDGFR
alpha-positive chronic myeloproliferative
disease with prominent eosinophilia.
Leukemia. 2005; 19: 286–7.

69. Tamborini E, Bonadiman L, Greco A, 
et al. A new mutation in the KIT ATP pocket
causes acquired resistance to imatinib in a
gastrointestinal stromal tumor patient.
Gastroenterology. 2004; 127: 294–9.

70. Chen LL, Trent JC, Wu EF, et al. A mis-
sense mutation in KIT kinase domain 1
correlates with imatinib resistance in gas-
trointestinal stromal tumors. Cancer Res.
2004; 64: 5913–9.

71. Heidel F, Breitenbuecher F, Kindler T, 
et al. Mechanisms of resistance to the
FLT3-tyrosine kinase inhibitor PKC412 in
patients with AML. Blood. 2004; 104: 133a.

72. Kobayashi S, Boggon TJ, Dayaram T, 
et al. EGFR mutation and resistance of
non-small-cell lung cancer to gefitinib. N
Engl J Med. 2005; 352: 786–92.

73. Shih JY, Gow CH, Yang PC. EGFR
 mutation conferring primary resistance to
gefitinib in non-small-cell lung cancer. 
N Engl J Med. 2005; 353: 207–8.

74. Corless CL, Heinrich MC. Molecular
pathobiology of gastrointestinal stromal
sarcomas. Annu Rev Pathol. 2008; 3:
557–86.

75. Demetri GD, van Oosterom AT, Garrett
CR, et al. Efficacy and safety of sunitinib
in patients with advanced gastrointestinal
stromal tumour after failure of imatinib: a
randomised controlled trial. Lancet. 2006;
368: 1329–38.

76. Debiec-Rychter M, Sciot R, Le Cesne A,
et al. KIT mutations and dose selection for
imatinib in patients with advanced gas-
trointestinal stromal tumours. Eur J
Cancer. 2006; 42: 1093–103.

77. Mendelsohn J, Baselga J. The EGF recep-
tor family as targets for cancer therapy.
Oncogene. 2000; 19: 6550–65.

78. Hynes NE, Lane HA. ERBB receptors and
cancer: the complexity of targeted inhibitors.
Nat Rev Cancer. 2005; 5: 341–54.

79. Ciardiello F, Tortora G. EGFR antagonists
in cancer treatment. N Engl J Med. 2008;
358: 1160–74.

80. Baselga J. The EGFR as a target for anti-
cancer therapy–focus on cetuximab. Eur J
Cancer. 2001; 37: S16–22.

81. Yarden Y, Sliwkowski MX. Untangling the
ErbB signalling network. Nat Rev Mol Cell
Biol. 2001; 2: 127–37.

82. Salomon DS, Brandt R, Ciardiello F, 
et al. Epidermal growth factor-related pep-
tides and their receptors in human malig-
nancies. Crit Rev Oncol Hematol. 1995; 19:
183–232.

83. Lemmon MA, Bu Z, Ladbury JE, et al.
Two EGF molecules contribute additively to
stabilization of the EGFR dimer. EMBO J.
1997; 16: 281–94.

84. Cohen S, Carpenter G, King L Jr.
Epidermal growth factor-receptor-protein
kinase interactions. Co-purification of
receptor and epidermal growth factor-

enhanced phosphorylation activity. J Biol
Chem. 1980; 255: 4834–42.

85. Lin SY, Makino K, Xia W, et al. Nuclear
localization of EGF receptor and its poten-
tial new role as a transcription factor. Nat
Cell Biol. 2001; 3: 802–8.

86. Masui H, Kawamoto T, Sato JD, et al.
Growth inhibition of human tumor cells in
athymic mice by anti-epidermal growth
factor receptor monoclonal antibodies.
Cancer Res. 1984; 44: 1002–7.

87. Perez-Soler R, Van Cutsem E. Clinical
research of EGFR inhibitors and related
dermatologic toxicities. Oncology. 2007;
21: 10–6.

88. Mitchell EP, Perez-Soler R, Van Cutsem
E, et al. Clinical presentation and patho-
physiology of EGFRI dermatologic toxici-
ties. Oncology. 2007; 21: 4–9.

89. Jemal A, Murray T, Samuels A, et al.
Cancer statistics, 2003. CA Cancer J Clin.
2003; 53: 5–26.

90. Lilenbaum RC, Herndon JE 2nd, List MA,
et al. Single-agent versus combination
chemotherapy in advanced non-small-cell
lung cancer: the cancer and leukemia
group B (study 9730). J Clin Oncol. 2005;
23: 190–6.

91. Janne PA, Engelman JA, Johnson BE.
Epidermal growth factor receptor muta-
tions in non-small-cell lung cancer: impli-
cations for treatment and tumor biology. 
J Clin Oncol. 2005; 23: 3227–34.

92. Harari PM, Allen GW, Bonner JA. Biology
of interactions: antiepidermal growth fac-
tor receptor agents. J Clin Oncol. 2007; 25:
4057–65.

93. Janne PA, Gurubhagavatula S, Yeap BY,
et al. Outcomes of patients with advanced
non-small cell lung cancer treated with
gefitinib (ZD1839, “Iressa”) on an
expanded access study. Lung Cancer.
2004; 44: 221–30.

94. Tsao MS, Sakurada A, Cutz JC, et al.
Erlotinib in lung cancer – molecular and
clinical predictors of outcome. N Engl J
Med. 2005; 353: 133–44.

95. Pao W, Miller VA. Epidermal growth factor
receptor mutations, small-molecule kinase
inhibitors, and non-small-cell lung cancer:
current knowledge and future directions. 
J Clin Oncol. 2005; 23: 2556–68.

96. Lynch TJ, Bell DW, Sordella R, et al.
Activating mutations in the epidermal
growth factor receptor underlying respon-
siveness of non-small-cell lung cancer to
gefitinib. N Engl J Med. 2004; 350:
2129–39.

97. Sequist LV, Martins RG, Spigel D, et al.
First-line gefitinib in patients with

© 2010 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



816

advanced non-small-cell lung cancer har-
boring somatic EGFR mutations. J Clin
Oncol. 2008; 26: 2442–9.

98. Mok TSLS, Liu X, Ichinose Y, et al.
Gefitinib (G) vs carboplatin/paclitaxel (C/P)
in clinically selected chemonaïve patients
(pts) with advanced non-small-cell lung
cancer (NSCLC) in Asia (IPASS): random-
ized, open-label, phase III study. J Thorac
Oncol. 2008; 3.

99. Hirsch FR, Bunn PA. EGFR testing in lung
cancer is ready for prime time. Lancet
Oncol. 2009; 10: 432–3.

100. Ang KK, Berkey BA, Tu X, et al. Impact of
epidermal growth factor receptor expres-
sion on survival and pattern of relapse in
patients with advanced head and neck car-
cinoma. Cancer Res. 2002; 62: 7350–6.

101. Hitt R, Ciruelos E, Amador ML, et al.
Prognostic value of the epidermal growth
factor receptor (EGRF) and p53 in
advanced head and neck squamous cell
carcinoma patients treated with induction
chemotherapy. Eur J Cancer. 2005; 41:
453–60.

102. Chung CH, Ely K, McGavran L, et al.
Increased epidermal growth factor recep-
tor gene copy number is associated with
poor prognosis in head and neck squa-
mous cell carcinomas. J Clin Oncol. 2006;
24: 4170–6.

103. Rubin Grandis J, Melhem MF, Gooding
WE, et al. Levels of TGF-alpha and EGFR
protein in head and neck squamous cell
carcinoma and patient survival. J Natl
Cancer Inst. 1998; 90: 824–32.

104. Forastiere AA, Burtness BA. Epidermal
growth factor receptor inhibition in head
and neck cancer–more insights, but more
questions. J Clin Oncol. 2007; 25: 2152–5.

105. Haddad RI, Shin DM. Recent advances in
head and neck cancer. N Engl J Med. 2008;
359: 1143–54.

106. Braakhuis BJ, Tabor MP, Kummer JA, 
et al. A genetic explanation of Slaughter’s
concept of field cancerization: evidence
and clinical implications. Cancer Res.
2003; 63: 1727–30.

107. Jin Y, Jin C, Salemark L, et al. Clonal
chromosome abnormalities in premalig-
nant lesions of the skin. Cancer Genet
Cytogenet. 2002; 136: 48–52.

108. Fan Z, Baselga J, Masui H, et al.
Antitumor effect of anti-epidermal growth
factor receptor monoclonal antibodies plus
cis-diamminedichloroplatinum on well
established A431 cell xenografts. Cancer
Res. 1993; 53: 4637–42.

109. Burtness B, Goldwasser MA, Flood W, 
et al. Phase III randomized trial of cis-

platin plus placebo compared with cis-
platin plus cetuximab in metasta-
tic/recurrent head and neck cancer: an
Eastern Cooperative Oncology Group
study. J Clin Oncol. 2005; 23: 8646–54.

110. Forastiere AA, Metch B, Schuller DE, 
et al. Randomized comparison of cisplatin
plus fluorouracil and carboplatin plus fluo-
rouracil versus methotrexate in advanced
squamous-cell carcinoma of the head and
neck: a Southwest Oncology Group study.
J Clin Oncol. 1992; 10: 1245–51.

111. Vermorken JB, Mesia R, Rivera F, et al.
Platinum-based chemotherapy plus cetux-
imab in head and neck cancer. N Engl J
Med. 2008; 359: 1116–27.

112. Sok JC, Coppelli FM, Thomas SM, et al.
Mutant epidermal growth factor receptor
(EGFRvIII) contributes to head and neck
cancer growth and resistance to EGFR tar-
geting. Clin Cancer Res. 2006; 12:
5064–73.

113. Kumar B, Cordell KG, Lee JS, et al.
EGFR, p16, HPV Titer, Bcl-xL and p53, sex,
and smoking as indicators of response to
therapy and survival in oropharyngeal can-
cer. J Clin Oncol. 2008; 26: 3128–37.

114. Worden FP, Kumar B, Lee JS, et al.
Chemoselection as a strategy for organ
preservation in advanced oropharynx can-
cer: response and survival positively asso-
ciated with HPV16 copy number. J Clin
Oncol. 2008; 26: 3138–46.

115. Singh B, Pfister DG. Individualized treat-
ment selection in patients with head and
neck cancer: do molecular markers meet
the challenge? J Clin Oncol. 2008; 26:
3114–6.

116. Chung CH, Parker JS, Karaca G, et al.
Molecular classification of head and neck
squamous cell carcinomas using patterns
of gene expression. Cancer Cell. 2004; 5:
489–500.

117. Rickman DS, Millon R, De Reynies A, 
et al. Prediction of future metastasis and
molecular characterization of head and neck
squamous-cell carcinoma based on tran-
scriptome and genome analysis by microar-
rays. Oncogene. 2008; 27: 6607–22.

118. Roepman P, Wessels LF, Kettelarij N, 
et al. An expression profile for diagnosis
of lymph node metastases from primary
head and neck squamous cell carcinomas.
Nat Genet. 2005; 37: 182–6.

119. Temam S, Kawaguchi H, El-Naggar AK,
et al. Epidermal growth factor receptor
copy number alterations correlate with
poor clinical outcome in patients with head
and neck squamous cancer. J Clin Oncol.
2007; 25: 2164–70.

120. Lai SY, Koppikar P, Thomas SM, et al.
Intratumoral epidermal growth factor
receptor antisense DNA therapy in head
and neck cancer: first human application
and potential antitumor mechanisms. 
J Clin Oncol. 2009; 27: 1235–42.

121. Meyerhardt JA, Mayer RJ. Systemic ther-
apy for colorectal cancer. N Engl J Med.
2005; 352: 476–87.

122. Hurwitz H, Fehrenbacher L, Novotny W,
et al. Bevacizumab plus irinotecan,
 fluorouracil, and leucovorin for metastatic
colorectal cancer. N Engl J Med. 2004;
350: 2335–42.

123. Ferrara N, Gerber HP, LeCouter J. The
biology of VEGF and its receptors. Nat
Med. 2003; 9: 669–76.

124. Mayer A, Takimoto M, Fritz E, et al. The
prognostic significance of proliferating
cell nuclear antigen, epidermal growth
factor receptor, and mdr gene expression
in colorectal cancer. Cancer. 1993; 71:
2454–60.

125. Van Cutsem E, Peeters M, Siena S, et al.
Open-label phase III trial of panitumumab
plus best supportive care compared with
best supportive care alone in patients with
chemotherapy-refractory metastatic col-
orectal cancer. J Clin Oncol. 2007; 25:
1658–64.

126. Cunningham D, Humblet Y, Siena S, 
et al. Cetuximab monotherapy and
 cetuximab plus irinotecan in irinotecan-
refractory metastatic colorectal cancer. N
Engl J Med. 2004; 351: 337–45.

127. Chung KY, Shia J, Kemeny NE, et al.
Cetuximab shows activity in colorectal
cancer patients with tumors that do not
express the epidermal growth factor
receptor by immunohistochemistry. J Clin
Oncol. 2005; 23: 1803–10.

128. Moroni M, Veronese S, Benvenuti S, 
et al. Gene copy number for epidermal
growth factor receptor (EGFR) and clinical
response to antiEGFR treatment in col-
orectal cancer: a cohort study. Lancet
Oncol. 2005; 6: 279–86.

129. Lievre A, Bachet JB, Le Corre D, et al.
KRAS mutation status is predictive of
response to cetuximab therapy in colorec-
tal cancer. Cancer Res. 2006; 66: 3992–5.

130. Karapetis CS, Khambata-Ford S, Jonker
DJ, et al. K-ras mutations and benefit from
cetuximab in advanced colorectal cancer. 
N Engl J Med. 2008; 359: 1757–65.

131. Amado RG, Wolf M, Peeters M, et al.
Wild-type KRAS is required for panitu-
mumab efficacy in patients with metastatic
colorectal cancer. J Clin Oncol. 2008; 26:
1626–34.

© 2010 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



J. Cell. Mol. Med. Vol 14, No 4, 2010

817

132. Mayer RJ. Targeted therapy for advanced
colorectal cancer–more is not always bet-
ter. N Engl J Med. 2009; 360: 623–5.

133. Benvenuti S, Sartore-Bianchi A, Di
Nicolantonio F, et al. Oncogenic activa-
tion of the RAS/RAF signaling pathway
impairs the response of metastatic col-
orectal cancers to anti-epidermal growth
factor receptor antibody therapies. Cancer
Res. 2007; 67: 2643–8.

134. Di Nicolantonio F, Martini M, Molinari F,
et al. Wild-type BRAF is required for
response to panitumumab or cetuximab in
metastatic colorectal cancer. J Clin Oncol.
2008; 26: 5705–12.

135. Wilhelm SM, Carter C, Tang L, et al. BAY
43–9006 exhibits broad spectrum oral
antitumor activity and targets the
RAF/MEK/ERK pathway and receptor tyro-
sine kinases involved in tumor progression
and angiogenesis. Cancer Res. 2004; 64:
7099–109.

136. Pandolfi PP. Breast cancer–loss of PTEN
predicts resistance to treatment. N Engl J
Med. 2004; 351: 2337–8.

137. Bachman KE, Argani P, Samuels Y, et al.
The PIK3CA gene is mutated with high fre-
quency in human breast cancers. Cancer
Biol Ther. 2004; 3: 772–5.

138. Sartore-Bianchi A, Martini M, Molinari F,
et al. PIK3CA mutations in colorectal can-
cer are associated with clinical resistance
to EGFR-targeted monoclonal antibodies.
Cancer Res. 2009; 69: 1851–7.

139. Jaffer S, Bleiweiss IJ. Beyond hema-
toxylin and eosin–the role of immunohis-
tochemistry in surgical pathology. Cancer
Invest. 2004; 22: 445–65.

140. Seve P, Billotey C, Broussolle C, et al.
The role of 2-deoxy-2-[F-18]fluoro-D-glu-
cose positron emission tomography in dis-
seminated carcinoma of unknown primary
site. Cancer. 2007; 109: 292–9.

141. Varadhachary GR, Abbruzzese JL, Lenzi
R. Diagnostic strategies for unknown pri-
mary cancer. Cancer. 2004; 100: 1776–85.

142. Oien KA, Evans TR. Raising the profile of
cancer of unknown primary. J Clin Oncol.
2008; 26: 4373–5.

143. Pavlidis N, Briasoulis E, Hainsworth J, 
et al. Diagnostic and therapeutic manage-
ment of cancer of an unknown primary.
Eur J Cancer. 2003; 39: 1990–2005.

144. Horlings HM, van Laar RK, Kerst JM, 
et al. Gene expression profiling to identify
the histogenetic origin of metastatic ade-
nocarcinomas of unknown primary. J Clin
Oncol. 2008; 26: 4435–41.

145. Varadhachary GR, Talantov D, Raber MN,
et al. Molecular profiling of carcinoma of
unknown primary and correlation with
clinical evaluation. J Clin Oncol. 2008; 26:
4442–8.

146. Varadhachary GR, Raber MN, Matamoros
A, et al. Carcinoma of unknown primary
with a colon-cancer profile-changing
 paradigm and emerging definitions. Lancet
Oncol. 2008; 9: 596–9.

147. Pentheroudakis G, Greco FA, Pavlidis N.
Molecular assignment of tissue of origin in
cancer of unknown primary may not pre-
dict response to therapy or outcome: a
systematic literature review. Cancer Treat
Rev. 2009; 35: 221–7.

148. Coiffier B. Current strategies for the treat-
ment of diffuse large B cell lymphoma.
Curr Opin Hematol. 2005; 12: 259–65.

149. Jaffe ES, Harris NL, Stein H, et al.
Classification of lymphoid neoplasms: the
microscope as a tool for disease discovery.
Blood. 2008; 112: 4384–99.

150. A predictive model for aggressive non-
Hodgkin’s lymphoma. The International
Non-Hodgkin’s Lymphoma Prognostic
Factors Project. N Engl J Med. 1993; 329:
987–94.

151. Rosenwald A, Wright G, Chan WC, et al.
The use of molecular profiling to predict
survival after chemotherapy for diffuse
large-B-cell lymphoma. N Engl J Med.
2002; 346: 1937–47.

152. Alizadeh AA, Eisen MB, Davis RE, et al.
Distinct types of diffuse large B-cell lym-
phoma identified by gene expression pro-
filing. Nature. 2000; 403: 503–11.

153. Wright G, Tan B, Rosenwald A, et al. A
gene expression-based method to diag-
nose clinically distinct subgroups of dif-
fuse large B cell lymphoma. Proc Natl
Acad Sci USA. 2003; 100: 9991–6.

154. Rimsza LM, Roberts RA, Miller TP, et al.
Loss of MHC class II gene and protein
expression in diffuse large B-cell lym-
phoma is related to decreased tumor
immunosurveillance and poor patient sur-
vival regardless of other prognostic fac-
tors: a follow-up study from the Leukemia
and Lymphoma Molecular Profiling
Project. Blood. 2004; 103: 4251–8.

155. Shipp MA, Ross KN, Tamayo P, et al.
Diffuse large B-cell lymphoma outcome
prediction by gene-expression profiling
and supervised machine learning. Nat
Med. 2002; 8: 68–74.

156. Robertson MJ, Kahl BS, Vose JM, et al.
Phase II study of enzastaurin, a protein

kinase C beta inhibitor, in patients with
relapsed or refractory diffuse large B-cell
lymphoma. J Clin Oncol. 2007; 25:
1741–6.

157. Monti S, Savage KJ, Kutok JL, et al.
Molecular profiling of diffuse large B-cell
lymphoma identifies robust subtypes
including one characterized by host
inflammatory response. Blood. 2005; 105:
1851–61.

158. Chen L, Monti S, Juszczynski P, et al.
SYK-dependent tonic B-cell receptor sig-
naling is a rational treatment target in dif-
fuse large B-cell lymphoma. Blood. 2008;
111: 2230–7.

159. Johnson LN. Protein kinase inhibitors:
contributions from structure to clinical
compounds. Q Rev Biophys. 2009; 42:
1–40.

160. Gutierrez ME, Kummar S, Giaccone G.
Next generation oncology drug develop-
ment: opportunities and challenges. Nat
Rev Clin Oncol. 2009; 6: 259–65.

161. Sargent DJ, Conley BA, Allegra C, et al.
Clinical trial designs for predictive marker
validation in cancer treatment trials. J Clin
Oncol. 2005; 23: 2020–7.

162. Paez JG, Janne PA, Lee JC, et al. EGFR
mutations in lung cancer: correlation with
clinical response to gefitinib therapy.
Science. 2004; 304: 1497–500.

163. Sos ML, Michel K, Zander T, et al.
Predicting drug susceptibility of non-small
cell lung cancers based on genetic lesions.
J Clin Invest. 2009; 119: 1727–40.

164. Fox E, Curt GA, Balis FM. Clinical trial
design for target-based therapy.
Oncologist. 2002; 7: 401–9.

165. Kummar S, Gutierrez M, Doroshow JH,
et al. Drug development in oncology: clas-
sical cytotoxics and molecularly targeted
agents. Br J Clin Pharmacol. 2006; 62:
15–26.

166. Tabernero J, Rojo F, Calvo E, et al. Dose-
and schedule-dependent inhibition of the
mammalian target of rapamycin pathway
with everolimus: a phase I tumor pharma-
codynamic study in patients with advanced
solid tumors. J Clin Oncol. 2008; 26:
1603–10.

167. Carracedo A, Ma L, Teruya-Feldstein J,
et al. Inhibition of mTORC1 leads to MAPK
pathway activation through a PI3K-
dependent feedback loop in human cancer.
J Clin Invest. 2008; 118: 3065–74.

168. Guertin DA, Sabatini DM. Defining the
role of mTOR in cancer. Cancer Cell. 2007;
12: 9–22.

© 2010 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd


