
Ther Adv Med Oncol

2014, Vol. 6(2) 43 –51

DOI: 10.1177/ 
1758834013517414

© The Author(s), 2013.  
Reprints and permissions:  
http://www.sagepub.co.uk/ 
journalsPermissions.nav

Therapeutic Advances in Medical Oncology

http://tam.sagepub.com 43

Introduction
Technological advances in cancer genomics have 
improved our understanding of the molecular 
landscape in cancer and introduced a new era of 
targeted therapies matching appropriately 
selected molecular targets with novel treatments 
[Meric-Bernstam and Mills, 2012; Tsimberidou 
et al. 2012]. These discoveries led to major thera-
peutic breakthroughs in diverse cancers that were 
historically considered difficult or nearly impos-
sible to treat. Examples, among many, include 
BCR-ABL rearranged chronic myelogenous leu-
kemia (CML), HER2-amplified breast cancer, 
EGFR-mutant nonsmall cell lung cancer, BRAF-
mutant melanoma and others [Druker et al. 2001; 
Slamon et al. 2001; Lynch et al. 2004; Flaherty 
et al. 2010; Falchook et al. 2012a, 2012b].

In addition, understanding the molecular back-
ground helped define patient populations for 
whom a specific targeted therapy would be inef-
fective or even harmful, such as the use of anti-
EGFR monoclonal antibodies in advanced 
colorectal cancer with KRAS mutations or BRAF 

inhibitors used in patients without BRAF muta-
tions [Amado et al. 2008; Van Cutsem et al. 2009; 
Hatzivassiliou et  al. 2010]. Unfortunately, even 
though therapeutic response, progression-free 
and overall survival increased, often dramatically, 
in patients with advanced cancers treated with 
therapy matching the molecular target, ultimately 
nearly all patients, with the exception of CML, 
succumb to their disease despite being treated 
with appropriately selected targeted therapies. In 
addition, some studies in advanced colorectal and 
breast cancer suggested that treatment with 
drug(s) matching the molecular target might not 
always lead to improved outcomes [Dienstmann 
et al. 2012; De Mattos-Arruda et al. 2013b]. This 
can be explained by multiple factors including the 
effect of the tumor microenvironment and tumor 
heterogeneity. Tumor heterogeneity presents 
resistant clones that are not responsive to match-
ing targeted therapy. Thus, targeting only one 
abnormality is not sufficient to be lethal for most, 
if not all, cancer cells [Engelman et  al. 2007; 
Nazarian et  al. 2010; Janku et  al. 2011; Holzel 
et  al. 2013]. This article delineates the role of 
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tumor heterogeneity in advanced cancer and its 
therapeutic implications.

Tumor heterogeneity
Intratumor genetic heterogeneity has important 
implications for personalized medicine approaches 
as it can limit therapeutic efficacy and lead to 
resistance to therapy. Genomic analysis of tumor 
relying on archival tumor tissue has been estab-
lished as the gold standard for molecular profiling 
[El-Osta et al. 2011; Kim et al. 2011]. In clinical 
practice, the source of biological material typi-
cally comes from formalin-fixed paraffin-embed-
ded tumor samples obtained during standard of 
care surgical procedures or biopsies. These sam-
ples can be obtained at any point of care, which 
often is a long time before the indication for tar-
geted therapy becomes relevant. Arguably, the 
molecular profile of the primary tumor from the 
initial surgical specimen might significantly differ 
from the molecular profile in a tumor sample 
obtained from a biopsy of a metastatic site and 
might not reflect molecular aberrations accumu-
lated as a consequence of selection pressure 
caused by applied cancer therapies. In addition, 
the molecular profile(s) of different metastatic 
sites might be disparate [Dupont Jensen et  al. 
2011; Gonzalez-Angulo et  al. 2011; Gerlinger 
et al. 2012].

A study investigating PIK3CA mutation status 
and PTEN expression status in an immunohisto-
chemical analysis of 46 primary breast cancers 
and 52 breast cancer metastases demonstrated an 
18% discordance for PIK3CA mutations and 
26% for loss of PTEN expression between the 
primary sample and the metastatic one [Gonzalez-
Angulo et  al. 2011]. In addition, a small study 
with PIK3CA mutation analysis of formalin-fixed 
paraffin-embedded samples in primary breast 
cancer revealed three different results for PIK3CA 
mutations status (H1047R, E542K and wildtype 
PIK3CA) depending on the area of the sample 
that was used as a source of material for DNA 
isolation [Dupont Jensen et  al. 2011]. Overall, 
this study showed concordance in PIK3CA muta-
tion status among the primary tumor and corre-
sponding asynchronous metastases in 75% of 
cases.

More importantly, a seminal paper from the 
Sanger group from the United Kingdom reported 
in a systematic way the molecular profile of renal 
carcinoma in different sites of the primary tumor 

and samples of metastatic tumor [Gerlinger et al. 
2012]. In this work, certain molecular aberrations 
were present in most analyzed sites. However, 
some aberrations presented only in primary or 
metastatic sites, which led to the formulation of 
the tree and branches theory of cancer phylogen-
esis, which involves mapping the distribution of 
ubiquitous, shared and private molecular 
aberrations.

These findings led to skepticism about our ability 
to address the complexity and heterogeneity of 
malignant disease, especially in an advanced set-
ting. In addition, experimental models and clini-
cal observations suggested that cytokines and 
other factors in the extracellular matrix of the 
tumor microenvironment could modify tumor 
cell survival and resistance to cancer therapy 
[Correia and Bissell, 2012]. For instance, in a 
lymphoma mouse model, several chemotherapeu-
tic agents led to release of the proinflammatory 
cytokine interleukin-6 from endothelial cells in 
the thymus owing to genotoxic stress. This pro-
cess promoted lymphoma cell survival in spatially 
limited ‘chemoresistant niches’ [Gilbert and 
Hemann, 2010].

Conceptually, cancers are deemed to develop 
according to Darwinian principles when stochas-
tic genetic and epigenetic changes lead to selec-
tion of the most viable clones [Turner and 
Reis-Filho, 2012]. Depending on the level of 
genetic instability, cancers can be classified as: 
simple clonal cancers with a low level of intratu-
moral heterogeneity (e.g. BCR-ABL aberrant 
CML); complex clonal cancers with a universal 
driver aberration, but distinct private mutations 
in diverse subclones; and mosaic cancers, which 
share some genetic abnormalities. However, vari-
ations among subclones are substantial. The latter 
are the most difficult to treat and most likely to be 
resistant to targeted and other therapies [Druker 
et al. 2001; Flaherty et al. 2010; Turner and Reis-
Filho, 2012].

The introduction of high-throughput detection of 
genomic alterations by massively parallel sequenc-
ing, which can be used in formalin-fixed paraffin-
embedded archival tumor samples, expanded our 
capability to detect resistance mutations [Wagle 
et  al. 2012]. This approach led to discovery of 
MEK1 mutation in a postprogression tumor 
biopsy from a patient with melanoma with 
acquired resistance to a BRAF inhibitor [Wagle 
et al. 2011]. Potential strategies that can be used 
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to overcome the challenges discussed above and 
improve treatment outcomes are examined below.

Timing of treatment
Introduction of the ABL inhibitor, imatinib, to 
treatment of BCR-ABL rearranged CML led to 
one of the most striking advances in the targeted 
therapeutics field. In the pre-imatinib era, CML 
was usually a fatal disease, with a median survival 
of 4 years and for which allogeneic stem cell 
transplant was the only curative approach, and 
that was feasible only for selected patients [Westin 
and Kurzrock, 2012]. During the clinical research 
phase of testing imatinib in CML patients in blast 
crisis, the results were universally dismal with 
response rates less than 15% and survival usually 
not exceeding 1 year [Westin and Kurzrock, 
2012]. Although outcomes improved in the accel-
erated phase of CML, what really made a differ-
ence was to move imatinib to the front line of 
therapy for newly diagnosed CML, whereby 
expected median survival increased from 4 to 
19-25 years [O’Dwyer et  al. 2002; Westin et  al. 
2012].

If we hypothetically view treating metastatic solid 
tumors as equivalent to treating a CML blast cri-
sis, it is not surprising that we cannot achieve a 
cure or long-lasting remissions in these patients, 
albeit the prevailing perception that CML cannot 
be compared with other cancers because of its 
distinct features and biology. However, if we 
explicate the primary factors leading to success 
with imatinib in CML they include identification 
of a validated molecular target, development or 
identification of a targeted agent capable of 
inhibiting the target, and moving its use in treat-
ment to early diagnosed disease, which is less 
likely to accumulate diverse molecular aberra-
tions potentially leading to resistance to therapy 
[Westin et al. 2012].

To test the early treatment concept in solid 
tumors, clinical trials focusing on appropriately 
selected targeted therapies with confirmed effi-
cacy in advanced stages of disease need to be car-
ried out in patients with newly diagnosed cancers 
before metastatic disease develops. As mentioned 
above, it is plausible that early stage cancers are 
less likely to suffer from significant heterogeneity 
and be less prone to therapeutic failure. Even in 
cases when dramatic or durable effects are not 
achieved with appropriately selected targeted 
therapies in newly diagnosed solid tumors, their 

efficacy can be expected to exceed current find-
ings in the relapsed or refractory setting. Finally, 
apprehending resistance to targeted therapies is 
likely to be a far less daunting task in early cancers 
than in advanced stages that have acquired multi-
ple molecular aberrations.

Targeting critical hubs
It has been accepted that cancer therapy can be 
successful only if it attacks processes that are 
absolutely essential for cancer survival but dis-
pensable for normal functionality. Cancer forma-
tion is a multistep process, which is associated 
with the nondeterministic accumulation of 
genetic abnormalities that drive cancer develop-
ment [Cho and Vogelstein, 1992]. Plasticity of 
genetic aberrations, especially in advanced stages, 
makes the cancer a moving target, which is diffi-
cult to eliminate. However, it is plausible that can-
cer growth can be abrogated if we target pathways 
critical for cancer cell survival. This ‘Achilles heel’ 
theory has been conceptualized in the hypotheses 
of oncogene addiction and synthetic lethality 
[Weinstein, 2002; Kaelin, 2005].

One of the proposed approaches for how to over-
come tumor heterogeneity is developing combi-
nation therapies that can attack multiple targets 
important for tumorigenesis or resistance to ther-
apy. However, previously summarized data from 
the Sanger group demonstrating diverse muta-
tions in different areas of tumor challenged the 
idea of devising effective combinations as it is 
clearly not feasible to combine drugs to target 
every single abnormality [Gerlinger et al. 2012]. 
In addition, there is significant interpatient 
genomic heterogeneity, which makes develop-
ment of a universally applicable combination 
therapy impossible [Wood et al. 2007].

Cell signaling can be viewed as a network of pro-
teins that mutually influence each other through 
cross-talk and other mechanisms. It is conceiva-
ble, however, that only some proteins serve as 
critical hubs for cellular function. If this assump-
tion is correct, then targeting these critical hubs 
could cause a sufficient lethal effect in most can-
cer cells. To determine which molecular aberra-
tions comprise critical hubs requires a better 
understanding of system biology, the functional 
consequences of different molecular aberrations, 
functional interactions among multiple cancer-
related pathways, critical convergence nodes and 
hubs in cancer circuits. For instance, in 
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preclinical models of breast cancer cell lines with 
PIK3CA mutations, treatment with the single 
agent BEZ235, a PI3K/mTOR inhibitor, led to an 
apoptotic response only in the presence of BIM 
expression, whereas paclitaxel was similarly effec-
tive irrespective of BIM expression [Faber et al. 
2011]. Also, PIK3CA mutations can increase the 
expression of other factors such as heregulin, 
which lead to oncogenic pathway activation inde-
pendent of PI3K [Chakrabarty et  al. 2010]. 
Finally, monotherapy with mTOR inhibitors can 
result in feedback activation of AKT signaling 
[Carracedo et  al. 2008; Rodrik-Outmezguine 
et al. 2011]. Similarly, it has been demonstrated in 
patients with diverse advanced cancers that 
PIK3CA mutations often coexist with simultane-
ous KRAS mutations. Preclinical data and early 
clinical observations demonstrated that tumors 
with these combined mutations could respond to 
combinations of PI3K and MEK inhibitors 
[Engelman et al. 2008]. Finally, BRAF inhibition 
is effective in advanced melanomas with BRAF 
V600 mutations; however, in advanced colorectal 
cancer with the same mutation, treatment with 
the BRAF inhibitor vemurafenib led to dismal 
outcomes [Flaherty et  al. 2010; Kopetz et  al. 
2010]. Subsequently, preclinical models in colo-
rectal cancer demonstrated multiple resistance 
pathways, such as PI3K pathway activation, 
abnormal methylation, and activation of the 
EGFR [Prahallad et al. 2012; Mao et al. 2013].

Monitoring molecular profiles in real time
As previously mentioned, most molecular profil-
ing approaches assess DNA from formalin-fixed 
paraffin-embedded archival tumor samples 
obtained during routine therapeutic or diagnostic 
procedures. A pivotal BATTLE trial in advanced 
nonsmall cell lung cancer proofed the concept 
that even lung lesions can be biopsied on a regular 
basis; however, it did not address the fact that the 
molecular profile might change over time [Kim 
et  al. 2011]. The plasticity of molecular profiles 
was elegantly demonstrated in a small study in 
patients with advanced EGFR-mutant nonsmall 
cell lung cancer treated with anti-EGFR tyrosine 
kinase inhibitors, who underwent sequential 
biopsies at the time of disease progression [Sequist 
et  al. 2008]. Selection pressure from treatment 
with EGFR inhibitors led to the emergence of 
secondary aberrations such as an EGFR T790M 
mutation, MET amplification or PIK3CA muta-
tions. Interestingly, when treatment was changed 
to standard chemotherapy and the selection 

pressure toward EGFR was no longer applied, 
resistance aberrations often disappeared in subse-
quent biopsies and patients responded again to 
retreatment with anti-EGFR therapy.

These results underscore the need for molecular 
profiling in real time, which can be used as a tool 
for adjusting molecularly targeted therapy regi-
mens to reflect changing cancer genotypes. In 
addition, the molecular profile of tissue biopsies 
depends on the site of a biopsy, which can provide 
inadequate information about underlying aberra-
tions. Collectively, these issues can lead to the 
mixed response phenomenon when cancer 
responds to targeted therapy in areas with a tar-
geted molecular aberration present and disease 
progression in areas where the targeted aberration 
is absent (Figure 1).

From a practical and safety standpoint, sequential 
or multiple biopsies can rarely be implemented in 
routine clinical care because of logistical, finan-
cial and ethical barriers. Ideally, tumor biopsies 
would be needed at the time of restaging scans, 
possibly even more often. This is not feasible, 
even in a clinical research setting. Therefore, 
developing new, noninvasive techniques for gar-
nering the greatest amount of information at mul-
tiple time points from the least amount of available 
biologic material is of paramount importance  
for furthering personalized therapy [Crowley 
et  al. 2013; De Mattos-Arruda et  al. 2013a]. 
Furthermore, there is a clear need for a new, inex-
pensive, and easily obtainable source of material 
for analysis of tumor molecular aberrations. Cell-
free DNA is released to the circulation from cells 
undergoing apoptosis, necroptosis and active 
secretion, and has been identified in the plasma of 
patients with cancer (Figure 2) [Leon et al. 1977; 
Shapiro et al. 1983]. Cell-free DNA can also orig-
inate from inflammatory cells and other cells in 
the tumor microenvironment; however, it is 
assumed that a substantial proportion of cell-free 
DNA originates from cancer cells [Nawroz et al. 
1996]. This cell-free DNA can be isolated from 
plasma or serum samples of patients with 
advanced cancers.

Because plasma cell-free DNA can originate from 
multiple tumor sites, arguably its molecular anal-
ysis may actually better reflect prevailing molecu-
lar aberrations [Forshew et  al. 2011; Murtaza 
et  al. 2013]. In addition, unlike tissue biopsies, 
obtaining samples of cell-free DNA is a noninva-
sive approach, with less risk to patients at a lower 
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cost. Furthermore, cell-free DNA can be used to 
assess biological material at multiple time points 
and provide valuable information about genetic 
changes that occur during the disease trajectory, 
which is not a static process [Sequist et al. 2011].

To date, most data on mutation analysis of cell-
free DNA has been demonstrated using polymer-
ase chain reaction (PCR) based technologies. A 
pilot study of 18 patients with metastatic colorec-
tal cancer who were indicated as being candidates 

Figure 1. A 59-year-old patient with heavily pretreated advanced ovarian cancer experiencing a mixed 
response to treatment with an mTORC1 inhibitor reflecting heterogeneous PIK3CA mutation status.

Figure 2. Concept of tumor-derived cell-free DNA released to the circulation.
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for surgical resection or radiofrequency ablation 
showed that cell-free DNA from plasma samples 
can be isolated and oncogenic mutations (APC, 
KRAS, TP53) can be detected in all tested patients 
using a PCR-based technology called BEAMing 
[Diehl et  al. 2008]. In addition, pharmokinetic 
analysis of a quantity of mutant copies more accu-
rately predicted disease progression than stand-
ard evaluation of serum carcinoembryonic antigen 
(CEA) levels. Another study tested massive paral-
lel sequencing used to detect rearrangements in 
circulating tumor DNA from patients with breast 
and colorectal cancer as markers of residual dis-
ease [Leary et al. 2010].

Chromosomal instability and rearrangements 
are universal features of human cancers 
[Lengauer et  al. 1998]. Diagnosis of specific 
chromosomal translocations revolutionized the 
diagnostics of minimal residual disease in leuke-
mia and lymphoma, while the same concept 
applied to solid tumors remains controversial 
[Braun et  al. 2000; Janku et  al. 2004, 2008]. 
Furthermore, two pilot studies in advanced 
colorectal cancer patients that were wildtype for 
KRAS demonstrated emerging mutant KRAS 
DNA during treatment with anti-EGFR therapy 
[Diaz et al. 2012; Misale et al. 2012]. The first 
study reported that 38% of patients treated with 
the anti-EGFR monoclonal antibody cetuximab, 
who were known to have wildtype KRAS on the 
basis of tumor tissue analysis, developed KRAS 
mutations. These mutations were detectable in 
blood samples, usually between 5 and 6 months 
following treatment [Diaz et al. 2012]. The sec-
ond study in patients who developed resistance 
to cetuximab or panitumumab showed the emer-
gence of KRAS amplification in one sample and 
acquisition of secondary KRAS mutations in 
60% of the cases. KRAS-mutant alleles were also 
detectable in the blood samples of cetuximab-
treated patients up to 10 months before disease 
progression appeared on restaging scans [Misale 
et al. 2012].

Currently, the major barrier to implementing 
genetic analysis in the clinic is the lack of multi-
plexing capability with PCR technologies, which 
are often capable of testing only one mutation at a 
time. Several attempts were made to use high-
throughput, massively parallel next-generation 
sequencing to detect mutation in plasma cell-free 
DNA; however, reports uniformly suggested a 
detection limit of identifying 1 mutant in 100 
wildtype alleles at best, which is likely not sufficient 

for many clinical scenarios [Forshew et al. 2012; 
Dawson et al. 2013; Murtaza et al. 2013].

Conclusion
Tumor heterogeneity is a significant challenge to 
the implementation and success of targeting ther-
apies to matched molecular targets into routine 
clinical care and certainly limits therapeutic out-
comes. Various factors and approaches can, if 
implemented, help overcome this problem. One 
strategy is moving the use of targeted therapies 
matching appropriately selected targets to earlier 
stages of disease, in which fewer molecular aber-
rations have presumably accumulated and which 
renders the tumor more sensitive to matched tar-
geted therapy. Second, single agent targeted ther-
apies are unlikely to have a significant impact on 
most cancers even if an appropriate molecular 
abnormality is identified. Therefore, identifica-
tion of critical molecular hubs, which if targeted, 
can lead to synthetic lethality in most cancer cells. 
This underscores the necessity of developing 
rationally designed combinatory therapy strate-
gies. In addition, existing clinical trial models will 
need to be redefined to reflect individual varia-
tions detected through the use of genomic tech-
nologies. Third, a molecular profile can change 
over time as a consequence of the accumulation 
of molecular aberrations developing during can-
cer progression and resulting from selection pres-
sure of prior therapies. Therefore, novel 
technologies are needed to monitor cancer geno-
types in real time to allow adjustments in cancer 
therapy regimens.
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