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Abstract

Defining treatment susceptible or resistant populations of cancer patients through the use of 

genetically defined biomarkers has revolutionized cancer care in recent years for some disease/

patient groups. Research continues to show that histologically defined diseases are diverse in their 

expression of unique mutations or other genetic alterations, however, which presents both 

opportunities for the development of personalized cancer treatments, but increased difficulty in 

testing these therapies because potential patient populations are divided into ever-smaller numbers. 

To address some of the growing challenges in biomarker development and clinical trial design, 

NCCN assembled a group of experts across specialties and solid tumor disease types to begin to 

define the problems and to consider alternate ways of designing clinical trials in the era of multiple 
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biomarkers and targeted therapies. Results from that discussion are presented, focusing on issues 

of clinical trial design from the perspective of statisticians, clinical researchers, regulators, 

pathologists and information developers.

Introduction

Clinical trials in oncology are more likely to fail than those in any other disease area1. Many 

fail in Phase III, after great expense and many years of effort2,3. Assuming that most 

decisions to proceed to phase III are based on reasonable data sets, it is critical to understand 

why the phase III trial results are so often not as expected.

The heterogeneity of cancer across and within a disease is likely one of the reasons. We now 

know that cancer is primarily a disease driven by genetic and epigenetic changes that affect 

key cellular processes associated with the malignant phenotype4. The identification of the 

large array of different genetic alterations in both common and rare cancers has led to a 

reclassification of these diseases. Cancers that have historically been grouped together 

according to histologic attributes can now be categorized into ever smaller subgroups, often 

with unique prognoses and responses to both standard and targeted treatments. The 

heterogeneity is not just amongst cancers in different patients but also exists between and 

within tumor sites in the same person5. Therefore, specific therapeutic interventions may 

apply a selection pressure, which in this heterogeneous background can lead to a Darwinian 

evolution of the tumor’s characteristics6.

The recognition of this heterogeneity has led us away from a ‘one size fits all’ model of 

cancer therapeutics and fueled many of the recent major advances in cancer care. For 

example, testing for epidermal growth factor receptor (EGFR) mutations in non-small cell 

lung cancer (NSCLC) to preferentially direct the 10–15% of Western patients who test 

positive for the mutation toward an EGFR tyrosine kinase inhibitor for first-line treatment of 

advanced disease is now standard. This treatment has been shown to be superior to 

chemotherapy in this population in terms of response rate and progression free survival 

(PFS)7,8. Similarly, ERBB2(HER2) expression/amplification in breast cancer informs both 

advanced and early stage treatment decision-making. Testing for HER2 and use of HER2 

targeted therapy in positive patients has become the standard of care9–13. Because genomic 

aberrations often do not segregate by organ of origin, reclassification of cancer based on 

genomic alteration across tumor types may yield larger subgroups.

Although the use of predictive biomarkers to individualize treatment has revolutionized care 

in some cancer subtypes, the paradigm of one companion diagnostic, one drug and one 

clinical trial may not represent the most efficient or effective use of resources in the current 

medical, scientific and economic environment.

In order to further this conversation, NCCN convened a panel of experts in the areas of 

clinical research in multiple solid tumor types, clinical trial design, statistics, pathology, and 

regulatory affairs to discuss recent results, lessons learned, current challenges, future 

strategies, and concerns that are relevant across specialties. This article presents the results 
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and recommendations of the NCCN Working Group on Clinical Trial Design in the Era of 

Multiple Biomarkers and Targeted Therapies.

Novel Trial Design

Novel clinical trial designs are being explored in an attempt to expedite the development and 

approval of new drugs. I-SPY2 (Investigation of Serial Studies to Predict Your Therapeutic 

Response With Imaging and Molecular Analysis 2) is a phase II screening study that uses an 

adaptive randomization strategy to test multiple drugs and biomarkers in the early treatment 

of breast cancer. The real-time assessments of each therapy enables more rapid decisions to 

be made regarding the likelihood of success, with the expectation that less-hopeful drugs 

will be abandoned while promising agents graduate to smaller targeted phase III trials. A 

Phase II/III strategy, Lung-MAP (Lung Cancer Master Protocol) study, has recently begun to 

accrue patients. In this study, next generation sequencing (NGS) is being used to assign 

patients with squamous NSCLC to 1 of 5 substudies, each based upon a single biomarker 

and matched drug. The bucket or basket navigation trial assigns patients to a treatment group 

based upon biomarker profile without consideration of histology or tissue of origin. This has 

been used in one case to direct patients to appropriate phase I clinical trials (PREDICT), and 

other such studies are in the planning stages (MATCH).

Lessons Learned From an Adaptive Phase II Screening Trial: The I-SPY2 Trial in Breast 
Cancer

I-SPY2 is a phase II trial in breast cancer targeting women with large primary tumors (>3 

cm) in the neoadjuvant setting. All candidates are screened for biomarker status, including 

estrogen receptor, ESR1(ER) and progesterone receptor, PGR(PR) expression (+/−), HER2 

expression/amplification (+/−) and MammaPrint® 70 gene expression prognostic signature 

(MP high, MP low)14. The focus of the study is on disease at an early, potentially curable 

state. Patients with MP low, Her2−, ER/PGR+ tumors are excluded from participation, 

because neoadjuvant chemotherapy is not an effective therapeutic strategy for most of these 

women15. The study includes 10 of the most prevalent biomarker signatures, divided among 

8 or more experimental treatment arms. The design of the study involves addition of 

experimental drugs to chemotherapy with paclitaxel for 12 weeks, or paclitaxel plus HER2 

inhibitors for those subsets with HER2 positive tumors (Figure 1). Then patients are treated 

with doxorubicin and cyclophosphamide chemotherapy, followed by surgery. Biopsy 

samples are collected at 4 points during the treatment cycle. The endpoint of the study is 

defined as pathologic complete response (pCR), based upon tumor tissue collected at 

surgery14. The FDA has recently released a draft guidance outlining the terms under which 

pCR is an appropriate endpoint for accelerated approval of antineoplastic agents for breast 

cancer when used in the neoadjuvant setting16.

The trial uses a Bayesian adaptive design, meaning that the probabilities that the current 

patient’s tumor will benefit from each of the available experimental therapies are calculated 

and the patients therapy is assigned proportional to these probabilities. This predictive 

probability is then used to select incoming patients for the experimental treatment arms that 

are most likely to succeed, based upon the patients’ biomarker signatures. Drugs from 

Venook et al. Page 3

J Natl Compr Canc Netw. Author manuscript; available in PMC 2017 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



several companies are used in the trial, and regimens are paired with biomarkers in a 

continual screening process. The trial encompasses 20 centers and more thano 650 patients 

have been enrolled to date.

Two of the first 7 drugs tested have met the predetermined experimental threshold for 

graduation from the trial, defined as a calculated 85% Bayesian predictive probability of 

success if that combination of agents were tested against a control in a randomized phase III 

clinical trial of 300 patients, using a primary endpoint of pCR. Veliparib, a poly(ADP-

ribose) polymerase inhibitor17, is one of the first “graduates”. It graduated with a signature 

of triple-negative breast cancer (HER2−, ER−, PR−). Preliminary results were presented at 

the San Antonio Breast Cancer (SABC) meeting in December 2013, based upon 72 patients 

overall compared with 44 control patients. The study showed that among triple-negative 

patients veliparib plus carboplatin has a probability of 0.99 of being superior to control 

treatment and a predicted probability of success of 0.90 in a 300 patient phase II trial18–20. 

Neratinib, an EGFR, HER2, HER4 inhibitor,21 is the other graduate. In February 2014 

investigators presented the results of 115 patients who received neratinib compared with 78 

control patients at the American Association for Cancer Research annual meeting. The 

drug’s graduating signature was HER2+/ER−PR−.22

Whether these drugs will in fact show the efficacy that is expected and will be superior to 

other drugs already in use remains to be seen. However, an “extended adjuvant” trial was 

announced in July 2014 showing a statistically significant 33% reduction in the risk of 

disease events for patients with HER2+ tumors treated with neratinib after trastuzumab.23

Benefits to adaptive platform design illustrated by I-SPY2

Adaptive trial designs as illustrated by I-SPY2 allow investigators to formulate an estimate 

of the likelihood of success when matching drugs with biomarker profiles, thus fast-tracking 

therapies to be more easily tested in smaller, targeted phase III trials. Interim analyses and 

selection of a validated surrogate endpoint (pCR) also allow the trial to reach initial 

conclusions more rapidly. Other efficiencies are accomplished by the multidrug trial using a 

single control arm for multiple experimental therapies. The fact that it is more likely for a 

patient to be assigned to a therapy, particularly a therapy that is statistically more likely to 

work with the individual biology of that patient’s tumor could also increase patient 

satisfaction and lead to increased trial participation14,24–28.

Lessons Learned: Designing the Lung Cancer Master Protocol

Another study that uses a novel design to test multiple therapies simultaneously is the Lung-

MAP study29–32. This study recently began accruing patients to second-line therapies for 

squamous cell lung cancer. The initial version of the study includes 5 parallel, independently 

conducted substudies testing investigational drugs or regimens against a randomized control 

arm of standard licensed second-line therapies in NSCLC (mostly docetaxel) in groups with 

the same biomarker profile. Investigational drugs are selected based upon the availability of 

an analytically valid biomarker, and include a cyclin-dependant kinase inhibitor, a PI3 kinase 

inhibitor, an anti-hepatocyte growth factor (HGF) monoclonal antibody, and a fibroblast 

growth factor receptor (FGFR) tyrosine kinase inhibitor. NGS, provided by Foundation 
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Medicine and immunohistochemistry (IHC) will be used to establish biomarker profiles. 

Biomarker status determines patient assignment to substudy, and sufficient flexibility exists 

to allow for additional markers and agents to roll into the trial (Figure 2).

Patients will be assigned to a substudy based upon biomarker profiling by NGS of 250 target 

genes, or in the case of the HGF inhibitor, by IHC for MET expression. Patients who do not 

have any of the qualifying biomarkers will be assigned to the “non-match” sub-study, and 

randomized to treatment with MedImmune’s PDL1 inhibitor or docetaxel, thus giving all 

patients entering the trial a possibility of receiving a new therapeutic agent.

The study is a multi-substudy phase II/III trial, with PFS as the primary endpoint of the 

phase II portion of the trial, assessed as an interim analysis after 55 progression events. If 

futility is established, that arm of the trial is closed to further accrual. The phase III portion 

of the trial, which can seamlessly follow the phase II interim analysis, uses PFS and overall 

survival (OS) as co-primary endpoints. Approximately 500 to 1000 patients are targeted to 

be enrolled per year, with new agents and markers rolling into the trial as new substudies. 

Final analysis will begin when 256 OS and 290 PFS events have occurred. Unfortunately, 

given the natural history of this disease in these patients (median OS of 8 to 9n months and 

PFS of approximately 3 months), the results of this trial will be known quickly.

This master protocol is groundbreaking for a variety of reasons: the creation of a framework 

able to simultaneously test therapies from a variety of companies using a single (or limited) 

type of eligibility testing—in this case NGS—is a key step. Using a single platform for 

biomarker screening, rather than an individual companion diagnostic paired with each 

experimental therapy, should improve efficiency within this trial, and may provide an 

example that can be extended to other diseases. The combined phase II/III design allows for 

interim analyses to stop a study early, especially because the investigators have established a 

high bar for drugs to continue past the phase II portion of the trial. MASTER will be 

followed closely and the lessons learned will inform studies in other diseases.

Lessons Learned From the MD Anderson Cancer Center (MDACC) Phase I PREDICT 
Basket Navigation Trial

A third type of clinical trial that uses biomarker testing in a novel application is the disease 

site of origin agnostic ‘basket’ navigation type of trial, whereby patients are screened for 

mutations or other biomarkers, and then assigned to treatment groups or clinical trials based 

upon biomarker screening, regardless of the site of the tumor. In other words, the molecular 

profile is used to make a “diagnosis” that leads to therapy. One example of this type of trial 

implemented at MDACC in the form of a phase I clinical trial program was the PREDICT 

(Profile-Related Evidence Determining Individualized Cancer Therapy) program. Patients 

with advanced or metastatic cancers refractory to therapy, who had experienced relapse after 

standard therapy, or who had a tumor for which there was no standard therapy were referred 

to the phase I program. As one of the criteria for entry into the clinical trials program, 

patients were assessed by PCR based sequencing for several molecular aberrations, 

including mutations in PIK3CA, BRAF, KRAS, NRAS, EGFR, KIT, GNAQ, TP53, MET, 

and RET33. Based upon their mutation/aberration profile, they were then matched with 

targeted therapies that were available either on prescription or within existing trials within 
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the institution. Therapies were considered to be matched if the drug in the trial was known to 

inhibit the target in question at low nmol concentrations however each biomarker was not 

necessarily already proven to be an effective predictive biomarker, nor the drug an effective 

inhibitor of that pathway in the clinic. 1283 molecular analyses were requested, 1144 were 

able to be performed, and of these, 60% showed no aberrations in the genes tested, 33% had 

single gene aberrations, 6.4% had two gene aberrations and 0.7% (8 patients) had three or 

more of the aberrations tested (Figure 3). Of the patients with single gene aberrations 

referred to phase I clinical trials, 175 received matched therapy, and 116 received therapy 

without matching. In the group that received matched therapy, 27% obtained a complete 

(2%) or partial (25%) response, compared with 5% (all partial responses) of those receiving 

non-matched therapies (Figure 3).

Results of this trial were sufficiently positive in the opinion of some investigators that further 

randomized studies are planned, although the success will be dependent upon the quality of 

both predictive biomarkers and the drugs in question. In addition, a National Clinical Trials 

Network (NCTN) sponsored phase II trial, MATCH, is currently in the planning phase.32 

This trial will use NGS of approximately 200 genes supplemented by fluorescence in situ 
hybridization (FISH) and IHC. Genes selected for sequencing have all been matched with 

targeted therapies, either FDA approved for treatment in some type of cancer, or with 

evidence for activity against one of the selected targets. Patients enrolled in the study will be 

followed for response and PFS. When their tumors progress, patients will be removed from 

the study. An estimated 3000 patients will need to be screened to enroll 1000 with targetable 

aberrations, and the study is expected to take 3 to 4 years to complete. It is anticipated that 

follow-up phase II trials will be needed to provide further clinical evidence of efficacy for 

the drugs shown to have activity in one of the biomarker defined populations.

One obstacle to the more general implementation of this strategy of clinical trial design is 

the definition of an “actionable” mutation. In terms of proven efficacy, most patients 

screened did not show mutation profiles with an actionable genetic alteration. However, in 

the years since this program began more patients are found to have alterations that could be 

deemed “actionable”. The expense incurred by screening all patients to target treatment to a 

small minority is a significant barrier, and funding sources need to be determined. However, 

as a method by which patients can be triaged into appropriate clinical trials, this expense is 

justified. The percentage of treatable patients will potentially increase assuming more 

clinically active targeted agents are identified, and as the cost for comprehensive mutation 

screening continues to fall, comprehensive molecular genetic profiling will be more practical 

in the general cancer population as a part of routine cancer care.

In summary, novel strategies will be needed to address the increasing complexity of cancer. 

Trials will need to be designed with earlier endpoints and intermediate analyses, allowing 

for sequential therapies as treatments fail or resistance emerges.

Validation of Technology and Tissue Sampling

Another area that must be considered when developing a clinical trial design is the testing 

technology itself, and the allocation and use of necessary tissue samples for performing the 

test. At the most basic level, the quantity and quality of the tissue sample is critical for 
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adequate and accurate testing. The quality of the sample may be affected by several 

preanalytic variables including collection methods, handling, fixation and storage. Standard 

operating procedures must be generated for techniques of tissue sampling, handling and 

storage to meet the requirement of the test. Guidelines for tissue suitability must be 

established, including acceptable limits of nonneoplastic tissue in the biopsy samples, 

specific processing of bone lesions to preserve the integrity of nucleic acid, and specific 

limitations on tissue quantity for adequate performance of the assay.

Samples from metastatic sites in particular can be problematic, and may be the focus of 

clinical trial testing in oncology. Lesions metastatic to bone, for example, would require 

specific handling and avoidance of routine decalcification methods to preserve suitability of 

the tissue for molecular studies. Depending on the sensitivity of the assay chosen, lesions 

metastatic to lymph nodes may prove difficult to test because of the presence of lymphoid 

tissue, which can rapidly dilute the tumor content, whereas local changes surrounding 

metastatic loci may contain fibrosis and inflammation, causing a similar diluting effect. 

Furthermore, a large biopsy does not necessarily translate into a large amount of suitable 

tumor tissue. In some cases, aspirates have been shown to be equally suitable and often 

preferable to biopsies, owing to a larger percentage of tumor cells and less fragmented DNA. 

Consultations with institutional pathologists, surgeons and interventional radiologists to 

determine the best procedures to obtain high-quality samples are vital to establishing 

parameters for biomarker testing within clinical trials.

Validating an assay and its associated technology is also extremely important. Performance 

characteristics for assays that derive from the newest technologies can be difficult to prove, 

because of a paucity of historical data and a lack of determined gold standards for 

comparison. Other risks are associated with introducing new technologies into clinical 

practice and clinical trials. Technologies may not be mature and the sources of technical bias 

may not yet be known. On the other hand, now that the genomic drivers of cancer are better 

understood, performing clinical trials without molecular selection is likely to continue to 

yield many trial failures. Further, technological advancements in genomic sequencing have 

occurred at a startling pace, and fully understanding the implications of these technologies 

requires their rapid incorporation into clinical trials that permit learning throughout the trial 

life cycle.

As an example of the challenges, consider the situation where a trial required validated 

testing for specific BRAF mutations across a variety of tumor types. Methods available to 

accomplish this included: direct sequencing, locked nucleic acid-peptide nucleic acid PCR 

clamp-based testing, matrix-assisted laser desorption ionization time of flight (MALDI-

TOF) mass spectrometry, NGS methods, or IHC with mutation-specific antibodies. Tissue 

samples for this study could be variable, and come from several different neoplastic disease 

processes, including hairy cell leukemia, plasma cell neoplasms, thyroid carcinoma, colon 

cancer, NSCLC and melanoma34–36. The initial approach taken was to attempt to validate 

IHC as a screening method. IHC has the advantage of being readily available in most 

pathology labs, is able to be automated, and has minimal requirements for tissue. However, 

further attempts to validate the IHC assay showed that this methodology also has some 

distinct disadvantages. Poorly fixed or old archival tissue leads to suboptimal antibody 
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performance, and standard techniques for decalcification (mainly with HCL and PCN 

samples)also lead to poor performance. A high variability of staining was seen depending on 

the tissue source, and interpretation varied also with the type of malignancy.

DNA based methods, such as MALDI-TOF and Sanger sequencing, are highly reproducible 

and have low requirements for DNA, but are not sufficiently sensitive for use with samples 

with a low tumor content, a problem anticipated with hairy cell leukemia and plasma cell 

neoplasia samples, and small biopsies and fluid samples with low numbers of neoplastic 

cells. NGS methods were also considered, using a custom panel and Amplicon capture 

methodology that was available in-house within the institution. However, this had a higher 

requirement for DNA, a longer turnaround time and was insufficiently sensitive in many 

cases. Thus, for a single study requiring analysis of a single biomarker, it was necessary to 

validate several platforms and establish multiple workflows in order to accommodate 

differences and quality of sample types.

Considering all of the potential issues with using variable in-house methodology for gene 

mutation analysis, multisite site studies should standardize the techniques used and consider 

a central provider of these services whenever possible. Because of the additional variability 

when multiple single-gene assays are used, plus the inefficient use of tissue and expense 

with this approach, multiplexed assays are becoming increasingly popular. Although both 

single gene and multiplex assays can be conducted in an academic setting, commercial 

vendors do exist. However, some factors must be considered when using centralized 

commercial laboratory services. First, it is plausible that if this approach becomes 

widespread, restricting molecular diagnostics to one or only a small set of vendors will 

increase the costs significantly because of lack of competition, with the end result that fewer 

patients will have molecular profiling performed. In some commercial cases, results are 

delivered without details on the underlying data or of the bioinformatics tools used to 

perform the analyses—essentially results are presented in a black box. Bioinformatic 

programs may be platform specific or unavailable for outside analysis, with limited data for 

direct comparison of performance among the available programs, limiting the ability of 

researchers to independently validate results of the analyses. Separate from the issues with 

commercial providers, NGS platforms, wherever performed, can have other technical issues 

associated with data interpretation, including difficulties in sequencing GC rich regions, 

sequencing errors that appear at the ends of reads, and homopolymers being susceptible to 

insertion-deletion errors. Thus, thresholds to call variants can vary across platforms, 

programs and users.

In light of these many sources of variation, standards and guidelines for every step of the 

process from tissue acquisition to data analysis are absolutely required to avoid site-to-site 

variability in a multi-site trial. Centralized testing may be one solution, but does come with a 

price in terms of turnaround time and potentially also in transparency if a commercial 

vendor is used. Perhaps the most important takeaway is that close communication between 

the assay designers and pathologists is necessary to ensure that complexities of biopsy, 

tumor, and disease processes and assays are taken into consideration, so that variants are 

accurately assessed and patients are appropriately assigned to trial categories.
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Challenge: An Education Gap

Implementing many of these concepts into clinical practice has been challenging at best. 

Complexity of testing and molecular data generation has led to a formidable education gap. 

The recognition that aberrations in signal transduction pathways, DNA repair pathways, 

apoptosis, chromosomal instability and other central cellular processes may be the direct 

cause of malignant transformation does not immediately translate into clinical utility. 

Oncologists in practice will be hard-pressed to stay abreast of the burgeoning field and to 

counsel patients on the ramifications of aberrations found in their tumors. A need exists for 

cancer genetic information that can be used by physicians to elucidate this morass to their 

patients.

One such resource available on the Vanderbilt University website is the My Cancer Genome 

web based information portal37. This site began by covering mutations in NSCLC and 

melanoma and has since expanded to include 21 disease sites, 56 genes, and 416 disease-

gene-variant relationships, and will continue to include more disease entities and genetic 

aberrations38. The site is designed to be used by physicians at the point of care, so that if a 

patient’s mutation results from a multigene panel were available, the oncologist could then 

use the site to find data underlying the association of a particular mutation with the disease 

and could then learn whether targeted treatments were available or in development. Data 

displayed include details on the particular mutation, its frequency in the disease and 

implications for targeted therapies, and links to ongoing clinical trials. Dates of most recent 

information update and direct links to relevant references are also included.

This information has also been linked directly to the electronic health record system in use at 

the Vanderbilt University hospital39,40 so that when multigene mutation results are included 

in a patient’s record, selecting the mutation on the electronic record will automatically 

access the relevant mutation page. Because of the direct link to mutation-based clinical 

trials, this can also facilitate greater trial referral and enrollment. Participation in clinical 

trials hovers at 3 to 4% nationally, and if treatments are to be developed for all of the genetic 

variants that are currently being discovered, this number will have to increase dramatically at 

both community sites and academic centers. A thoughtfully built and integrated information 

resource like My Cancer Genome can help facilitate this process. Future plans for the site 

include a patient centric view.

Issues In Specific Tumor Types

BRAF Mutations in Melanoma

Melanoma is among the cancers with increasing incidence in the United States, with at least 

76,000 anticipated diagnoses and an estimated 10,000 deaths occurring in 201441. Although 

84% of patients are diagnosed at stage 1, with 5 year survival rates greater than 90%, this 

plummets to a median survival of only 6–9 months for those diagnosed with metastatic 

disease, with 16% surviving at 5 years. The BRAF gene, which encodes a serine/threonine 

protein kinase in the MAP kinase (MAPK) pathway downstream of RAS, is mutated in 

approximately 40% of human melanomas42. Most of these mutations are the result of valine 

(V) to glutamate (E) or lysine (K) substitutions at amino acid position 600, resulting in a 
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constitutively active form of the kinase43. Vemurafenib and dabrafenib are selective kinase 

inhibitors that bind to the mutated form of BRAF in the ATP binding site, thereby blocking 

further downstream signaling. These agents have been FDA-approved for the treatment of 

patients with unresectable or metastatic melanoma who harbor a BRAF V600E 

mutation43–46. Importantly, both inhibitors have been shown to improve OS and PFS, with 

medians of approximately 13 to 15 months and 6 to 7 months, respectively. In parallel with 

the FDA approvals, development of a paired companion diagnostic test for each agent is also 

noteworthy.

Understanding the relevant signal-transduction pathways is critical to further drug 

development. When a patient harbors an activating mutation in BRAF, the downstream 

kinase MEK is also activated. This recognition led to the development of trametinib, a MEK 

inhibitor45,47,48. Trametinib is indicated as a single agent and in combination with 

dabrafenib in patients with unresectable or metastatic melanoma that harbor a BRAF V600E 

or V600K mutation. It is important to understand that MEK inhibition in BRAF mutation-

positive patients appears to have a lower response rate and shorter PFS and OS when 

compared to the BRAF inhibitors, and that MEK inhibition is not effective in patients who 

have progressed on a prior BRAF inhibitor. However, the combination of BRAF and MEK 

inhibition in the appropriate patient population does improve response rate and PFS, 

although somewhat more modestly than one would hope.45,49 Collectively, these targeted 

therapies represent a substantial step forward in the treatment of patients with BRAF-

mutated melanoma.

Nonetheless, despite recognition of a driver mutation and the availability of targeted 

therapies, responses to single agent MEK or BRAF inhibitors, or the combination of both 

MEK and BRAF inhibition, are only approximately 25%, 50% and 70%, respectively. 

Furthermore, as indicated previously, responses tend not to be durable, with most patients 

found to have progressive disease in 6 to 7 months. Understanding mechanisms of resistance 

and the development of other effective therapies is paramount for further advances in the 

treatment of melanoma.

Several resistance mechanisms have been proposed. For example, MAPK pathway 

activation, such as CRAF activation or upregulation of COT/Tp12 has been implicated in 

resistance to BRAF targeted therapy.50 Interestingly, this paradoxical activation has been 

proposed as an etiologic factor in the development of squamous cell carcinomas of the skin, 

which may occur in patients treated with BRAF inhibitors.51,52

Resistance is also thought to be mediated by reactivation of the MAPK pathway through 

upstream (NRAS) or downstream (MEK) mechanisms. Furthermore, resistance not mediated 

by the MAPK pathway has been shown to arise through upregulation of other signal 

transduction pathways such as the PI3 kinase/AKT pathway. Therefore, approaches utilizing 

inhibition of two parallel pathways are also being explored.50

It is worthy to note that sensitivity to BRAF inhibitors is not only dependent on presence of 

the activating mutation, but also of the tumor type under study42,46,50,53,54. For example, 

although the BRAF inhibitors have led to impressive advances in the treatment of 
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melanoma, and some success in patients with BRAF-mutated NSCLC55, they seem to have a 

relative lack of efficacy in colorectal cancer, even in patients who have a BRAF V600E 

mutation56,57.

The Development of ALK Inhibitors in NSCLC

Molecular analyses have proven value in non-small lung cancer with a variety of driver 

mutations identified and active targeted therapies either licensed or being explored in clinical 

trials.58 Although the exploitation of activating EGFR mutations as the major determinants 

of responsiveness to the EGFR TKIs erlotinib, afatinib, or gefitinib largely occurred 

retrospectively after the initial development of these drugs, newer examples of personalized 

therapy in lung cancer have occurred prospectively59–61. Perhaps the best example is 

represented by activating rearrangements of the anaplastic lymphoma kinase (ALK) gene, 

which have been found in 4 to 7% of NSCLC patients. ALK inhibitors have demonstrated 

significant clinical activity in patients with tumors harboring these rearrangements 62. 

Lessons learned through the development of biomarker tests and associated targeted 

therapies directed against ALK can potentially be applied to clinical trial design in other 

malignancies63.

The initial phase I trial of crizotinib, a potent ALK and MET inhibitor, was designed to 

enroll a series of expanded cohorts at the recommended phase II dose based not on histology 

per se, but on tumors with proven evidence of ALK or MET activation64. Following the 

discovery of ALK in lung cancer that occurred after the phase I study had begun accrual, the 

protocol was amended to allow an ALK+ NSCLC cohort to be added. One lesson from this 

approach was that the strong signal that eventually led to the rapid approval of crizotinib in 

ALK+ NSCLC based on its activity in several hundred patients was apparent very early on. 

Waterfall plots of the first 19 patients and those from over 100 patients had almost identical 

shapes65,66 (overall response rate, 53% vs 61%). When the efficacy signals are so strong it is 

difficult to know how to determine the necessary numbers of patients for a drug approval. 

This issue becomes all the more pressing when the specific subtype of cancer being targeted 

is rare, because large randomized studies comparing the treatment with standard therapies 

may not be feasible. Increasingly, regulatory agencies have shown flexibility, with 

accelerated and conditional approvals based on dramatic activity even in small numbers of 

patients. Most recently, the advent of FDA “breakthrough status” for promising drugs/

development approaches allows sponsors much closer contact with senior members of the 

agency to try and maximize the chances of successfully developing effective agents.

The second lesson learned is that there needs to be balance between the perceived 

heterogeneity of local biomarker testing for clinical trial eligibility and the perception that 

testing in a large central laboratory will necessarily be superior in all cases. During start-up 

of a new testing technology, central laboratories will have their own learning curve for 

implementation and for detailed and transparent recordkeeping. For the crizotinib trials, 

ALK-FISH analysis was initially performed locally, and then confirmed (or not) by a 

centralized testing laboratory. Later, the phase II/III crizotinib studies required testing in a 

central laboratory, even in cases deemed positive in local laboratory testing, and tests that 

were positive in the first instance and negative in the second were initially recorded as 
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“negative” and not “discordant”. This initially resulted in some confusion regarding the 

activity of crizotinib in ALK− tumors. Although some ALK− tumors do respond to 

crizotinib potentially because of the presence of one of the other known drivers of sensitivity 

to crizotinib, such as ROS1 and MET, some of the responses seen initially in patients with 

presumed ALK− may have been the result of central testing recording a “negative” for a 

tumor that had been documented as being positive first on local testing. Consequently, it is 

vitally necessary that the basis for a discordant test be documented in detail, including image 

capture where appropriate and the cases noted as “discordant” rather than “negative”. If the 

chances of a false positive are considered lower than for a false negative, it may make sense 

to allow enrollment of positive tumors based upon local testing, and reserve central testing 

for retrospective confirmation. In addition, even if not discordant, sequential testing before 

entry to confirm a local result centrally also increases the delay in initiating treatment.

A third observation regarding biomarker subsets in NSCLC was that molecular selection 

may alter the reaction to therapy for more than just the experimental targeted drug. For 

example, pemetrexed and docetaxel, when given as single agents as second-line treatment in 

NSCLC67 resulted in nearly identical treatment response rates, and OS and PFS. However, 

when these 2 drugs were compared with crizotinib in a randomized trial of patients with 

ALK+ NSCLC (N=343, for crizotinib n=172, pemetrexed n=99 and docetaxel n=72), the 

pemetrexed treated patients had double the median PFS (4.2 months vs. 2.6 months for 

docetaxel) and more than 3 times the response rate (29% vs 7%) compared with docetaxel.68 

Consequently, when considering comparing a standard chemotherapy to a targeted therapy 

in a molecularly preselected population, knowing the degree of benefit in the same 

molecular population, as opposed to extrapolating directly from an unselected population, 

would help to more accurately size these randomized studies. For this reason, the design of 

the Lung-MAP is appealing becasue it assesses efficacy differences between the 

experimental and control (e.g. docetaxel) treatments in each biomarker preselected 

population separately.

The crizotinib trials also highlighted a fourth lesson to be learned: that grouping central 

nervous system (CNS) progression together with extra-CNS progression in the 

determination of PFS may not be the best approach in the future. Even if the disease can be 

controlled in the body, the variable rates of penetrance of drugs into CNS tissues mean that 

the brain can be a significant site for progression, through pharmacologic rather than 

biological means.63 For example, one study showed that for 46% of patients on crizotinib, 

the CNS represents the site of first progression, and that the CNS was the sole site of 

progression in 85% of these patients.69 It was also shown, at least in one case report, that 

less than 0.3% of the plasma concentration of crizotinib enters the cerebrospinal fluid, 

indicating that crizotinib may not present at therapeutic concentrations in the brain.70 The 

activity of a drug in the brain, especially in diseases with a high rate of brain metastases, 

such as NSCLC, may be better addressed in future trials through defining separate cohorts of 

patients with specific oncogenic driver and CNS disease, and adding those cohorts to the 

earliest phase I studies of the relevant molecularly targeted therapies. In addition, in the 

future, trials may well introduce distinct formal end points, such as CNS and extra-CNS 

time to progression or CNS and extra-CNS response rates to allow the degree of benefit to 

be tracked separately in the CNS from disease elsewhere in the body.71
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The final observation from the ALK trials in NSCLC was that treatment beyond progression 

can be beneficial. Specifically, at the time of progression many drug sensitive clones may 

still be suppressed and can be documented to flare up when the TKI is stopped.72 

Consequently, although traditionally progression has prompted discontinuation of the drug, 

if isolated areas in the CNS or even outside the CNS progress and most of the rest of the 

disease is still under control with the targeted therapy, local treatment, such as with radiation 

of the progressing disease and continuation of the TKI may be associated with many months 

of benefit before a new progressive site develops73.

Colorectal Cancer

Stage II colon cancer provides a prime example of a circumstance when treatment selection 

should be informed by molecular analyses of tumors. Patients with node negative stage II 

disease will be cured by surgery alone approximately 80% of the time, but identifying high-

risk patients has been elusive. Therefore, generic use of adjuvant chemotherapy after surgery 

has been shown to confer only a slight benefit. For example, in the QUASAR clinical trial, 

patients with stage II colon cancer were randomized either to receive adjuvant chemotherapy 

with 5-FU, or to observation only, with chemotherapy given on recurrence. Results of this 

trial showed an approximately 2 to 3% improvement in OS for patients treated with 

chemotherapy, indicating that chemotherapy provided no benefit for 97% of patients with 

stage II disease.74–76 Therefore, the ability to selectively target the highest-risk patients for 

therapy is clearly needed.

Attempts have been made to use molecular signatures and mutation profiles to define subsets 

of patients with colon cancer to identify those most in need of post-surgical adjuvant 

chemotherapy. Thus far, disruptions in 2 major molecular pathways have been shown to be 

associated with colon cancer. By far the most common, occurring in roughly 85% of cases, 

are molecular changes that can be traced to chromosomal instability. Chromosomal 

instability and inactivation of the adenomatous polyposis coli gene lead to the genetic and 

epigenetic events such as the mutations, global hypomethylation and allelic deletions that 

have been identified in colon cancer. The most commonly occurring mutations in colon 

cancer are KRAS, PIK3CA, BRAF, and NRAS, with mutation frequencies of 38%, 20%, 

14% and 3%, respectively.77 Reported mutation frequencies can vary somewhat, depending 

upon detection methods. KRAS and NRAS mutations are known to be predictive for lack of 

response to EGFR-targeting antibody therapy for patients with advanced disease.78,79 BRAF 

is downstream of RAS on the RAS/RAF/MAPK signaling pathway, and PIK3CA mutations 

have been implicated in the genesis of several kinds of cancer.80

Elements of the DNA mismatch repair (MMR) pathway, disrupted in the remaining 15% of 

colon cancer patients include protein products of the MLH1, MSH2, and PMS2 genes. 

These proteins are components of the enzymatic system responsible for recognizing and 

repairing insertion, deletion, and substitution errors that can arise during DNA replication 

and recombination and for repairing some forms of DNA damage.

MLH1, MSH2, MSH6, and PMS2 proteins can be altered through germline mutations or 

epigenetic inactivation of MLH1 via promoter methylation. Germline mutation in a 

mismatch repair enzyme, most often MLH1 or MSH2, leads to the development of 
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hereditary non-polyposis colon cancer, also known as Lynch Syndrome, which is responsible 

for 2 to 3% of colon cancers. Sporadic cases are most often associated with loss of 

expression of an MMR gene (MLH1) caused by promoter hypermethylation.

When analyzed for ability to predict response to oxaliplatin, mutations in KRAS, NRAS, 

PIK3CA, and BRAF and MMR status were found not associated with resistance or 

response.77 BRAF V600E mutation status and MMR proficiency were both prognostic 

factors associated with shorter overall survival times.77,81 Other studies using multi-gene 

expression tests have not been able to show predictive value. Thus, identifying the molecular 

characteristics of colon tumors most likely to benefit from chemotherapy and the 

development of targeted agents remain high priorities for clinical trial design.

The ASSIGN trial

A molecularly directed clinical trial is being contemplated for metastatic colorectal cancer. 

A working group has been formed to explore the possibilities of such a trial in collaboration 

with the NCI, FDA, industry and advocacy groups. All would agree that the overarching 

goal of choosing colon cancer therapies based on molecular tumor characteristics is 

laudatory. Furthermore, sufficient advances in technology have made large scale sequencing 

feasible, and targeted therapies directed at some key driver pathways are now becoming 

available.

The study has a name – ASSIGN – but no other details are yet determined. Study designs 

with similarity to the lung master protocol are currently being debated. Platform 

technologies for screening are anticipated to be next generation sequencing or the equivalent 

to identify aberrations in 200 to 400 genes. The platform will be able to measure 

amplifications, and possibly translocations and should enable the accurate definitions of 

even complex pathways, such as the PI3 kinase pathway, which is also a prime target in 

rectal cancer.

For all of the enthusiasm this effort is generating, however, one minor detail remains: 

identifying agents that can inhibit targets as monotherapy or finding a means to combine 

targeted therapies. To date, colorectal cancer has defied single agent targeted therapies in 

contrast to lung or breast cancer, for example. Preliminary data are needed before launching 

such an ambitious effort.

Small Cell Lung Cancer

Small cell lung cancer (SCLC) represents approximately 15% of all lung cancers and is 

almost exclusively smoking related. It is an exceptionally aggressive disease, characterized 

by early metastatic potential and a high proliferative index, which accounts for it being the 

sixth leading cause of cancer deaths in the United States. Surgery is only appropriate for the 

less than 5% of patients diagnosed with very early-stage disease. At least 70% of patients 

have extensive stage disease at presentation. Most chemotherapy regimens show high initial 

overall response rates in both extensive and limited-stage disease, but almost all patients 

rapidly relapse, leading to overall poor survival rates. In looking to future strategies for 

treating SCLC, traditional antiproliferative chemotherapy alone seems unlikely to improve 

outcomes. Identifying the molecular targets that are driving cell survival, proliferation and 
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metastasis is critical, as is identification of lung cancer progenitor cells (cancer stem cells) 

which are presumably responsible for the high frequency of recurrence following the initial 

response to anti-proliferative therapy.

A wide variety of molecularly targeted agents have failed to demonstrate clinical activity 

against SCLC in clinical trials despite being supported by solid preclinical rationale. These 

include matrix metalloprotease inhibitors (marimastat, BAY-12-9566); angiogenesis 

inhibitors (thalidomide, vandetanib, sunitinib, sorafenib, cedarinib, aflibercet, bevacizumab); 

growth factor pathway inhibitors (imatinib, 2A11 (an anti-GRP MoAb), tipifarnib, gefitinib, 

dasatinib, everolimus, temsirolimus, ATRA); and apoptotic pathway stimulators 

(oblimersen, obatoclax, AT-101); the HDAC inhibitor romidepsin, immuno-targeted vaccines 

(BEC2) and immunotoxins (NCAM-ricin).82

In addition to the limited efficacy of targeted therapy in SCLC, obtaining adequate tissue for 

appropriate biomarker analysis has also been challenging because of the high frequency of 

diagnosis from bronchoscopic biopsy samples. Obtaining serial biopsies for clinical trials is 

even more challenging83 further confounding attempts to perform pharmacodynamic studies 

or to characterize the molecular nature of these tumors as the disease progresses.

Recent studies have attempted to identify common, rational targets in SCLC tumor samples 

and cell lines. Peifer, et al. performed SNP array analysis, exome sequencing, transcriptome 

analysis and whole genome sequencing in subsets of 63 SCLC tumor samples.84 They 

reported that SCLC has a very high mutation rate, on the order of that observed in melanoma 

and squamous cell lung cancer, which is presumably because of the prevalence of this tumor 

among heavy smokers who have high exposure to mutagenic carcinogens in tobacco smoke. 

Aberrations in TP53 and RB1 were nearly universal, and derangements of histone modifiers, 

MYC amplification, PTEN deletion, SLIT2 mutation and FGFR1 amplification were found 

in 5–20% of tumors.

Another study, using SCLC tumors and cell lines found similarly high rates of mutations, 

with frequent mutations in TP53, RB1, PIK3CA, CDKN2A and PTEN, along with 

aberrations in chromatin modifiers and DNA-repair and checkpoint pathway components.85 

Interestingly, SOX2 amplification was found in 27% of samples. SOX proteins are involved 

in stem cell renewal, as are the NOTCH and Hedgehog pathways, which were also 

frequently dysregulated. Because residual cancer stem cells seem to be responsible for the 

high rate of relapse in SCLC these pathways may be rational targets for further study.

Another recent study attempted to define molecular predictors for chemotherapy response by 

testing 267 potential therapeutic compounds against 44 SCLC molecularly characterized cell 

lines 86. MYC gene amplification was identified in 44% of cell lines, and these cell lines 

showed a high degree of sensitivity to aurora kinase B (AURKB) inhibitors. Because 

AURKB inhibitors are currently in clinical development, this finding provides a sound 

rationale for testing these compounds in molecularly selected patients with SCLC. Other 

genetic alterations that were found to be associated with sensitivity to specific agents 

included FGFR1 amplification with FGFR inhibitors, and PTEN loss with HSP inhibitors, 

but, interestingly, not PI3K inhibitors.
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Attempts at targeting KIT provide the best example of how sound preclinical rationale can 

lead to disappointing clinical findings. Expression of KIT and its ligand, stem cell factor 

(SCF), are found in 30 to 100% of SCLCs,87–92 though mutations such as those that drive 

gastrointestinal stromal tumors are generally not present. Numerous preclinical studies 

showed that KIT inhibitors, including imatinib, could inhibit both kinase activity and 

cellular proliferation in SCLC. However, several phase II trials of imatinib in SCLC failed to 

demonstrate any clinical activity, despite specific selection of patients whose tumors 

expressed KIT.93–95 A common theme is that the benefit of targeted agents is largely limited 

to patients with tumors that harbor activating mutations in the target gene. These studies 

further highlight the point that mere expression does not define the biological relevance of a 

potential therapeutic target.

In summary, although the clinical need for effective treatment for SCLC is great, experience 

with targeted therapy in this disease illustrates many of the most pressing problems in 

applying molecular medicine to clinical trials in solid tumors. The extreme aggressiveness of 

SCLC and the general debility of many patients when they present with the disease creates 

substantial difficulties in attaining adequate accrual to clinical trials, particularly those with 

strict eligibility criteria and the need for molecular characterization. In addition, adequate 

tumor samples are difficult to obtain, further hindering molecular diagnostic studies. The 

high mutation frequency complicates the identification of driver mutations and leads to the 

rapid evolution of resistant clones, making it highly unlikely that single-agent targeted 

therapy will lead to substantial clinical gains. More likely, advances will only be made 

through the evaluation of combinations of agents targeting disparate pathways, a strategy 

that creates further hurdles regarding toxicity and the need for greater inter-industry 

cooperation.

Renal Cell Carcinoma

Renal cell carcinoma (RCC) is diagnosed in approximately 65,000 patients annually, and 

leads to approximately 13,000 deaths per year, representing approximately 4% of cancers 

diagnosed. SEER data indicate that the 5 year survival rate is approximately 12% for those 

with distant metastases.96 One reason for the high mortality associated with RCC is the lack 

of treatments that can induce durable long-term remissions of metastatic disease and the 

absence of effective adjuvant therapies for high-risk localized disease. The lack of clinically 

useful biomarkers to define treatment sensitive or resistant populations is one barrier to the 

development of effective treatments in RCC. However, several significant barriers exist to 

discovering better molecular markers. RCC has been shown to be a significantly 

genomically heterogeneous tumor type5, which may hinder molecular characterization and 

development of personalized therapies. It has been estimated that nearly 70% of somatic 

mutations present in RCC tissues are not detectable across all tumor sites. Another barrier to 

biomarker development is the inconsistency and variability in tissue preparation and 

biomarker evaluation,97 which will affect accuracy of the biomarker data that are collected 

and interpreted. Efforts to define prognostic or predictive factors have largely shown that 

clinical features, including tumor grade, local extent of tumor, regional lymph node 

metastases and evidence of metastases at presentation remain the most consistent features 

associated with survival.
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Clear cell carcinomas constitute 85% of RCCs, whereas the remaining 15%, though called 

non-clear cell RCC, contain many different histologies including type I and type 2 papillary 

and chromophobe tumors. Among the clear cell subset, 2 groups of molecularly targeted 

therapies have emerged for the treatment of metastatic disease; 5 agents target the VEGF 

pathway, and 2 agents are mTOR inhibitors. All of these therapies have been shown to 

prolong time to disease progression in the metastatic population, and together represent the 

first new therapeutic classes for RCC in many years. However in most cases, clinical benefit 

remains transitory and patients eventually experience disease progression.98,99

Another new area pertains to the recent development of agents targeting the PD-1/PD-L1 

axis. PD-1 and one of its ligands, PD-L1, are normally expressed on cells of the immune 

system, with PD-1 appearing on activated T cells and PD-L1 appearing on activated antigen 

presenting and other cells.100 RCC tumors with high PD-L1 expression have been shown to 

be more aggressive.101 Antibodies that bind PD-1 and interfere with the interaction of PD-1 

and PD-L1 are in clinical development for a variety of tumor types. A phase I trial involving 

several solid tumor histologies showed that tumors that do not express PD-L1 are not 

responsive to anti-PD-1 immunotherapy, whereas roughly 36% of the tumors positive for 

PD-L1 expression showed a response to anti-PD-1 antibody therapy. Of the 42 specimens 

tested for PD-L1 expression, 5 were from RCC.102 Nevertheless, more recent data103,104 in 

RCC are showing that patients with PD-L1 negative tumors can still respond to agents that 

target the PD-1/PD-L1 axis. Further refinement of this data and standardization of PD-L1 

staining are warranted.

Ovarian Cancer

Ovarian cancer is another malignancy that presents a variety of challenges for genomic and 

personalized medicine development. It is the fifth most common cause of cancer death in US 

women, with 22,240 cases diagnosed in 2013, and approximately 14,000 deaths from the 

disease per year. A total of 70% of patients present with advanced disease (stage III and IV) 

at diagnosis. Long term survival data show that within the patient population with advanced 

stage III disease, the 5 year PFS rate is 15 to 25% with 5 year OS rates of 50 to 60% in 

patients receiving appropriate aggressive care.105

Ovarian cancer has 4 main histotypes. All of these were previously thought to arise from 

ovarian surface epithelial cells; however, more recent evidence suggests that the most 

common high-grade ovarian cancer subtype, serous carcinoma, arises from cells originating 

from the fimbriated end of the Fallopian tube.106 Other primary histotypes include: 

endometrioid, mucinous, and clear cell. These types differ in molecular makeup and 

response to therapy 107. Molecular characterization of ovarian tumors has resulted in a 

division into 2 groups. Type I tumors principally have mutations in PTEN, PI3K, KRAS, 
BRAF, or β-catenin, have genomically stable tumors and rare TP53 mutations. These are 

often found as low grade epithelial or endometrioid tumors, and borderline, mucinous and 

clear cell. Type 2 tumors are characterized by TP53 mutations and generalized genomic 

instability, and are most often high grade endometrioid or serous tumors. Tumors that are 

BRCA1 or BRCA2+ are also found in this subgroup.108

Venook et al. Page 17

J Natl Compr Canc Netw. Author manuscript; available in PMC 2017 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



An early biomarker, MUC16(CA-125), a carbohydrate cell surface antigen shed into the 

serum in a variety malignant and benign conditions, was discovered by using ovarian cancer 

cells as an immunogen for the production of monoclonal antibodies. The antibody generated 

recognized a molecule highly expressed on ovarian tumor cells, but not on other cells 

isolated from the same patient. It has been extensively studied for a variety of uses as a 

biomarker in ovarian cancer, including monitoring response to therapy and detecting 

persistent disease.109,110 Attempts have been made to use serum CA-125 levels as an early 

detection or screening test for asymptomatic women, but variability in baseline levels and 

changing expression in a variety of benign conditions have made this strategy not optimally 

useful on a population wide basis.109 CA-125 is a highly glycosylated single transmembrane 

cell surface protein. Phosphorylation of the intracellular domain leads to cleavage of the 

extracellular domain and release from the membrane. One function of CA-125 is to bind 

mesothelin (MSLN), a molecule that mediates heterotypic cell adhesion. This interaction 

may be important for mediating adhesion between tumor cells migrating into the peritoneum 

and the mesothelial epithelium.111

The utility of using CA-125 levels as a marker of early recurrence in ovarian cancer thus 

enabling earlier treatment, is based on the observation that CA-125 levels may rise several 

months before disease recurrence becomes symptomatic. This finding was used to study 

whether or not earlier detection of recurrence followed by earlier chemotherapy treatment 

would lead to better outcomes. Women with ovarian cancer in complete remission after first-

line platinum-based chemotherapy with a normal CA-125 serum level were enrolled in a 

prospective clinical trial and followed by clinical examination and measurement of CA-125 

levels every 3 months. If levels increased more than twice the upper limit of normal, patients 

were randomized to receive either early chemotherapy or continued monitoring until other 

clinical symptoms of relapse appeared. In all, 529 patients were randomized to treatment 

groups with 265 assigned to early treatment and 264 to delayed treatment. With a median 

follow-up of 56.9 months and 186 deaths in the early treatment group and 184 deaths in the 

delayed treatment group, analysis of OS data showed no survival difference between those 

groups.112 These results suggest that routine monitoring of CA-125 for disease recurrence 

may have little role, because early treatment in asymptomatic women did not result in a 

survival benefit. However, in this study a variety of standard chemotherapy regimens were 

used. It is possible that the best chemotherapy or targeted agent for this population has not 

been identified and that this biomarker may be more appropriately used to better identify 

patient populations suitable for inclusion in clinical trials.

Other issues in ovarian cancer clinical trial design

Because close to 80% of patients experience initial response to platinum-based 

chemotherapies, these regimens will continue to be important for the treatment of ovarian 

cancer. Thus, new or targeted agents will need to be administered in combination with 

cytotoxic agents. A recent trial using bevacizumab in combination with cytotoxic 

chemotherapy provided only a small improvement in PFS when used in the up-front 

treatment setting. Unfortunately no predictive biomarkers have yet been identified that allow 

a determination of which patient subsets may benefit from the addition of bevacizumab to 

chemotherapy. Patients with ovarian cancer may remain platinum-sensitive through several 
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rounds of therapy, though all do eventually become resistant. Focusing on the platinum 

resistant patients is an important area for development, because fewer options are available 

at recurrence.

Breast Cancer

Because of the availability of tissue biopsy material, large numbers of patients and an active 

research and advocate community, breast cancer has been a leader in the use of clinical 

biomarkers. Biomarkers have been used in breast cancer to determine risk, for screening 

purposes, to determine and refine diagnoses, in the determination of prognosis, including the 

prediction of relapse, disease progression and survival, and as markers to predict response to 

therapy, including hormone therapies, chemotherapy and other novel therapy. Biomarkers 

are also used to monitor the course of disease. ESR1(ER) expression is a weak prognostic 

marker and its presence is strongly predictive for response to endocrine manipulations. More 

recently, expression or amplification of HER2 (HER2 positivity) has been recognized as an 

indicator of a population of breast cancer patients that had an inferior prognosis to those 

with HER2-negative tumors. More importantly, HER2-positivity is a strong predictive 

marker for those patients who were able to respond to trastuzumab or other agents targeting 

HER2 or its associated kinase activity.

Multiparameter gene expression profiling has been used to produce biomarker signatures 

that are predictive of benefits from chemotherapy in certain patient populations113, and have 

provided the means to describe a variety of unique breast cancer subtypes. Gene expression 

profiling has been used to divide breast cancer into phenotypically distinct subtypes114, 

which correlate with therapeutic response and overall prognosis. Roughly 80% of so-called 

triple negative breast tumors (those that test negative for HER2, ER, and PGR(PR)) are 

contained within the basal epithelial-like expression cluster, whereas HER2+ tumors cluster 

separately. Another cluster contains tumors with a normal breast-like gene expression 

pattern. Hormone receptor positive tumors are found within the luminal subtype, which can 

be further divided into a luminal A subtype, which is marked by expression of ER and PGR, 

is HER2 negative, and has a low risk of recurrence. Luminal B subtype tumors are HER2 

negative and ER positive, and carry a higher recurrence risk. Another luminal B subtype is 

characterized by expression of HER2. The luminal A subtype, owing to its sensitivity to 

hormonal therapy also shows the longest relapse free and OS among all groups.

It has since been shown that measurement of a smaller set of clinical markers can duplicate 

the division of breast cancer into these subtypes115, thus allowing better definition for 

treatment and identification of groups to target in clinical trials without needing expression 

analysis to be performed on every patient. Future clinical trials in breast cancer can thus be 

conducted in a subtype specific manner.

Hormone Receptor-Positive Disease

New therapies in breast cancer are often tested first in the metastatic setting, and only when 

efficacy is demonstrated in this population are studies undertaken in earlier disease in the 

adjuvant setting by measuring disease free and OS. However, because of past successes and 

longer survival times, especially in hormone receptor positive subsets, it has become difficult 
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to use this model because of the long periods of follow up required. Several assays are 

commercially available to help differentiate women whose tumors are likely hormone 

sensitive and therefore may not need chemotherapy, from those for whom chemotherapy 

should be added. The assays, such as Oncotype DX®113, Prosigna™116 and 

EndoPredict®117, can also be used to stratify patients at high risk for enrollment in clinical 

trials investigating the use of chemotherapy or new targeted therapies.

The excellent outcomes experienced by most women with hormone receptor-positive disease 

have also led to the inclusion of newer therapies in the pre-surgical neoadjuvant setting as 

described previously in reference to the I-SPY2 clinical trial. Studies have shown that there 

is no difference in long term outcome whether chemotherapy is delivered before or after 

surgery and that pre-operative chemotherapy enhances breast conservation.118 In these 

situations, an alternative endpoint can be used, because all patients will have disease when 

the study is initiated. A wide ranging meta-analysis119 has shown that patients who 

experience a pCR after neoadjuvant therapy have improved survival, especially in aggressive 

subsets (triple negative; high grade hormone receptor positive, HER2-negative; and hormone 

receptor negative, HER2 positive), but an increase in pCR did not predict improved OS or 

event free survival.

Another marker, MKI67(Ki-67), which is an indicator of proliferative potential, may be 

useful in predicting the efficacy of neo-adjuvant therapies for hormone-receptor positive 

subsets. With recommendations suggesting 5 to 10 years of endocrine therapies, most 

women will become long term survivors, and therefore showed that improvement in 

adjuvant therapy within this group is quite difficult. The neoadjuvant model can also be used 

to evaluate combination of novel therapies with standard hormonal agents. For example, the 

randomized phase III study Alternate Approaches for Clinical Stage II or III Estrogen 

Receptor Positive Breast Cancer NeoAdjuvant Treatment (ALTERNATE) is being conducted 

with the goal of developing a biomarker strategy based upon Ki-67 expression level in the 

neoadjuvant setting, and to use response and modulation in the marker to predict long term 

outcomes for hormone receptor-positive in postmenopausal women with breast cancer.120 

Treatment arms include fulvestrant and anastrozole alone and in combination. The 

ALTERNATE trial will establish a comparison of Ki-67 levels at baseline, 4 weeks, and 24 

months, and use these to predict long term outcomes.

HER2+ Disease

HER2-targeted therapies have been successful in the treatment of HER2-positive disease, 

and have revolutionized the prognosis of this subtype. Nonetheless, opportunities still exist 

for improvement and benefits to further understanding the heterogeneity of this population. 

In some large clinical studies, where HER2 testing was first completed locally and shown to 

be positive, but then central testing was negative, benefits were still seen from HER2 

targeted therapy.121 The underlying molecular basis for this is not known, and ongoing 

studies are addressing this important question. Studies have also shown that dual targeting of 

HER2, using either lapatinib or pertuzumab is associated with an increased benefit 

compared to trastuzumab alone. HER2+ disease can also be subdivided based upon hormone 

receptor expression. HER2+, hormone receptor-positive tumors show a lower rate of pCR 
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compared with HER2+ hormone receptor-negative tumors. This difference in response 

might indicate a need to assess the populations separately in future studies. Further 

molecular characterization of these tumors may also lead to targeted treatments, and obviate 

the need for chemotherapy, or lead to a better understanding of mechanisms of resistance.

Triple Negative Breast Cancer

Approximately 20% of newly diagnosed breast cancers are triple negative (ER−, PR− and 

HER2−). Most are characterized by a high proliferative index, TP53 mutation and genomic 

instability, and are common in BRCA1 mutation carriers. Most women with triple negative 

tumors will respond to chemotherapy to some extent, but many will experience recurrence or 

metastatic disease.122 Responses in this subset are heterogeneous, and further stratification 

and development of new targeted therapies are needed.

Recently, Vanderbilt investigators were able to use gene expression profiling of 587 triple 

negative breast cancer tumors to further divide this group into roughly 6 new subsets. Of 

these 47% were basal-like in expression pattern, with 2 clusters of basal-like tumors defined, 

characterized by high expression of genes involved in proliferation and DNA damage 

response123. Another subtype was enriched in immunomodulatory genes. Two further 

subsets were mesenchymal-like, with enrichment in genes involved in epithelial 

mesenchymal transition and cell motility pathways. The final subset contained cells with a 

luminal androgen receptor positive expression pattern. This type of subdivision showed 

numerous opportunities for new targeted drug development, but also illustrated the problem 

of small numbers of patients and the difficulty in designing a drug development and clinical 

trial strategy for these types of populations.

For effective future development of therapies for breast cancer, new studies will need to be 

designed to address specific questions in well-defined subtypes. Another point to consider is 

the rational removal of unneeded therapies from multi-agent regimens. How to design 

studies that can provide data about the possibility of eliminating components of multi-

component regimens without compromising efficacy and outcomes remains a significant 

challenge.

Conclusions and Recommendations

The examples provided of solid tumor studies illustrate that we are far from understanding 

the molecular complexity of any tumor type. For some of the tumors addressed here, such as 

SCLC, no effective molecularly targeted therapies exist. For others, treatments for some 

subsets have been defined, but even within targeted groups, not all tumors respond, and 

responses are often transient, as illustrated by ALK-rearranged NSCLC and BRAF-mutated 

melanoma. Even in tumors with relatively effective treatments and good long term 

outcomes, such as hormone receptor positive breast cancer, relapse eventually occurs in 

most patients. The molecular basis of resistance to targeted therapies is an area of ongoing 

investigation, and these resistance mechanisms vary widely among different tumor types. In 

EGFR mutation positive NSCLC, resistance usually develops because of secondary 

mutations in the target itself, whereas in other tumor types, such as BRAF-mutant 

melanoma, resistance usually arises through upregulation of other compensatory signal 
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transduction pathways. All of these issues indicate the need for more comprehensive, 

multiplexed molecular data for more patients at all stages of disease across tumor types. 

Sequential testing for individual genetic aberrations quickly exhausts valuable specimens 

and does not contribute as much to the overall understanding of carcinogenesis, treatment 

response, and the development of resistance. As illustrated by ALK+ lung cancer, responses 

to treatments other than the targeted agent itself (such as to some standard cytotoxic 

therapies) can also be affected by the tumor’s molecular milieu.

The NCI recently announced that it is providing $12 million to fund tissue repositories for 

clinical trial samples at 3 institutions.124,125 More such tissue and data banks along with 

alternative sources of funding will be needed if the scope of personalized cancer therapy is 

to continue to expand. Building data resources will also require the development of 

guidelines for technology and tissue handling to ensure that the data that is captured today 

will continue to be useful in the future.

The clinical trial process itself must be streamlined to allow the evaluation of multiple 

promising targeted strategies at once, as in the Lung MAP and the I-SPY2 trial, and to 

broaden the testing of novel strategies across tumor types that share predictive biomarkers, 

as is being developed in the MATCH protocol. Regulatory agencies have been open to new 

approaches and further advances will require continued flexibility.

Another critical point is the need to enlist greater participation in clinical trials. The current 

level of 3 to 4% participation in the U.S. will not sustain the trials needed to validate the ever 

increasing number of promising agents that target smaller and smaller molecularly selected 

patient subsets. Improvement in trial participation is tightly linked with efforts to close the 

education gap. All oncologists, both in the community and at academic centers, will need to 

understand the complexities and limitations of the molecular characterization of tumors, and 

be able to communicate relevant information to their patients in an understandable and 

useful manner to allow shared clinical decision-making. Avenues for communication 

between clinical researchers and molecular pathologists need to be developed to allow for 

appropriate prioritization of resources and seamless screening and enrollment of patients 

onto clinical trials requiring biomarker assessment. Reliable online information resources 

that can be accessed everywhere and linked to electronic health record systems will be 

vitally important to reduce the complexity of molecular results and simplify the link between 

test results and treatment or trial participation.

Currently, far too many targets and associated agents are in the pipeline to allow for 

traditional clinical trial assessment of every strategy, particularly considering the ever 

decreasing, less common subsets of patients who are most likely to benefit from these 

treatments. As multiplexed assays and genome/exome wide sequencing become more 

common in oncologic practice, greater numbers of patients will be receiving rational, target-

driven therapy in the off-label, non-clinical trial setting. The clinical outcomes of these 

patients will represent a great potential resource to expand the understanding of the efficacy 

of targeted therapies in complex molecular environments. The development of large, 

national databases to capture this off-trial data across tumor types would be an invaluable 

asset in the efforts to unlock the true promise of personalized therapy in cancer care.
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Npvel collaborations will be needed to adequately assess new therapies and biomarkers in 

future clinical trials. Institutions, the pharmaceutical and diagnostic industries, foundations, 

NCI, FDA, insurance carriers, patients and advocates can all make important contributions 

in these efforts. Recently, Lung MAP and MATCH trials have been able to build networks 

that include the restructured National Clinical Trials Network as one component, and I-SPY, 

PREDICT and BATTLE are notable for success outside the NCI. Effective, efficient 

partnerships that can move rapidly to take advantage of the quickly evolving technology and 

drug development can be built and will be essential for success.
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Figure 1. I-SPY2 trial design
Abbreviations: AC, anthracycline; ECHO, echocardiogram; ERBB2(HER2), human 

epidermal growth factor receptor 2; I-SPY2, Investigation of Serial Studies to Predict Your 

Therapeutic Response With Imaging and Molecular Analysis 2; MUGA, multi gated 

acquisition scan; pCR, pathologic complete response.
aHER2+ participants will also receive trastuzumab. An investigational agent may be used 

instead of trastuzumab.
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Figure 2. Lung Master Protocol (Lung MAP) trial design
Exp 1–4 are different TT/TTC regimens.

SoC 1–5 depends on biomarker and TT/TTC/NMT regimen.

Abbreviations: Exp, experimental therapy (TT or TTC); NMT, non-match study 

experimental therapy or combinations; SoC, standard of care (docetaxel or erlotinib); TT, 

targeted therapy; TTC, targeted therapy combination.
aSubstudies assigned based on biomarker results; patients with multiple biomarkers 

randomly assigned to substudy.
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Figure 3. CONSORT diagram, PREDICT program
aRegional therapy, 18; ineligible for study participation, 26; too early, 44.
bRegional therapy, 8; ineligible for participation, 10; too early, 2.

From Tsimberidou AM, Iskander NG, Hong DS, et al. Personalized medicine in a phase I 

clinical trials program: the MD Anderson Cancer Center initiative. Clin Cancer Res 

2012;18:6373–6383; with permission.
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