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A B S T R A C T

Research with high throughput technologies has propitiated the segmentation of different

types of tumors into very small subgroups characterized by the presence of very rare mo-

lecular alterations.

The identification of these subgroups and the apparition of new agents targeting these infre-

quent alterations are already affecting the way in which clinical trials are being conducted

with an increased need to identify those patients harboring specific molecular alterations.

In this review we describe some of the currently ongoing and future studies at the Institut

Gustave Roussy that aim for the identification of potential therapeutic targets for cancer

patients with the incorporation of high throughput technologies into daily practice includ-

ing aCGH, next generation sequencing and the creation of a software that allows for target

identification specific for each tumor. The initial intention is to enrich clinical trials with

cancer patients carrying certain molecular alterations in order to increase the possibility

of demonstrating benefit from a targeted agent. Mid and long term aims are to facilitate

and speed up the process of drug development as well as to implement the concept of per-

sonalized medicine.

ª 2012 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction EML4-ALK translocation, K-RasmutationorHer2 amplification
The emergence of high throughput technologies has allowed

thestratificationof themostcommondiseases into raremolec-

ular segments. As an illustration, lung adenocarcinomas are

now classified according to the presence of EGFR mutation,
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ation of European Bioche
(Paez et al., 2004; Soda et al., 2007; Slebos et al., 1990; Kern et al.,

1990). The same situation is being met in breast cancer where

luminal breast cancers can be divided in PIK3CA mutated,

FGFR1 amplified, BRCA1/2 mutated, and so forth (Bachman

et al., 2004; Reis-Filho et al., 2006; Lancaster et al., 1996). The
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implication of such segmentation is the fact that most of the

drugsnowneedtobedeveloped inmolecular segments thatac-

count for around 2e10% of a frequent disease. This profound

change has led to the development of the concept of stratified

medicinewhere the size population targeted by a drug is small

and where the expected level of efficacy for each drug is very

high (for more on this topic see Hoelder et al., 2012). This con-

cept is not only restricted to the field of tumor cell biology,

but also applies to host biology. As an example, there are

emerging data suggesting that VEGFA serum levels could dif-

ferentiate the degree of bevacizumab efficacy in breast cancer

(Milesetal., 2010).Also, there is accumulatingevidence thatge-

netic polymorphisms on immune genes could define themag-

nitude of anticancer response (Zitvogel et al., 2011).

Overall, the concept that each disease or population could

be segmented in sub-stratum generates major questions re-

garding both clinical research and health care organization.

The first question relates to the optimal way to set up amolec-

ular screening program. Indeed, the need to enrich clinical

therapeutic trials with patients presenting a certain alteration

requires performing molecular screening to identify such pa-

tients eligible for targeted agent (see also Verweij et al.,

2012). The second question relates to how to deal with tumor

cell complexity. Considering that further segmentations will

generate very rare populations, it is going to become unfeasi-

ble to test drugs in such very small groups. Hypotheses that do

not directly relate to the drug should therefore be developed.

One perspective could be to test the tools for target identifica-

tion, and not longer the drugs themselves (see Garay, 2012). Fi-

nally, amajor issue relates to themodel of implementation for

each molecular testing. Should these tests need to be per-

formed within the context of an academic center and super-

vised by health care organizations or should be better done

in private central labs? Moreover, which technologies are

compatible with the daily practice needs? Also, on a related

but germane issue, due to molecular screening, the spectrum

of the cost of care in personalizedmedicine is expected to shift

to diagnostic work up, a fact that also needs to be taken into

consideration (see Philips et al., this issue).

A number of topics relevant to personalized cancer medi-

cine are discussed in this issue of Molecular Oncology. From

the basic biology of cancer (De Palma and Hanahan, 2012) to

drug development (Hoelder et al, 2012), with connected

themes, such as immunotherapy (Gajewski, 2012) and imag-

ing (Kircher et al., 2012). Overall, these reviews take a glance

into what the future of cancer medicine may look like. To

try to set these perspective papers into the background of cur-

rent initiatives, in the present paper we will review ongoing

clinical research programs related to personalized medicine

that are in progress at the Institut Gustave Roussy.Wewill dis-

cuss their impact and what perspectives they are expected to

generate. The paper will only focus on tumor cell-related per-

sonalized medicine, and will not address aspects related to

the host or toxicities.
2. Molecular screening programs

As previously mentioned, most of the phase I/II trials now

evaluate agents that target a specific protein. A significant
number of these trials require for inclusion only those pa-

tients who present with a specific molecular alteration. We

have previously reported that investigation of a single molec-

ular alteration for each patient is suboptimal and generates

a high rate of screen failure (Andre et al., 2011). In order to al-

low screening for a higher number of molecular alterations,

and to drive as many patients as possible in clinical trials test-

ing new targeted agents, we have generated an internal mo-

lecular screening program that consists in running multiplex

technologies for patients with different types of metastatic

cancers, to identify potential targets for each patient. This

program overall involves 6 clinical trials and it is expected to

include more than 2000 patients over the next 3 years. Three

of these 6 programs are described with more detail below.

2.1. Molecular screening for metastatic breast cancer
patients

The SAFIR01 trial (clinicaltrials.gov identifier: NCT01414933)

aims to identify a targetable molecular alteration in patients

with metastatic breast cancer. The trial design is reported in

Figure 1. This program is sponsored by the cooperative group

of French Cancer Centers (UNICANCER) and funded by the

French National Cancer Institute (NCI). In this study, a biopsy

is being performed in a metastatic site for each patient after

signature of an informed consent and at themoment of stable

disease or a partial response during an ongoing treatment. Ar-

ray CGH and a panel of hot spot mutations on PIK3CA/AKT are

done for each case. The primary endpoint is the percentage of

patients entered into a clinical trial based on themolecular al-

terations detected. Overall 400 patients are planned. In No-

vember 2011, over 160 patients had already been included,

after only 4 months being open for enrollment, indicating

a high level of expectation from both medical oncologists

and patients for such an approach. Interestingly, in addition

to identify raremolecular alterations like FGFR1 amplification,

PIK3CA mutations etc. some other more unusual alterations

for breast cancer have been found, including EGFR and PDK1

amplifications, that could lead to the discovery of potentially

new indications for already existing targeted agents (EGFR in-

hibitor and mTOR inhibitor, respectively).

2.2. Molecular screening in patients eligible for phase I
trials

Since most of the phase I trials try to detect early signal for ef-

ficacy of targeted agents, there is a strong rationale to propose

a molecular selection for patients eligible for these studies.

Based on this, we have launched a trial called MOSCATO (Mo-

lecular Screening Approach for Treatment Optimization). The

design is reported in Figure 2. This trial will include overall 600

patients over the next three years who will beneficiate from

molecular profiling including array CGH and a panel of hot

spots mutations in 96 amplicons from a biopsy performed in

the metastatic site. Mutations will be detected using the

Sangermethod. Patients will be driven into specific phase I tri-

als according to the presence of a molecular alteration. The

primary endpoint is the efficacy of such approach measured

as improvement in progression-free survival (PFS) with the

use of high throughput technologies is improved as compared

http://clinicaltrials.gov
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Figure 1 e SAFIR01 schema.
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to PFS on the prior line of treatment as described in a previ-

ously presented study (Von Hoff et al., 2010). This trial started

in November 2011, and is funded by the Gustave Roussy

Foundation.

2.3. Molecular screening for lung cancer and melanoma
patients

The MSN (Melanoma, Small cell, Non-small cell lung cancers)

trial aims at analyzing tumor samples in 400 lung cancers

(small cell and non-small cell types) and 150 melanomas be-

fore starting chemotherapy treatment. The primary objective

is to assess differences in molecular profiling (by mRNA and

microRNA) between responders and non-responder patients

in order to identify mechanisms of resistance to treatments.

Also, for non-small cell carcinomas the presence of ERCC1
Figure 2 e MOSCAT
amplification and EGFR mutations will be determined, as

well as their impact in response to treatment. In the case of

melanoma patients, BRAF, N-Ras, c-kit and p16 mutations

will be evaluated. This study started in 2009 and so far has

recruited a total of 246 and 81 patients with lung cancer and

melanoma, respectively. In this case, molecular profiling is

performed in either the primary tumor or the metastatic

site, based on sample availability.
3. Implementation of next generation sequencing in
molecular screening programs

As previously mentioned, the current approach for sequenc-

ing consists in using the Sanger method approach on a vari-

able number of genes according to the need for each type of
O trial schema.
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tumor. This approach presents nevertheless two major draw-

backs. First, it allows the sequencing of only a limited number

of genes per patient, leading to a suboptimal portrait. Second,

it takes quite a significant amount of time for each sequence

analysis. In order to increase the throughput of sequencing

both in terms of base per patient and in number of patients

per week, we are planning to implement next generation se-

quencing in the previously mentioned programs. For this pur-

posewe have selected the Ion Torrent Technology based on its

capacity, its length of each run and the possibility to develop

an standard operating procedure (SOP) compatible with an

eventual Clinical Laboratory Improvement Amendment

(CLIA) certification. The goal is to implement it in our person-

alized medicine programs in MarcheApril 2012 for the se-

quencing of 500 genes with a 10% sensitivity. The expected

turnover will be 15 days for 16 patients per week. Beside the

use of the Ion Torrent technology, our institution has also ac-

quired both one Illumina and 454 Roche sequencing platforms

for research purposes.
4. Expected impact of molecular screening programs

By running these large molecular screening programs, we ex-

pect to derive six sets of information. First, the primary goal of

some trials (like SAFIR01 from Section 2.1) will be to enrich

clinical trials with patients presenting a specific molecular al-

teration. In this situation, the objective is clearly to speed-up

drug development through the inclusion of informative pa-

tients in early therapeutic trials. Some other trials like the

MOSCATO study (described in the Section 2.2) will use themo-

lecular screening approach to generate preliminary data about

the efficacy of high throughput technologies in terms of pa-

tient’s outcome by comparing PFS before and after having per-

formed high throughput technologies for each patient.

Besides enrichment of phase I/II clinical trials with patients

harboring specific alterations, this molecular screening pro-

gram will have other major impacts. In the first place, it will

allow creating the structure within the institution to propose

molecular testing for patients with metastatic cancer and to

implement the use of high throughput technologies for daily

practice (Arnedos et al., 2011). This will require re-

organization of the radiology, biology and bioinformatics de-

partments. Second, it will also potentiate the discovery of

rare molecular segments that are not the target of drug devel-

opment. As an example, the breast cancer patients described

before for whom EGFR and FGFR2 amplifications have been

found since they are very rare events in this type of tumors

and because of this very low frequency, there is no plan for

drug development on these molecular segments. Running

high throughput technologies in a high number of patients

will allow identifying a few patients who present such very

rare alterations and to propose them a targeted agent in the

context of a compassionate program. The occurrence of re-

sponse in these few patients would allow drug repositioning

in these rare indications. The molecular screening program

will also allow generating a unique database of>2000 patients

with metastatic cancer. This database will include both clini-

cal andmolecular data and the samples could be used for next

generation technologies. Finally, since this database will
match patient and tumor characteristics to the response to

targeted agents, this program will be the baseline for the first

validation steps of the virtual cell (see Section 5).
5. Towards a virtual cell

As previouslymentioned, the current cancer segmentation in-

cludes rare diseases whose frequency is still compatible with

the performance of clinical trials testing drugs in the popula-

tion presenting the molecular alteration. Nevertheless, the

use of high throughput technologies together with the even-

tual sub-segmentations within specific subgroups will make

each tumor unique regarding itsmolecular profile. In this con-

text where each new disease segmentwill becomemore infre-

quent, it seems very unlikely that the next generation of trials

in the metastatic setting will test new drugs in specific seg-

ments, given the low frequency of the indication. One per-

spective could be to further evaluate the methods for target

identification at the tumor level, and no longer the drugs. Sev-

eral approaches are being developed to identify the right tar-

get at the sample level (Mani et al., 2008; Chen et al., 2011;

Barabasi et al., 2011) (see also O’Donnel and Ratain, 2012).

We plan to develop a virtual cell that will map the main onco-

genes and their interactions. The molecular profile of each

samplewill be entered in the software that will define the phe-

notype induced by the genomic alterations. In this virtual cell,

each mutation, amplification or deletion will be attributed

a specific weight and will activate the protein. This will define

the virtual cell of a given cancer patients. The software will

then test a panel of drug combination to evaluate which one

leads to optimal effect on cell proliferation.

The long-term perspective of the present personalized

medicine program will be to assess whether the use of such

virtual cell could improve outcome in patients with metastatic

cancer. The expected trial is reported in Figure 4 and will ad-

dress the efficacy of high throughput technologies interpreted

using virtual cell. Four sets of data are needed before launching

this trial: (i) we need to show feasibility of NGS in daily practice;

(ii) report preliminary evidence for high throughput technolo-

gies in the trials previously mentioned; (iii) the virtual cell pro-

gram needs to be completed and (iv) we need to show efficacy

of this virtual cell both in preclinical models and in the retro-

spective analysis of the 2000 patients included in the 6 molec-

ular screening programs.
6. Developing technologies to optimize genomic
testing

6.1. Fine-tuning genomic test by the use of functional
testing

Although genomic analyses of metastatic samples will un-

doubtedly provide some advances in the field of personalized

medicine, their use is being restricted by the fact that each

mutation does not lead to activation, and that some pathways

could be activated although no mutation is observed. The de-

velopment of functional assays could solve this issue. Several

functional assays are being developed that quantify either

http://dx.doi.org/10.1016/j.molonc.2012.02.008
http://dx.doi.org/10.1016/j.molonc.2012.02.008
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Figure 3 e Example of FISH assay in a CTC isolated by ISET filtration in a HER2-amplified patient. Cells are stained with FISH probes against

HER2 (red dots) and a centromere probe (green dots).

M O L E C U L A R O N C O L O G Y 6 ( 2 0 1 2 ) 2 0 4e2 1 0208
kinase activation or DNA repair. Regarding kinase activation,

the reverse phase protein microarray (RPPA) has led the path

since it allows quantification of phosphor-proteins. The prin-

ciple is to perform high throughput ELISA. Although very use-

ful for characterization of populations, this tool is not

currently appropriate for personalized medicine since it re-

quires several dozens of samples or analysis (Gonzalez-

Angulo et al., 2010). More recent technologies have aimed at

quantifying kinase activation, no longer phosphor-proteins,

at the sample level (Miduturu et al., 2011; Zhang et al., 2007;

Karaman et al., 2008). In line with these goals, we are develop-

ing three tools to quantify kinase activity. This kinome array

technology will be used to identify which kinase pathway is

activated at baseline and to monitor bioactivity of targeted

agents. The hypothesis of further clinical development will

be that quantifying kinase activity could improve prediction

obtained with genomic analyses.

6.2. Detecting genomic alterations in circulating tumor
cells

Developing molecular characterization of circulating tumor

cells (CTC) will lead to two major advances. First, it provides
molecular characterization for treatment decisions, even in

patients for which tumor biopsy is not feasible. This repre-

sents a significant proportion of patients with metastatic can-

cers, including patients with lung, pancreatic cancers. Second,

it allowsmonitoring themolecular alteration in the blood dur-

ing treatment exposure.

In the past decade technology advances enabled the detec-

tion of rare CTCs that have prospectively demonstrated to

have prognostic significance for breast, colorectal, prostate

and lung patients with advanced disease. In addition to prog-

nostic utility, CTCs have emerged as an attractive alternative

to tumor tissue for biomarker analysis that might help

addressing some of the challenges described above. CTCs

are easily accessible from a blood draw without risk and in-

convenience to the patient compared to a fresh biopsy. An-

other facet of CTCs as a surrogate diagnosis tissue is the

idea that CTCs could constitute a “liquid biopsy” and provide

real time information on current state of the disease.

For several years our team has developed the ISET (Isola-

tion by Size Epithelial Tumor, RareCell) system to quantify

CTCs (Farace et al., 2011). More recently, we have also devel-

oped new technologies to characterize those CTCs detected

with ISET. As illustration, we succeed to identify gene

http://dx.doi.org/10.1016/j.molonc.2012.02.008
http://dx.doi.org/10.1016/j.molonc.2012.02.008
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Figure 4 e Design of the clinical trial to assess the use of the virtual cell to improve outcome in patients with metastatic cancer. Patients with

advanced tumors will be subjected to a biopsy of the metastatic site and randomized to be treated or not according to NGS and virtual cell results.
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amplification using this approach (Figure 3). Based on this re-

cent technological advance, we plan developing three pro-

grams. The overall goal of this program will be to

characterize disease and monitor treatment efficacy. We will

start from characterization of a few genes, then move to

more complex characterization that includes functional

DNA repair test, phospho-proteins and high throughput

technologies.

First, we will propose this approach to select and monitor

patients who present a gene amplification or translocation.

This is being implemented in clinical trials testing new tar-

geted agents in patients presenting with EML4/ALK transloca-

tion and FGFR1, FGFR2, EGFR, ERBB2 and MET amplifications.

The goal will be to use this technology to identify gene alter-

ations at baseline. Patients will be driven to clinical trials ac-

cordingly. This program will be complementary to the

molecular screening program presented in the specific aim I.

After patients have been included, we will monitor treatment

efficacy using this new technology. In the second program, we

will implement DNA repair test and quantification of

phospho-proteins in the CTC. This approach will allow us to

broad the number of targets as compared to the 1st part. Fi-

nally, we will perform DNA extraction and CGH array, then

NGS in single cancer cells isolated from ISET filters. In the

long term, it should allow us proposing a more complex char-

acterization of tumor cells without requiring any biopsy.
7. Developing platforms for molecular analyses

The French NCI has developed 28 platforms for molecular

analyses in France that are publicly financed allowing each

French resident to have access tomolecular testing for free in-

cluding those single gene tests that are required for the ad-

ministration of a targeted agent. One of the major questions

will be whether such a model will apply for high throughput

technologies. In the previously mentioned SAFIR trial (Section

2.1), 4 of these 28 molecular platforms are running the high
throughput molecular analyses. One of the goals for these ac-

ademic platforms, including ours, will then be to implement

NGS with SOP compatible for clinical use to obtain CLIA certi-

fication in order to propose service at the international level.
8. Conclusion

In the present document, we have presented ongoing and fu-

ture prospective trials at the Institut Gustave Roussy that aim

the identification of potential therapeutic targets for cancer

patients. These studies will, in a first step, provide patients

presenting specific molecular alterations for phase I/II clinical

trials. Nevertheless, their long-term goal is to prepare large

studies that will test the benefit of high throughput technolo-

gies and personalizedmedicine. The tools that will allow such

paradigm shift are the implementation of high throughput

technologies and, more importantly, the development of soft-

ware for target identification at the patient’s level.

Although this presentation of ongoing programs on per-

sonalized medicine focus on tumor cell-derived biomarkers,

they are being integrated with personalized approaches in

the field of immunotherapy and treatment toxicities. In these

two latter fields, we are developing predictive biomarkers on

host response to conventional or new agents.
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