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While the concept of personalised medicine is an old one (every doctor has already tried to give the right drug
at the right time to the right patient), the concept of precision medicine came to us from the United States
following advances made in genomic analysis.
BRIEF HISTORICAL REVIEW OF THE DEVELOPMENT OF DNA SEQUENCING METHODS
The initial major stages
DNA sequencing began in the 1970s with two methods, which were developed independently, one by Walter
Gilbert’s team[1], in the United States, and the other by Frederick Sanger’s team[2] in the United Kingdom.
Sanger’s approach is a selective enzymatic synthetic method whereas Gilbert’s approach is a selective chemical
degradation method. Gilbert’s method has long been the only one used and was then superseded by the Sanger
method because of its ease of automation.
This automation was developed by the American company, Applied Biosystems. However, as genomes are
several million base pairs in size, molecular biology approaches had to be combined with informatics in
order to be able to process such a large amount of data. It was Roger Staden, an informatics technician from
Frederick Sanger’s group, who developed the first nucleotide sequencing interpretation algorithms.
From 1985, leading American workers (Renato Dulbecco, Robert Sinsheimer and Charles deLisi) introduced
the idea of sequencing of the human genome. The technical resources to complete such an undertaking
were not available at that time, although the National Institutes of Health (NIH) created a programme, the
International Human Genome Sequencing Consortium, led by James Watson, and brought together around 30
international laboratories from around 20 countries who divided up the different chromosomes to be analysed.
In 1998, Craig Venter, a former NIH researcher founded Celera Genomics, with a competing human genome
sequencing project.
The initial results from the two groups were still modest and contained many errors. These were presented
in February 2001, one in Nature (International Human Genome Sequencing Consortium)[3] and the other in
Science (Venter et al.)[4] (see Figures 1 and 2).
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Figure 1. Initial results from the International Human Genome Sequencing Consortium published in Nature in February 2001[3]

Figure 2. Initial results from Craig Venter, Celera Genomics, published in Science in February 2001[4]

NGS2: new generation sequencing
The whole benefit of new generation sequencing is the ability to achieve massive parallelisation. Sequencing
capacities advanced spectacularly: before 2005 a few hundred to a few thousand base pairs could be sequenced
in one process, whereas in 2010 it was possible to sequence nine billion and in 2015, 1800 billion.
In parallel to this enormous increase in data acquisition rate and reliability, sequencing costs also fell
dramatically. Sequencing of the human genome by the academic programme cost over 3 billion dollars,
whereas the cost now is a few thousand Euros (not taking account, however, the not insignificant costs of
instrumentation and data storage and interpretation).
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THE IMPACT OF GENOME SEQUENCING ADVANCES IN PRECISION MEDICINE
The acceleration in the sequencing process combined with the fall in costs, increased reliability of the results
obtained and the rise in bioinformatics led to the development of genomics in medicine:
• for the diagnosis of rare diseases (diagnosis, genetic counselling and antenatal diagnosis), chromosomal
abnormalities and some forms of common disease (diabetes, autoinflammatory syndromes, etc.);
• in prognosis, primarily for cancer;
• in treatment, with the development of pharmacogenetics.
Genomics and screening
Analysis of the genome began in the 1980s in single gene disorders. It was designed to investigate mutations
in a gene which were suspected of being responsible and at the time was limited to just a fragment of DNA.
The key benefit of genome sequencing capacities available to us now, however, is to allow the whole genome
to be analysed, enabling genetic analysis of diseases that occur as a result of mutations in many genes. Familial
spastic paraparesis may, for example, be due to mutations involving over 50 different genes, and heart disorders
to mutations involving over 15 genes.
Preconception screening is very tightly regulated in France and only families with an index case are
involved. This activity is, however, free and is even recommended in some countries. In Cyprus, for example,
preconception screening is carried out routinely for β-thalassaemia and no cases have been registered there
since 2002. The same applies in Israel and the United States for Tay–Sachs disease in Ashkenazi communities.
These practices, however, clearly raise major ethical issues.
Pharmacogenetics: examples in oncology
Cancer is caused by many progressive mutations which may affect different genes. The same type of cancer
may be caused by different mutations and, depending on the type of mutation found, different drugs may or
may not be used.
• In stage IV colorectal cancers, K-RAS gene mutations make treatment with anti-EGFR monoclonal antibodies
ineffective.
• In metastatic melanoma, the BRAF gene V600E mutation (60%) is an indication for treatment with BRAF
protein kinase inhibitors combined with anti-MEK protein kinase inhibitors and have a 90% success rate
(although with recurrences at 6 months to one year). In the absence of this mutation or in relapses, anti-PD1
or anti-PD-L1 check points are used, with a success rate of approximately 30% and survival of up to 2 years.
A clinical trial is ongoing in patients with metastatic melanoma without the N-RAS mutation using both
treatments from the outset.
• EGFR and KRAS mutations have been tested in small cell lung cancers. Of all the EGFR mutations, only
those in exons 18, 19 and 21 are sensitive to first and second generation tyrosine kinase inhibitors. A third
generation tyrosine kinase inhibitor is indicated for mutations in exon 20 (T790M resistance mutation).
Because of the current and future extent of pharmacogenetics in oncology, the French National Cancer Institute
(INCa) has created 28 sequencing centres throughout France, with the ambition of sequencing some 50,000
tumour genomes annually in 2019.
Pharmaceutical industry and targeted medicine
The dream of all workers in the pharmaceutical industry is to market ‘blockbuster’ drugs, which are prescribed
to a very large number of patients and are therefore extremely profitable. Once drugs are dispensed to a very
large population, the risk of occasionally severe adverse effects tends, by definition, to increase. Current
experience has shown that the development of these effects may lead to the drug responsible being withdrawn
from the market. Many people see this approach as unreasonable, particularly the withdrawal of a product
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whose development has been extremely expensive. Genomics can be used to identify the at-risk population
and define who may or may not benefit from the drug. This is the aim of the recent alliance between Sanofi
and BERG, an American biopharmaceutical company which is intended to compare the maximum number of
genomes and phenotypes in order to optimise the development of pharmaceutical products.
TARGETED MEDICINE, THE PERSPECTIVE OF THE ACADÉMIE NATIONALE DE MÉDECINE
(FRENCH NATIONAL ACADEMY FOR MEDICINE) AND THE ACADÉMIE NATIONALE DES
TECHNOLOGIES (FRENCH ACADEMY FOR TECHNOLOGY)
These advances have attracted the attention of the French National Academy for Medicine and French
Academy for Technology, which set up a joint bi-academic working group in 2014, which was audited in
2015 by people from various fields (companies, scientists, clinical practitioners, laboratory specialists and
informatics specialists), and has produced a report[5], which was submitted to the ministerial authorities in the
spring of 2016 (see Figure 3).
Figure 3. Report submitted to the authorities on the implementation of sequencing techniques in France[5]

Targeted medicine: challenges and opportunities
The information obtained by the various workers has highlighted the fact that the advances in sequencing and
subsequent development of personalised medicine raises many organisational, technological, bioinformatic
and informatic, industrial, financial, ethical, regulatory and educational issues. None of these problems are
impossible to resolve and it is even apparent that we have many technological, informatic, industrial and
medical tools available to us.
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Technological aspects
Technologically, DNA sequencing is now almost the monopoly of an American company (Illumina, Inc.) in
terms of instrumentation and reagents. It is still possible, however, to develop activities upstream from the
sequencing process with microfluids (the science of micrometre scale fluid manipulation), which is needed to
prepare the samples for analysis, and downstream in electronic data processing.
Regulatory aspects
Regulatory aspects do not raise a particular problem in terms of data use in research. The use of these
sequencing data is governed by Huriet’s Law and by the ethics committees. It would, however, be desirable
for the regulations to be modified in terms of biological repositories and cross-referencing of data between
medical and genetic databases.
The regulations raise more complex issues in terms of medical diagnosis. In France, this is currently the
most regulated activity and the ‘Hospital, Patients, Health and Territories’ (HPST) law of 21 July 2009 does
represent an obstacle to subcontracting sequencing in the large centres.
Ethical issues
Individual analysis of the whole genome leads to the discovery of the mutation(s) being investigated but also
of mutations ultimately liable to cause serious or even incurable diseases. Should doctors inform their patients
about this, with the risk of a serious detriment to the patient’s life when the disease may never in fact manifest
itself? Currently, the burden for using the data obtained lies on the doctor.
The question of preconception and antenatal tests, which has already been described, also raises serious
ethical problems: what are the limitations of these tests and which diseases and mutations should be tested for?
The existence of genetic databases and the reticence of the population to pass on its genetic and phenotypic
information also raise crucial questions. We are now living in an era when the concept of genetic information
is completely confidential. This perception probably represents an obstacle to the advancement of precision
medicine. The major challenge is to sequence very large numbers of individual genomes and position these in
parallel with the corresponding phenotypes. The regulations very considerably restrict this possibility, and the
desire of the public for strict confidentiality of individual genomes is motivated in particular by the possibility
for misuse. As an example, insurance premiums could rise in people found to have damaging mutations,
although we should remember that medical data (weight, cholesterol, blood pressure, etc.) are already actually
used to calculate insurance premiums. This is an area in which the legislative bodies need to intervene and
could bring the benefit of removing the general public’s current reticence about passing on their genomic
information.
Equality of access to care may also raise problems. Precision medicine is expensive because of the tests it
involves and the drugs used, which by definition are highly targeted niche products, customised to the patient.
There is therefore a real risk of ‘two tier medicine’.
Financial aspects
The technologies and electronic processing are still extremely expensive. As a result, the reference figures
for new French off-list innovative procedures (RIHN) introduced by the French general directorate for the
care offering (DGOS) for the development of innovations in health restricts the number of base pairs that are
sequenced and reimbursed by social security to 500,000. This therefore means that sequencing can only be
targeted to a few genes and excludes sequencing of the entire exome (the coding part of the genome, fewer than
100 million base pairs) and sequencing of the entire genome (6 billion base pairs) which are only considered
to be a research activity. We are therefore being deprived of information that will at some time in the future
be useful. The public hospital laboratories do not have the resources to respond to the demand in terms of past
and future budgets.
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Guidelines for the implementation of new generation sequencing
In view of the above, we have produced a number of guidelines on behalf of a joint working group from the
Académie Nationale de Médecine and the Académie des Technologies[5] :
1. i ntroducing a demonstrator of sufficient size to carry out something in the region of 40,000 full genomic
analyses annually and to store and interpret these digitally by bringing together the largest number of
possible user partners who will therefore take part in value creation;
2. creating a French or European company for manufacturing sequencing instruments which are of equivalent
or higher volume to those offered by Illumina, Inc. in order to end the monopoly of this company;
3. upstream from sequencing, to develop multifluid preparation approaches for samples, and downstream after
sequencing, to develop data storage and interpretation software, establishing the requisite contacts between
companies and geneticists;
4. to modify the current regulation requiring all research products involving genomic sequencing to be based
on a pathophysiological hypothesis insofar as the desired aim of the routine sequencing is to establish this
relationship;
5. for research, and under the supervision of CNIL (French Data Protection Commission), to facilitate crossreferencing of genetic data files with clinical data files on the same patients, respecting patient anonymity;
6. secondarily, to plan the creation of ten to 15 widely distributed interoperational centres linked to each other
and also connected to a centre which collects all of the genomic data together, however, with other data.
RECENT DEVELOPMENTS
Introduction of very high output pilot health sequencing platforms
As part of the implementation of the France Médecine Génomique 2025 project, the Ministry for Health has
issued a tender to select files offering a pilot organisation to companies to set up health sequencing in a large
number of patients. These organisations will need to contribute to the development of the structure of the
patient case pathway.
Finally, as it is clearly understood that the value lies in data processing, an Ile de France information day on
sharing of calculation resources has been organised.
Scientific and technical developments
Various recent developments may impact on the development of precision medicine. These include the
following:
• Some American and English companies such as Oxford Nanopore (MinION and GridION), PacBio RSII,
10X Genomics Chromium, are developing technologies to analyse very long sequences (several thousand
nucleotides compared with 120–150 nucleotides using the Illumina technology). Apart from time saving and
reduced costs, these techniques will facilitate haplotype analysis.
• Scientifically, a very recent publication from a French group[6] has shown that the composition of the
microbiome (or microflora) can affect the effectiveness of ICI (immune checkpoint inhibitor) treatments
against PD1/PDL1, which shows that, beyond analysis of the genome, it is also important to understand the
microbiome.
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• ‘Liquid biopsies’ also represent a recent development of greater interest. These use blood samples in which
cell debris, including tumour cell debris, are analysed enabling research into mutations without truly more
invasive biopsies being performed.
• Finally, two groups of researchers have published work on personalised vaccines for the treatment of cancers.
These groups’ work involved developing antibodies against mutations which develop in cancer cells[7, 8].
CONCLUSION
There is no doubt that the inevitable development of genomic analysis and its corollary, the use of personal
genomic data in medicine, will become an essential part of medicine itself. From this perspective, the
governmental decision to set up numerous centres across the country dedicated to these activities should be
welcomed. This decision must not be questioned or delayed. In order to provide meaning to this initiative, the
different problems described in our report (technological, financial and regulatory) need to be resolved as soon
as possible. The pharmaceutical industry needs to adopt the changes which this will involve.
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