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Abstract
Cancer survivors can carry germline mutations that will be transmitted to their progeny. Today, many of these mutations have
been identified and can be tracked. With the recent development of genome-editing technologies and CRISPR (clustered regularly
interspaced short palindromic repeats), the possibility of genetically modifying the human germline—gametes and embryos—has
never been closer. This perspective has sparked a controversy within the scientific community with reactions ranging from calls
for a ban on germline modification to cautious approval of further research. This Editorial analyzes the possible adoption of
CRISPR-based germline engineering to prevent the spread of cancer predispositions in the human population. We discuss
whether the genomic edition of human sperm and eggs would contribute to rectifying or altering the heritable genome. We
anticipate the emergence of a new form of liberal eugenics fueled by a logic of offer and demand from stakeholders such as cancer
survivors and their relatives and offspring, but also from fertility clinics, biotech firms, insurers, and clinicians. From a regulatory
perspective, validating the clinical safety and utility of CRISPR-based germline engineering is an essential step. However, with time,
gradually perfecting the technology and assessing the economic benefits for stakeholders could soften society’s resistance and
align opinions in support of genomic decontamination of human germlines. This progressive shift would be justified in the name of
cancer prevention as well as a moral obligation to facilitate the conception of cancer-free children at a cost that is acceptable to
individuals and health systems.
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Introduction

Cancer survivors strive to rebuild their lives despite the many

obstacles they face in obtaining bank loans, resuming their

careers, or finding reasonably priced insurance policies.1 Many

wish to have children but are concerned about passing on their

genetic predispositions to cancer to their offspring. Why not

directly edit the cancer survivors’ germline DNA to rid them of

these mutations and preserve their lineage?

Our understanding of the biology of cancer has expanded

exponentially in the last decade, and with it the awareness of its

extreme complexity. With cancer’s basis in genomics now

established, there have been extensive efforts to characterize

the main driver mutations and biological pathways, especially

through The Cancer Genome Atlas (TCGA).2,3 In a review of

the cancer genome landscape, 84 known oncogenes and 54

tumor suppressor genes have been fully validated.4 Unques-

tionably there will be more; the total number of genes involved

in pivotal mutations is estimated at close to 200.5 However,

with the recent development of genome-editing technologies

such as CRISPR, genetically modifying cancer predispositions

has never been closer.

Genome-editing techniques allow the custom-synthesis of

DNA fragments—the insertion, deletion, or expression of

genetic variants in a targeted, simple, and efficient manner.6

The most recent version of these molecular cut-and-paste tech-

nologies, CRISPR is based on two components—an enzyme

(Cas9) that functions like molecular scissors, cutting out cer-

tain genes while inserting others, and an RNA molecule that

guides these scissors toward a specific DNA sequence.7 Other

techniques exist, such as Zinc Finger Nucleases (ZFN) and

Transcription Activator-Like Effector Nucleases (TALENs),

but today CRISPR engineering stands out through its speed,

accuracy, ease of use, and low cost.8

Genome editing already has a wide range of applications in

infectiology, the prevention of new HIV infections,9 and the

neutralization of malaria-carrying mosquitoes10; in agriculture,
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with the transgenic editing of rice,11 oranges,12 transgenic live-

stock,13 and hypoallergenic chickens14; in pharmacology, with

the production of organoids that can accelerate cancer drug

screening15; and in biomedicine, to correct mutations that can

cause hereditary diseases16 such as Duchenne muscular dystro-

phy,17-19 cataracts,20 hereditary deafness,21 b thalassemia,22

and cystic fibrosis.23,24

In oncology, genome-editing technologies are already being

applied in a wave of clinical trials to conditions ranging from

leukemia,25 metastatic non-small cell lung cancer26 and mela-

noma, to sarcoma and myeloma.27 All these clinical trials are

conducted on somatic cells, but CRISPR is already being con-

sidered for use on germline stem cells, which could make it

possible to modify the DNA of spermatogonial stem cells.28

Genome engineering of spermatogonial stem cells would free

descendants from the symptoms of the targeted disease.29,30 It

would also ensure that individuals would not become asympto-

matic carriers of these mutations that, from an epidemiological

standpoint, would significantly decrease the disease’s fre-

quency in the human population.31 In theory, these mutations

could eventually disappear over generations, thereby eradicat-

ing hereditary diseases whose main genetic markers have been

identified, such as cystic fibrosis and Huntington disease.

The debate over CRISPR-based germline engineering is

generally framed from an ethical and scientific perspective.

The economic dimension is often overlooked. In this editorial,

we analyze the industrialization of this technology and antici-

pate that CRISPR will both create and meet demands on the

individual and collective levels. Economic stakeholders—bio-

tech and medtech firms, public payers, health insurers, fertility

clinics, parents-to-be, cancer survivors, their relatives and off-

spring—may share converging interests in preventing the

spread of cancer predispositions in the human population.

From Hereditary Risk Assessment to
Clinical Interventions

Cancer is a genetic disease whose pathogenesis is influenced by

hereditary and environmental factors. Genetic susceptibility

and predisposition to cancer depend on the penetrance of the

inherited germline and allele mutations, which are classified in

three groups: high, moderate/intermediate, and low. Low pene-

trance alleles predispose carriers to cancer risks that are slightly

higher than those observed in the general population. Moderate

penetrance alleles increase the risk of disease by a factor of

roughly two to five.32 High penetrance alleles predispose an

individual to the risk of cancer throughout their life, with a risk

often 10 times that observed in the general population. This is

the case of colorectal cancer, for which 5% of cases can be

explained by germline mutations in high penetrance alleles

such as APC, MLH1, or MSH2.33 For breast cancer, BRCA1

and BRCA2 susceptibility genes are involved in roughly 25%
of cases of families affected by hereditary breast cancer. For

carriers of these genes, the assessed cumulative risk of breast

cancer at age 80 is approximately 80%.34

The following question therefore arises: what would the

clinically acceptable risk threshold be for using CRISPR to

prevent the transmission of alleles associated with cancer?

Should usage be strictly limited to high or intermediate pene-

trance alleles? While low penetrance alleles correspond to a

polygenic model in which many of them are tied to a very low

genotypic risk (factor of 1.5 to 2), their accumulation can have

a multiplier effect on susceptibility in the general population.35

Thus, individuals carrying a large number of low penetrance

alleles may be exposed to a cumulative risk of cancer of close

to 50% throughout their lifetime—hence the importance of

identifying low penetrance alleles that are responsible for

genetic susceptibility.36 In other words, even for low pene-

trance alleles, genome editing could theoretically have a clin-

ical utility both for cancer patients and their descendants who

may inherit these predispositions.32

One possible usage of CRISPR to prevent hereditary cancers

would involve a multidisciplinary approach to assess the prob-

abilities of germline mutations in cancer-susceptibility genes,

and then cross-checking these probabilities with the history of

an individual and their family. The possible identification of

Variants of Uncertain Significance (VUS) further complicates

the outlook for genome editing, and although next-generation

sequencing technologies will probably help to gradually reduce

the number of VUSs, for the time being the use of CRISPR

reflects an ethics of uncertainty.37

Although the utilization of CRISPR is still experimental for

cancer patients, several investigational protocols may prefigure

targeted therapeutic approaches in oncology. In a clinical trial

for metastatic non–small cell lung cancer, a Chinese team from

Sichuan University is extracting immune T cells from the

patient’s blood and using CRISPR technology to knock out a

specific gene that encodes a protein called PD-1, which nor-

mally blocks the cell’s capacity to launch an immune

response.26 The edited cells will then be multiplied in vitro and

reintroduced into the patient’s bloodstream, where they are

expected to target cancer cells. Although CRISPR-Cas9 can

result in edits at the wrong places in the genome—with poten-

tially harmful effects—the US National Institutes of Health’s

(NIH’s) Recombinant DNA Advisory Committee issued a pos-

itive recommendation in 2016 for a similar study designed to

combine gene editing and immunotherapy to treat melanoma,

myeloma, and sarcoma.27

In practice, before using CRISPR germline editing on car-

riers of cancer predispositions, the technology’s analytical and

clinical validity needs to be demonstrated, as does its clinical

utility, that is, its capacity to accurately and reproducibly target

one type of cancer over several generations. Such a demonstra-

tion represents a tremendous challenge, especially since the

clinical utility of genetic testing for moderate penetrance genes

is still a controversial issue.38 This demonstration must meet

the requirements of the Evaluation of Genomic Applications in

Practice and Prevention (EGAPP) drawn up by the US Centers

for Disease Control and Prevention and used by many health

care systems, as well as the American Society of Clinical
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Oncology (ASCO).39 EGAPP establishes four evaluation cri-

teria that could apply to CRISPR: analytic validity, clinical

validity, clinical utility, and ethical, legal, and social issues.

To some extent, the clinical utility of CRISPR-based germline

engineering could be compared with artificial reproductive

technologies currently used to prevent the transmission of can-

cer predispositions in families at risk. Validating CRISPR’s

clinical utility would require demonstrating that this approach

leads to improved clinical outcomes and enhanced quality of

life, which represent added value not only for patients but also

for asymptomatic carriers of cancer predispositions and their

descendants.

Rectifying or Altering Our Inheritable
Genome

While the ethical debate has revealed a relative consensus on

the use of CRISPR on somatic cells for scientific or therapeutic

purposes, no such common ground has been reached on the

issue of modifying human germlines.40,41 Countries such as

Japan, China, and India forbid it through declarations that are

legally nonbinding,42,43 while the Council of Europe has made

its prohibition a legal requirement for its member states.44 In

2015, the United Kingdom (UK) drew attention by authorizing

the manipulation of gametes carrying mitochondrial DNA

defects, which is a type of intervention on the human

germline.45

The use of CRISPR on nonviable human embryos has

sparked a sense of urgency in the scientific community.46 In

reaction, an international summit was hosted in December

2015 by the US National Academy of Sciences, the Chinese

Academy of Sciences, and the Royal Society of the UK to issue

a warning statement on human germ cell manipulation.47 The

statement calls for a cautiousness on genome editing of human

germlines for reproductive purposes. It invokes several argu-

ments such as the risk of technical error; responsibility toward

the future generations that will inherit these modifications; the

difficulty in reversing the modifications once they have been

introduced and disseminated in the population; the possibility

that genetic improvements will only concern a subset of the

population, thereby exacerbating social inequities; and the ethi-

cal and moral considerations in purposely altering human

evolution.

Following the reading of the statement, a participant in the

audience—a mother of a child suffering from a genetic disor-

der—spoke out, describing the disease and how it destroyed the

life of her son and her family, concluding with “if you have the

skills and the knowledge to fix these diseases, then do it.”48

Moratoriums and prohibitions have a hard time standing up to

the real-life experiences of patients and their families when

they challenge the arguments against germline modification.

The technical risk argument is legitimate, but as with all

biotechnological breakthroughs, the risk could decrease

through scientific advances. Over time, technological

improvements in CRISPR could reduce the occurrence of

off-target edits, and certain genetic interactions with the

environment.

The argument of responsibility toward future generations is

not as obvious as it may initially seem—future generations

could just as well be indignant that nothing was attempted to

prevent the transmission of genetic mutations that could poten-

tially have been eliminated with CRISPR. Some invoke the

argument that these germline modifications would be made

without the consent of future generations.49 But isn’t this

already the case for other commonly used techniques such as

In Vitro Fertilization (IVF) and Intra-Cytoplasmic Sperm

Injection (ICSI)? No parent has ever obtained the prior consent

of their unborn children when deciding to bring them to life,

and no children have ever consented to accepting the genetic

endowment of their progenitors.

Inspired by the precautionary principle, which states that

nothing must be done unless everything is completely under-

stood, the argument that genome alterations are irreversible is

based on the assumption that their widespread dissemination

cannot be undone. But why couldn’t genome editing work in

both directions, like a dynamic word processor with corrective

mechanisms? Technically, with CRISPR, previously removed

or modified mutations can be reintroduced into the genome.50

Reversing the modifications introduced by CRISPR would the-

oretically enable backtracking and correcting any biosafety

accidents, which would meet the provisions of the precaution-

ary principle.51

The risk of exacerbating social inequities is an argument

commonly put forward regarding the introduction of new

technologies that are costly. Yet the low cost of CRISPR

could allow health care systems to propose it under universal

coverage, thereby ensuring equal access to all in the name of

social justice.52

The final argument invokes the moral responsibility of pur-

posely altering human evolution. But what do we mean by

“human evolution”? This argument appears to assume, on the

one hand, that human evolution is simply the evolution of the

genome, and on the other hand, that the human genome in its

natural state cannot be perfected. If we extrapolate this logic,

shouldn’t doctors feel guilty about their everyday attempts to

cure natural disorders affecting the human body? Shouldn’t the

centuries-long endeavor to extend life expectancy be consid-

ered a clear interference in the natural evolution of humanity?

The prenatal diagnosis of breast cancer illustrates the poten-

tial impact of CRISPR on health care systems. Since 2009, the

British health authorities have been genetically screening

embryos created through in vitro fertilization (IVF) for families

with a history of breast cancer.53 As in many countries, in the

UK the National Health Services covers the cost of this proce-

dure, which is invasive and risky for women because it involves

ovarian stimulation to collect the oocytes,54 and for unborn

children because the IVF technique combined with intracyto-

plasmic sperm injection (ICSI) can cause premature births with

an increased prevalence of congenital disorders.55 The recent
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introduction of the noninvasive prenatal diagnosis (NIPD)

allows the DNA circulating in a mother’s blood to be analyzed

to detect aneuploidy in a fetus while limiting iatrogenic risks

for both mother and child.56 In general, health professionals

view NIPD as a positive advance in prenatal diagnosis.57 How-

ever, although some urge caution in the use of NIPD to detect

BRCA1 and BRCA2 genes in unborn children, other health

professionals believe that NIPD offers parents-to-be who

already have a disease the guarantee that it will not be passed

on to their descendants.58

As a disruptive approach, genome editing could eventually

eclipse standard birth screening techniques if CRISPR suc-

ceeds in eliminating BRCA mutations from the parents’ germ-

line. It would also avoid creating surplus embryos and

destroying the affected ones. Genome-editing technologies

usher in a preventive logic that is similar in some respects

to vaccination campaigns that seek to gradually eradicate a

targeted disease in a population. The use of CRISPR could

gradually prevent the dissemination of BRCA genes in the

population, avoiding hundreds of thousands of hereditary can-

cers, and ruined lives, while relieving health care systems

from a significant proportion of the heavy economic burden

of cancer.

The Economic Burden of Cancer

Numerous studies have assessed the considerable socioeco-

nomic impact of cancer, in particular the financial burden for

patients59,60 as the result of their loss of employment or pro-

ductivity at work.61,62 The financial repercussions of cancer

also impact access to care and the survivor’s capacity to meet

the basic necessities of everyday life.63 A further factor is the

frequent inability of insolvent patients to pay for the cost of

cancer-related medical expenses not covered by their insur-

ance.64 The difficulty in obtaining insurance coverage exacer-

bates the financial distress of survivors, in some cases leading

to a deterioration in health or even a higher mortality rate.65,66

Beyond the individual challenges encountered by survivors,

cancer represents a tremendous economic burden on health

care systems. In the United States, the NIH evaluated the cost

of treating cancer in 2010 at $125 billion, and project the 2020

cost at $207 billion.67 In 2012, the total cost of cancer in the 28

countries of the European Union was €143 billion, of which

40% was directly tied to care.68,69

Health care systems are struggling to keep up with these

soaring costs, especially for anticancer drugs. “High cancer

drug prices are affecting the care of patients with cancer and

our healthcare system,” declared a patient-driven initiative and

petition to curb prices of anticancer drugs.70 In 2015, the aver-

age gross household income in the US was $56,000 per year.71

For an insured patient with cancer who needs a drug that costs

$120,000 per year, “the out-of-pocket expenses could be as

much as $30,000—more than half their average household

income,” according to the authors of the petition. The average

price of new cancer drugs has risen between 5- and 10-fold over

15 years to more than $100,000 a year in 2012. As a result of

these rising prices, the cost of drugs for each additional year

lived rose from $54,000 in 1995 to $207,000 in 2013.72

How is this price escalation justified? Fortunately, techno-

logical disruptions often result in lower prices. In genomics,

next generation sequencing (NGS) technologies have enabled

an exponential drop in sequencing costs, which fell from $100

million in 2001 to approximately $1000 in 2016.73 This same

phenomenon could occur with CRISPR: at €34.4 per genetic

target, CRISPR costs 10 times less than RNAi technology

(€337.0 per target) and 64 times less than TALEN technology

(€2.360 per target).74 In terms of technological performance,

CRISPR-Cas9 has already leapfrogged TALEN technology,

mostly because Cas9 offers an unprecedented simplicity to

target a large variety of functional domains to various genomic

sites.75 While RNAi has dominated the mammalian gene

expression manipulation field for the past 15 years, the recent

rapid growth of CRISPR-Cas9 raises the question of whether

RNAi will become a tool of the past.76

CRISPR illustrates what the economist Joseph Schumpeter

coined “creative destruction”: genome-editing technologies

could carry “everlasting storms of innovations” that will dis-

rupt market structures.77 Eventually, CRISPR could drastically

alleviate the economic burden of cancer by revolutionizing two

models currently used by health care systems: cancer screening

programs and precision medicine.

The prevention strategy used by health policy makers to

fight cancer mainly consists in cancer screening programs to

detect tumors as early as possible and rapidly begin treatment.

But with CRISPR, prevention campaigns would make it pos-

sible to intervene even earlier, detecting and correcting genetic

mutations before they produce tumors. This would offset the

costs of periodic screening exams (eg, mammographies, colo-

noscopies) and the treatments (eg, chemotherapies, radiothera-

pies). With germline engineering, CRISPR could also offset the

costs of artificial reproductive technologies for cancer survi-

vors who wish to give birth to cancer-free children (eg, IVF,

ICSI, preimplantation genetic diagnosis).

For colorectal cancer, population-based screening programs

are evaluated in terms of budget impact and cost effective-

ness.78 In Australia, for instance, a study shows that—at

AU$12,405 per life-year gained and an average lifetime expec-

tancy of 16.084 years—five-yearly colonoscopy screening was

the most cost-effective strategy.79 Medico-economic evalua-

tions have also been conducted in other countries such as Bel-

gium, with similar results.80 Currently based on the early

detection and treatment of colorectal cancer, these public

health strategies could be upended by CRISPR. Rather than

investing in a national colonoscopy program, budgets could

be reallocated to edit genomes in the population—in particular

for families at risk—with a view to eliminating the main her-

editary predispositions of colorectal cancer in order to reduce

its prevalence and eradicate its transmission to future

generations.
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CRISPR could also profoundly transform the present model

of precision medicine and eventually achieve the aim of mak-

ing medicine an art of precision. According to the 2008 defi-

nition of the US Office of Science and Technology, “precision

medicine classifies patients into subpopulations that differ in

their susceptibility to a particular disease, in the biology and/or

prognosis of those diseases that may develop, or in their

response to a specific treatment.”81 Is this approach cost-effec-

tive? Oncotype Dx is an example of a molecular assay with a

putative value-based price of $3500 per test.82 The major eco-

nomic benefit is that it avoids chemotherapy costs and side

effects (including the risk of death) in women with early stage

breast cancer by identifying women with a very low risk of

cancer recurrence.83 In England, Oncotype Dx was recom-

mended for use by NICE based on a calculation that took

account of the QALY health gains from avoiding the adverse

effects of chemotherapy, as well as the savings from reduced

treatment cost.84 In France, Oncotype Dx was also found cost-

effective from a national insurance perspective (€2134 per

QALY gained) and cost saving from a societal perspective

(€602 lower than costs of standard care).85 The approach based

on value assessment in precision cancer medicine could simply

disappear if CRISPR is able to eliminate the main genetic pre-

dispositions to breast cancer. If so, the disease will no longer be

triggered, rendering companion diagnostics and costly treat-

ments pointless.

The Genomic Quotient

CRISPR could make it possible to eradicate close to 3600

rare monogenic disorders caused by identified genes.86 The-

oretically, this perspective could also be extended to

polygenic disorders such as cancer, with a higher level of

complexity and unpredictability in terms of clinical out-

comes. For each individual, assessing genetic risks will pro-

gressively mean establishing a series of scorecards at

different periods in time, based on genetic predispositions,

lifestyle, and exposure to epigenetic factors. As new genetic

markers and their penetrance are gradually identified, it may

eventually become possible to evaluate the genomic quoti-

ent of an individual, that is, the morbidity risks of a given

genome based on the mutations it contains.87 The genomic

quotient—a composite score similar to the intellectual

quotient—could contribute to stratify risk-adjusted profiles

statistically distributed in the homogeneous subpopula-

tions.88 The genomic quotient of each profile would be

given an economic value based partly on the risk of a dis-

ease appearing and partly on the cost of the treatments

required to cure the disease (see Figure 1). As with the

actuarial models used in the insurance industry, it would

become possible to observe that people with a high genomic

quotient get sick less often than the average person, imply-

ing lower health care costs, and vice versa.

The genomic quotient would help target individuals for

whom CRISPR-based germline engineering would provide

medical and economic added value. Such an approach could

bring about a significant decrease in health care costs within

two to three generations. The phenomenon could be acceler-

ated through positive and negative eugenics programs where

high quotients would receive economic incentives to procre-

ate—such as tax credits or low health insurance premiums—

and low quotients would be economically penalized if they

refused to eliminate the cancer predispositions of their germ-

line DNA.

GENOMIC
QUOTIENT

LOW RISK

PREVALENCE

INTERMEDIATE RISK

2070

2020

2045

GERMLINE 
ENGINEERING

HIGH RISK

HEALTH CARE EXPENDITURES

POLYMORPHISM

Figure 1. The genomic quotient (GQ). The GQ would be calculated by comparing the average number of pathogenic variants in a
population with that of an individual. The GQ score would integrate parameters such as variant profiles and levels of penetrance. Over
generations, use of germline genome editing would gradually skew the bell curve to the right, increasing the average quotient of the population
and lowering health care costs, but also narrowing the population’s polymorphism and impoverishing genetic diversity between humans.
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This scenario would have profound consequences, as this

normative approach toward human births would reduce the

polymorphism of a population in a few generations, potentially

putting the survival of the human species at risk. For instance,

certain genetic disorders confer resistance to infectious dis-

eases: sickle-cell anemia provides resistance to malaria, cystic

fibrosis to cholera, Niemann-Pick disease type C1 prevents the

filovirus infection, and Tay-Sachs disease provides protection

against tuberculosis.89 Using CRISPR to eradicate genetic dis-

ease variants would imply greater exposure of human species to

infectious diseases.

This genomic stratification associated with a risk classifica-

tion is reminiscent of the concept of “the average man” intro-

duced in 1844 by Adolphe Quételet in his work on

anthropometry and body mass index.90 Today, health insurance

is moving toward establishing the concept of “average gen-

ome,” associated with nosological risks arranged in low-,

intermediate-, and high-risk homogeneous groups.91 From the

insurance perspective, the average genome would represent the

average risk that actuarial models would consider reasonable to

cover, in the name of solidarity.92

Eugenic Freedom for All

With CRISPR technologies comes the resurgence of eugenics,

with the instrumental capability to select humans based on their

phenotypic and/or genotypic profiles. But who would dare to

proclaim which hereditary standards are acceptable within a

population? The State? “The individual,” answers Nobel

Laureate James Watson: “Eugenics is [a way to] self-correct

your evolution, and the message I have is that individuals

should direct the evolution of their descendants: don’t let the

State do it. I think it would be irresponsible not to direct your

evolution if you could, in the sense that you could have a

healthy child versus an unhealthy child.”[1]

In Antiquity, Plato’s Republic recommended aristocratic

eugenics designed to favor mating between men and women

of the elite.[1] In the 20th century, the Third Reich combined

positive eugenics (lebensborn) with negative eugenics

(the final solution) to promote the Aryan phenotype. With

CRISPR, a new kind of eugenics could emerge in modern

democracies, this time based not on social or phenotypic cri-

teria but rather on a genotypic evaluation combining morbidity

rate and economic burden. Genomic standard profiles would be

defined by the citizens themselves. The State’s power would be

limited to guaranteeing eugenic freedom for all, without inter-

fering in the private reproductive choices of its citizens.

Today, Great Britain illustrates this kind of approach by

regularly updating an official list of hereditary diseases for

which newborn genetic screening is authorized and reim-

bursed. In 2004, the Human Fertilization and Embryology

Authority (HFEA) had included 29 diseases, including Hun-

tington disease and Tay-Sachs disease. By January 2017, there

were 415 diseases on the list, including breast, colon, and ovar-

ian cancer, as well as other illnesses, many of which are

treatable, poorly penetrant, and late-onset diseases. Within 13

years, the number of diseases for which newborn genetic

screening is reimbursed increased by a factor of 14.

“Have your say on conditions awaiting consideration,” the

HFEA website announces: through a citizen’s forum, patients

and their families can make their voice heard and weigh in on

the inclusion of new genetic diseases in the list, such as albin-

ism type 2.[1] In a sense, this list sets a limit, yet at the same

time, by allowing citizens to participate in the consultation, this

limit is elastic and slippery. With this democratic approach, the

State is not imposing eugenic norms on its citizens; it is giving

them the freedom to choose the genomes they consider unde-

sirable for the next generation.

But with CRISPR-based germline technologies, what will

happen if some people refuse to decontaminate their descen-

dants’ genomes? Could the State decide to no longer pay for

their children’s treatment if they suffer from a hereditary dis-

ease? The estimated cost for the treatment of stage IV mela-

noma is up to $152,244 per year and per patient[1]: how many

families could afford such an expense? In this scenario, parents

would have the choice to use or refuse CRISPR in theory, but in

practice, the economic consequences of their refusal would be

prohibitive.

Industrializing Germinal Decontamination

CRISPR is at the crossroads of the health care and agri-food

industries. Startup companies such as Caribou Biosciences,

CRISPR Therapeutics, Intellia Therapeutics, and Editas Med-

icine have provided private equity financing for Cas9-based

genome engineering firms. In all, companies with an interest

in using Cas9 for applications related to gene therapy have

raised more than $600 million in venture capital and public

markets between 2013 and 2015.93 The pace of this activity

is remarkable given that the first granted patent for the use of

CRISPR in eukaryotic cells was issued on April 14, 2014. In

2015, several high-profile investors, including the Bill &

Melinda Gates Foundation and Google Ventures, invested

$120 million in the genome-editing firm Editas Medicine.94

In October 2016, there were 1625 CRISPR-related inven-

tions distributed in five main technical categories: components

(CRISPR RNA, Cas9 enzyme, etc), activity (Cas cleavage,

etc), vectors (bacterial, viral, plasmid), delivery (liposome,

nanoparticle, etc), and application (gene editing, gene therapy,

drug discovery, diagnosis, regulating, and targeting).95 The 10

main patent holders include the Massachusetts Institute of

Technology (MIT), Harvard, Broad Institute, NIH, Sangamo

Biosciences, Cellectis, University of California, Dow AgroS-

ciences, DuPont Nutrition Biosciences, and Editas Medicine.

Patent holders, licensors, licensees, and partners are inter-

acting at different levels. The institutional cluster of MIT, the

Broad Institute, and Harvard have granted exclusive licenses

for therapeutic applications of their CRISPR-Cas technologies

to their joint commercial effort, the spin-off company Editas. In

addition, they offer academic researchers access through
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Addgene, a nonprofit plasmid repository. UC Berkeley has

granted an exclusive license to the startup Caribou Bios-

ciences, which has in turn issued exclusive sublicenses to

Intellia and Novartis for therapeutic applications, and to

Dupont for agricultural applications. Yet, under pressure from

their venture capital backers, these startup companies are

aggressively seeking to develop new products of their own

and open new markets.

CRISPR may unexpectedly expand its core market to the

edition of human reproductive cells. As is already under way

with crop seeds, genome editing of human gametes—ova and

spermatozoa—could gradually become the next step in

CRISPR’s industrial application. Initially used by sterile per-

sons and cancer survivors, gamete banks now cater to fertile

couples, homosexuals, and one-parent families. Some also

market services for young female employees of companies

such as FaceBook or Apple that offer egg cryopreservation to

allow them to build a career while holding off their pregnancy

until after age 40.96

Polluter Pays

CRISPR could turn this century into a huge wave of genome

decontamination. Like the carbon footprint, a genomic foot-

print disseminated in the general population could be taxed

as a prejudice to the common good. CRISPR would make it

possible to decontaminate a population’s reproductive cells.

One could choose not to do so—in the name of individual

freedom—but this would spawn a new kind of polluter payer

tax, since parents would be taking the risk of disseminating

harmful genes in the general population, potentially resulting

in costly treatments for the community at large.

Newborn screening programs are an integral part of health

care policy.[1] In the United States, an analysis of newborn

screening in families affected by cystic fibrosis showed that

for an average medical cost of $63,127 per year and per patient

and an average life span of 37 years,[1] the net savings gener-

ated if couples carrying these mutations use IVF and PGD

rather than giving birth to a sick child requiring life-long treat-

ment is estimated at $33.3 billion.[1] Genome editing would

multiply these savings, given that IVF with genetic screening

only covers one generation, whereas with a single action on the

germline, CRISPR would make it possible to modify the DNA

of all generations. Through the 20th century, the concept of

prevention meant avoiding the appearance of an illness. In the

CRISPR century, prevention could come to mean avoiding the

appearance of ill persons.

But like other prospective parents, those who rely on donor

sperm want to conceive healthy children. The donor selection

process gives these parents the opportunity to minimize the risk

of recessive disease inheritance by avoiding donors who carry

mutations that are genetically incompatible with the reprodu-

cing parent. Yet, despite tremendous advances in variant iden-

tification, understanding, and analysis, the vast majority of

disease-causing mutation combinations remain undetected by

commercial carrier screening panels.97 To overcome this situ-

ation, why not use CRISPR directly to commercialize repro-

ductive cells with a customized genome? Today, fertility

clinics offer phenotypic details about their sperm donors, from

face matching to donor silhouettes, childhood photos, and

audio interviews. With CRISPR, they would offer an enhanced

genomic quotient to the family and its descendants.

Firms such as GenePeeks and 23&Me have filed patents on

technologies that assess the probability of transmitting the

genetic diseases of parents to their offspring.98 The methods for

evaluating the genome combinations of two gametes are used to

draw up a score that incorporates disease probability, life span,

and health care expenditures.99 “I prefer a child with . . . a low

risk of colorectal cancer” is one of the choices in the drop-down

menu depicted in 23&Me’s patent application.100 The firm

OvaScience is working on an experimental genome-editing tech-

nique for oocyte precursor cells that would modify their heredi-

tary predispositions before the embryo is conceived.101

OvaScience has set up a joint venture with Intrexon, a company

specializing in synthetic biology, to accelerate clinical develop-

ments in gamete and human embryo genome editing.

The adoption of human germline engineering could be dri-

ven by the economic dynamic of supply and demand. Cancer

survivors, fertility clinics, biotech firms, oncologists, malprac-

tice insurers, employers, and health authorities are all stake-

holders that may find converging interests in the use of

germline genome editing, on the individual and collective lev-

els. Figure 2 presents stakeholders’ interactions and converging

interests in using germline genome editing.

This stakeholder alignment would represent a powerful

influence based on an industrial logic rather than an ethical

or political consensus. The convergence of economic interests

would also be consistent with democratic values such as indi-

vidual freedom. Indeed, germline modification would represent

the freedom of parents to choose the genomic quotient of their

offspring at an affordable price, not in the name of “eugenics”

but in the name of “hygienics,” to prevent genetic pollution and

contamination. From this economic perspective, using CRISPR

on human germlines could become not only acceptable but also

natural and rational.

Voices of Patients

Since the proposal and subsequent confirmation of the structure

of DNA, countless bioethical controversies have referred to the

concept of “human dignity.”102 But what have we really learned

from these debates103? That human dignity is a moral value

shared by all human beings regardless of their physical charac-

teristics, which includes genetic predispositions. In other words,

if CRISPR eliminates a mutation such as KRAS from the human

germlines, human dignity will not be diminished. CRISPR chil-

dren will not be less ‘human’ than children born through IVF or

embryo screening. They will be indistinguishable from all other

children. They too will be imperfect and lovable. They too will

grow, and one day endure disease and eventual death.
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The surprising element in the debate over germline modifi-

cation is the absence of the voices of the patients and their

families. Public opinion surveys show that most Americans are

in favor of genome editing to prevent their children from inher-

iting serious diseases,104 although 65% consider that modifying

the genes of unborn children should not be legalized.105

Another survey conducted in 2016 found that 49% of Amer-

icans approve the use of germline editing to reduce the trans-

mission of hereditary diseases.106 A caveat to these surveys is

that they were conducted in the general population, where can-

cer survivors statistically represent only a small fraction. In

these days of “patient-centricity,” it would have been interest-

ing to compare the survey results of the general population with

a sample of cancer patients and their families.

“As a parent with an incredibly sick child, what are we

supposed to do—sit by on the sidelines while my child

dies? . . . CRISPR is a bullet train that has left the station—there

is no stopping it, so how can we harness it for good?”107 If the

proper use of CRISPR should be limited to the “incredibly

sick,” what criteria should be used to objectively determine

these extreme cases? Quality of life? The question is trickier

than it may seem. For instance, some consider that autism is a

hereditary behavioral trait that is an integral part of human

diversity, and that this “neurodiversity” must be respected.108

Even before the use of CRISPR on germlines, some people

with hereditary deafness or dwarfism were already deciding to

selectively transmit those genetic traits to their children in

order to share a common way of life.109 Illness or disability

does not necessary imply unhappiness. Several studies show

that half the persons with serious diseases consider that their

quality of life is good or excellent.110 In particular, the majority

of patients with locked-in syndrome—who can only commu-

nicate by blinking their eyes—declare that they are happy

despite their state of complete dependence.111 Why do many

people with serious and persistent disabilities report that they

experience a good or excellent quality of life when, to most

external observers, these people seem to have an undesirable

daily experience112? The mystery of resilience allows certain

diseased persons to overcome the turn of fate, transcend suf-

fering, and create a human endeavor. They succeed “despite,”

but also “thanks to.” Yet with or without resilience, cancer

patients will probably refuse to remain passive in the face of

illness, forego CRISPR, and let their hereditary predispositions

contaminate their descendants.

Concluding Thoughts

Many cancer survivors are quietly consumed by a dilemma: on

the one hand, they disapprove of the mass eugenics that would

have prevented their own deleterious genomes from coming to

life, while on the other hand they wish to benefit from the

individual eugenics that would spare their descendants from

their own genetic predispositions and suffering. How can these

two perspectives be reconciled? More specifically, how can

this form of micro-eugenics be condemned when it supports

a moral obligation to give our children the best chance of the

best life113? Yet in a liberal democracy where each individual

would be allowed to procreate freely, the cumulative effects of

micro-eugenic decisions could eventually lead to macro-

eugenics bent on favoring the highest genomic quotients.

CRISPR could lead to the reemergence of what Nietzsche

called “the grand politics [which] places physiology above all

other questions—it wants to rear humanity as a whole, it mea-

sures the range of the races, of peoples, of individuals accord-

ing to the guarantee of life that they carry within them.

Inexorably it puts an end to everything that is degenerate and

parasitical to life.”114In the CRISPR century, this vision is

probably not a prophecy but a possible future.

Declaration of Conflicting Interests

No potential conflicts were declared.

Funding

No financial support of the research, authorship, and/or publication of

this article was declared.

References

1. Nekhulyudov L, Walker R, Ziebell R, Rabin B, Nutt S, Chubak J.

Cancer survivors’ experiences with insurance, finances, and

employment: results from a multisite study. J Cancer Surviv.

2016;10:1104-1111.

BIOTECH
MEDTECH FIRMS

HEALTH
AUTHORITIES

CANCER SURIVORS 
FAMILIES

MARKETING

ONCOLOGISTS
OBSTETRICIANS

HEALTH COVERAGE

GAMET BANKS
FERTILITY CLINICS

MALPRACTICE INSURERS
HEALTH INSURERS

WRONGFUL BIRTH 
COMPENSATION

SALES

OBLIGATION 
OF MEANS

EMPLOYERS
EMPLOYEES

MEDICAL 
LEAVE

Figure 2. Stakeholder convergence on use of germline genome
editing. (i) Cancer survivors could find in CRISPR a way to have chil-
dren free of cancer predispositions while retaining their fertility
capabilities. (ii) Fertility clinics could see in CRISPR a marketing solu-
tion that meets the demands of customers looking for reproductive
cells with a specific genomic quotient. (iii) Biotech and medtech firms
could industrialize their patents by marketing CRISPR to gamete banks
and fertility clinics, oncologists, and obstetricians. (iv) Oncologists and
obstetricians could use CRISPR to satisfy their obligation of means in
order to minimize the risk of transmission of cancer predispositions to
the next generation. (v) Malpractice insurers could see CRISPR as a
way to avoid wrongful birth claims and costly damages to the families.
(vi) Employers offering health insurance to their employees could
encourage them to use genome editing to reduce cancer risks that
result in medical leaves and health care expenditures. (vii) Finally,
health authorities could view germline genome editing as a powerful
primary prevention tool that would curtail the dissemination of
hereditary diseases in the population and decrease health care costs.

8 Therapeutic Innovation & Regulatory Science XX(X)



2. Alexandrov LB, Nik-Zainal S, Wedge DC, et al. Signatures of

mutational processes in human cancer. Nature. 2013;500:

415-421.

3. Kandoth C, McLellan MD, Vandin F. Mutational landscape and

significance across 12 major cancer types. Nature. 2013;502:

333-339.

4. Vogelstein B, Papadopoulos N, Velculescu VE, et al. Cancer

genome landscapes. Science. 2013;339:1546-1558.

5. Topol E. Individualized medicine from pre-womb to tomb. Cell.

2014;157:241-253.

6. Nakayama T, et al. Simple and efficient CRISPR/Cas9-mediated

targeted mutagenesis in Xenopus tropicalis. Genesis. 2013;51:

835-843.

7. Doudna J, Charpentier E. The new frontier of genome engineering

with CRISPR-Cas9. Science. 2014;346:1258096.

8. Ledford H. Riding the CRISPR wave. Nature. 2016;531:156-159.

9. Hu X, et al. RNA-directed gene editing specifically eradicates

latent and prevents new HIV-1 infection. Proc Natl Acad Sci U

S A. 2014;11111461-11466.

10. Hammond A, Galizi R, Kyrou K, et al. A CRISPR-Cas9 gene

drive system targeting female reproduction in the malaria mos-

quito vector Anopheles gambiae. Nat Biotechnol. 2016;34:78-83.

11. Zhang H, Zhang J, Wei P, et al. The CRISPR/Cas9 system pro-

duces specific and homozygous targeted gene editing in rice in

one generation. Plant Biotechnol J. 2014;12:797-807.

12. Jia H, Wang N. Targeted genome editing of sweet orange using

Cas9/sgRNA. PLoS One. 2014;9:e93806.

13. Wang Z. Genome engineering in cattle: recent technological

advancements. Chromosome Res. 2015;23:17-29.

14. Reardon S. The CRISPR zoo. Nature. 2016;531:160-163.

15. Shi J, Wang E, Milazzo JP, et al. Discovery of cancer drug targets

by CRISPR-Cas9 screening of protein domains. Nat Biotechnol.

2015;33:661-667.

16. Yin H, Xue W, Chen S, et al. Genome editing with Cas9 in adult

mice corrects a disease mutation and phenotype. Nat Biotechnol.

2014;32:551-553.

17. Long C, McAnally JR, Shelton JM, et al. Prevention of muscular

dystrophy in mice by CRISPR/Cas9-mediated editing of germline

DNA. Science. 2014;345:1184-1188.

18. Li HL, Fujimoto N, Sasakawa N, Shirai S, Ohkame T, Sakuma T.

Precise correction of the dystrophin gene in Duchenne muscular

dystrophy patient induced pluripotent stem cells by TALEN and

CRISPR-Cas9. Stem Cell Rep. 2015;4:143-154.

19. Tabebordbar M, Zhu K, Cheng JKW, et al. In vivo gene editing in

dystrophic mouse muscle and muscle stem cells. Science. 2016;

351:407-411.

20. Wu Y, Liang D, Wang Y, et al. Correction of a genetic disease in

mouse via use of CRISPR-Cas9. Cell Stem Cell. 2013;13:

659-662.

21. Chen J-R, Tang ZH, Zheng J, et al. Effects of genetic correction

on the differentiation of hair cell-like cells from iPSCs with

MYO15A mutation. Cell Death Differ. 2016;23:1347-1357.

22. Xie F, Tang ZH, Zheng J, et al. Genome editing with Cas9 in adult

mice corrects a disease mutation and phenotype. Nat Biotechnol.

2014;32:551-553.

23. Shalem O, Sanjana NE, Hartenian E, et al. Genome-scale

CRISPR-Cas9 knockout screening in human cells. Science.

2014;343:84-87.

24. Schwank G, Koo BK, Sasselli V, et al. Functional repair of CFTR

by CRISPR/Cas9 in intestinal cell organoids of cystic fibrosis

patients. Cell Stem Cell. 2013;13:653-658.

25. Reardon S. Gene editing wave hits clinic. Nature. 2015;527:

146-147.

26. Cyranoski D. First trial of CRISPR in people. Nature. 2016;535:

476-477.

27. Kaiser J. First proposed human test of CRISPR passes initial

safety review. Science, June 21, 2016.

28. Mulder C, Zheng Y, Jan SZ, et al. Spermatogonial stem cell

autotransplantation and germline genomic editing: a future cure

for spermatogenic failure and prevention of transmission of geno-

mic diseases. Hum Reprod Update. 2016;5:561-573.

29. Chapman KM, Medrano GA, Jaichander P, et al. Targeted germ-

line modifications in rats using CRISPR/Cas9 and spermatogonial

stem cells. Cell Rep. 2015;10:1828-1835.

30. Sato T, Sakuma T, Yokonishi T, et al. Genome editing in mouse

spermatogonial stem cell lines using TALEN and double-nicking

CRISPR/Cas9. Stem Cell Rep. 2015;5:75-82.

31. Vassena R, Heindryckx B, Peco R, et al. Genome engineering

through CRISPR/Cas9 technology in the human germline and

pluripotent stem cells. Hum Reprod Update. 2016;22:411-419.

32. Gomy I, Del Pilar Estevez Diz M. Hereditary cancer risk assess-

ment: insights and perspectives for Next-Generation Sequencing

era. Genet Mol Biol. 2016;39:184-188.

33. Kraus C, Rau T, Lux P, et al. Comprehensive screening for muta-

tions associated with colorectal cancer in unselected cases reveals

penetrant and nonpenetrant mutations. Int J Cancer. 2015;136:

E559-E568.

34. Nelson HD, Fu R, Goddard K, et al. Risk Assessment, Genetic

Counseling, and Genetic Testing for BRCA-Related Cancer:

Systematic Review to Update the U.S. Preventive Services

Task Force Recommendation. Evidence Syntheses, No. 101.

Rockville, MD: US Agency for Healthcare Research and

Quality; 2013.

35. Pharoah PD, Antoniou A, Bobrow M, et al. Polygenic suscept-

ibility to breast cancer and implications for prevention. Nat Genet.

2002;31:33-36.

36. Houlston RS, Peto F. The search for low-penetrance cancer sus-

ceptibility alleles. Oncogene. 2004;23:6471-6476.

37. Newson A, Leonard S, Hall A, Gaff CL. Known unknowns: build-

ing an ethics of uncertainty into genomic medicine. BMC Med

Genom. 2016;9:57.

38. Robson ME, Bradbury AR, Arun B, et al. American Society of

Clinical Oncology policy statement update: genetic and genomic

testing for cancer susceptibility. J Clin Oncol. 2015;33:

3660-3667.

39. Lynce F, Isaacs C. How Far Do We Go With Genetic Evaluation?

Gene, Panel, and Tumor Testing. ASCO Educational Book. 2016;

E72.

40. Kaiser J, Normile D. Embryo engineering study splits scientific

community. Science. 2015;348:486-487.

Katz and Pitts 9



41. Araki M, Ishii T. International regulatory landscape and integra-

tion of corrective genome editing into in vitro fertilization.

Reprod Biol Endocrinol. 2014;12:108.

42. UNESCO. http://www.unesco.org/new/en/social-and-human-

sciences/themes/bioethics/sv0/news/unesco_panel_of_experts_

calls_for_ban_on_editing_of_human_dna_to_avoid_unethical_

tampering_with_hereditary_traits/#.VwgJUvkrJaQ. 2015.

43. Ledford H. The landscape for human genome editing. Nature.

2015;526:310-311.

44. Council of Europe, Convention on Human Rights and Biomedecine,

article 13. https://rm.coe.int/CoERMPublicCommonSearchServices/

DisplayDCTMContent? documentId¼090000168049034a (2015).

45. The Human Fertilisation and Embryology (Mitochondrial Dona-

tion) Regulations 2015 No. 572. http://www.legislation.gov.uk/

ukdsi/2015/9780111125816/contents.

46. Liang P, Xu Y, Zhang X, et al. CRISPR/Cas9-mediated gene edit-

ing in human tripronuclear zygotes. Protein Cell. 2015;6:363-372.

47. The National Academies of Science, Engineering and Medicine.

International Summit on Human Gene Editing. http://www8.natio

nalacademies.org/onpinews/newsitem.aspx? RecordID¼1203

2015a. Published December 3, 2015.

48. Reardon S. Global summit reveals divergent views on human

gene editing. Nature. 2015;528:173.

49. Collins FS. Statement on NIH funding of research using gene-

editing technologies in human embryos. National Institutes of

Health. https://www.nih.gov/about-nih/who-we-are/nih-director/

statements/statement-nih-funding-research-using-gene-editing-

technologies-human-embryos. Published 2015.

50. DiCarlo JE, Chavez A, Dietz SL, Esvelt KM, Church GM. Safe-

guarding CRISPR-Cas9 gene drives in yeast. Nat Biotechnol.

2015;33:1250-1255.

51. Akbari OS, Bellen HJ, Bier E, et al. Biosafety. Safeguarding gene

drive experiments in the laboratory. Science. 2015;349:927-929.

52. Newson AJ, Wrigley A. Identifying key developments, issues and

questions relating to techniques of genome editing with engi-

neered nucleases. Background paper. London: Nuffield Council

on Bioethics. http://nuffieldbioethics.org/wp-content/uploads/

Genome-Editing-Briefing-Paper-Newson-Wrigley.pdf (2015).

53. Brice P. First UK birth following PGD for hereditary breast can-

cerPHG Foundation, January 9, 2009. http://www.phgfoundatio

n.org/news/4445/. Published 2016.

54. Gelbaya TA. Short and long-term risks to women who conceive

through in vitro fertilization. Hum Fertil. 2010;13:19-27.

55. Hansen M, Kurinczuk JJ, Milne E, de Klerk N, Bower C. Assisted

reproductive technology and birth defects: a systematic review

and meta-analysis. Hum Reprod Update. 2013;19:330-353.

56. Kaimal A, Norton M, Kuppermann M. Prenatal testing in the

genomic age: clinical outcomes, quality of life and costs. Obstet

Gynecol. 2015;126:737-746.

57. Verhoef TI, Hill M, Drury S. Non-invasive prenatal diagnosis

(NIPD) for single gene disorders: cost analysis of NIPD and inva-

sive testing pathways. Prenat Diagn. 2016;36:636-642.

58. Benett J, Chitty L, Lewis C. Non-invasive prenatal diagnosis for

BRCA mutations—a qualitative pilot study of health profession-

als’ views. J Genet Counsel. 2016;25:198-207.

59. Ramsey S, Blough D, Kirchhoff A, et al. Washington State cancer

patients found to be at greater risk for bankruptcy than people

without a cancer diagnosis. Health Aff. 2013;32:1143-1152.

60. Fenn KM, Evans SB, McCorkle R, et al. Impact of financial

burden of cancer on survivors’ quality of life. J Oncol Pract.

2014;10:332-338.

61. deBoer AG, Taskila T, Ojajärvi A, van Dijk FJ, Verbeek JH.

Cancer survivors and unemployment: a meta-analysis and meta-

regression. JAMA. 2009;301:753-762.

62. Guy GP Jr, Ekwueme DU, Yabroff KR, et al. Economic burden

of cancer survivorship among adults in the United States. J Clin

Oncol. 2013;31:3749-3957.

63. Yabroff KR, Dowling EC, Guy GP Jr, et al. Financial hardship

associated with cancer in the United States: findings from a

population-based sample of adult cancer survivors. J Clin Oncol.

2016;34:259-267.

64. Lathan CS, Cronin A, Tucker-Seeley R, Zafar SY, Ayanian JZ,

Schrag D. Association of financial strain with symptom burden

and quality of life for patients with lung or colorectal cancer. J

Clin Oncol. 2016;34:1732-1740.

65. Kale HP, Carroll NV. Self-reported financial burden of cancer

care and its effect on physical and mental health-related quality

of life among US cancer survivors. Cancer. 2016;122:238-239.

66. Ramsey SD, Bansal A, Fedorenko CR, et al. Financial insolvency

as a risk factor for early mortality among patients with cancer. J

Clin Oncol. 2016;34:980-986.

67. NIH, National Cancer Institute. Cancer prevalence and cost of

care projections. https://costprojections.cancer.gov/expendi

tures.html#. Published 2016.

68. Luengo-Fernandez R, Leal J, Gray A, Sullivan R. Economic bur-

den of cancer across the European Union: a population-based cost

analysis. Lancet Oncol. 2013;14:1165-1174.

69. Lyman G. Counting the costs of cancer care. Lancet Oncol. 2013;

14:1142-1143.

70. Tefferi A, Kantarjian H, Rajkumar V, et al. In support of a patient-

driven initiative and petition to lower the high price of cancer

drugs. Mayo Clin Proc. 2015;90:996-1000.

71. US Census Bureau. Families and households. http://www.census.

gov/hhes/families/index.html. Accessed January 1, 2017.

72. McCarthy M. US oncologists call for government regulation to

curb drug price rises. BMJ. 2015;351:h4063.

73. NIH, National Human Genome Research Institute. DNA Sequencing

Costs: Data. https://www.genome.gov/27541954/dna-sequencing-

costs-data/dna-sequencing-costs-data/. Accessed January 1, 2017.

74. ThermoFisher Scientific. GeneArt Platinum Cas9 Nuclease &

Lipofectamine CRISPRMAX. https://www.thermofisher.com/fr/

fr/home/life-science/genome-editing/geneart-crispr/crispr-pro

tein.html. Accessed January 1, 2017.

75. Boettcher M, McManus M. Choosing the right tool for the job:

RNAi, TALEN, or CRISPR. Mol Cell. 2015;58:575-585.

76. Unniyampurath U, Pilankatta R, Krishnan M. RNA interference

in the age of CRISPR: will CRISPR interfere with RNAi? Int J

Mol Sci. 2016;17:291.

77. Schumpeter JA.Capitalism, Socialism and Democracy. London:

Routledge; 1942:82-83.

10 Therapeutic Innovation & Regulatory Science XX(X)

http://www.unesco.org/new/en/social-and-human-sciences/themes/bioethics/sv0/news/unesco_panel_of_experts_calls_for_ban_on_editing_of_human_dna_to_avoid_unethical_tampering_with_hereditary_traits/#.VwgJUvkrJaQ. 2015
http://www.unesco.org/new/en/social-and-human-sciences/themes/bioethics/sv0/news/unesco_panel_of_experts_calls_for_ban_on_editing_of_human_dna_to_avoid_unethical_tampering_with_hereditary_traits/#.VwgJUvkrJaQ. 2015
http://www.unesco.org/new/en/social-and-human-sciences/themes/bioethics/sv0/news/unesco_panel_of_experts_calls_for_ban_on_editing_of_human_dna_to_avoid_unethical_tampering_with_hereditary_traits/#.VwgJUvkrJaQ. 2015
http://www.unesco.org/new/en/social-and-human-sciences/themes/bioethics/sv0/news/unesco_panel_of_experts_calls_for_ban_on_editing_of_human_dna_to_avoid_unethical_tampering_with_hereditary_traits/#.VwgJUvkrJaQ. 2015
https://rm.coe.int/CoERMPublicCommonSearchServices/DisplayDCTMContent? documentId=090000168049034a
https://rm.coe.int/CoERMPublicCommonSearchServices/DisplayDCTMContent? documentId=090000168049034a
https://rm.coe.int/CoERMPublicCommonSearchServices/DisplayDCTMContent? documentId=090000168049034a
http://www.legislation.gov.uk/ukdsi/2015/9780111125816/contents
http://www.legislation.gov.uk/ukdsi/2015/9780111125816/contents
http://www8.nationalacademies.org/onpinews/newsitem.aspx? RecordID=12032015a
http://www8.nationalacademies.org/onpinews/newsitem.aspx? RecordID=12032015a
http://www8.nationalacademies.org/onpinews/newsitem.aspx? RecordID=12032015a
http://www8.nationalacademies.org/onpinews/newsitem.aspx? RecordID=12032015a
https://www.nih.gov/about-nih/who-we-are/nih-director/statements/statement-nih-funding-research-using-gene-editing-technologies-human-embryos
https://www.nih.gov/about-nih/who-we-are/nih-director/statements/statement-nih-funding-research-using-gene-editing-technologies-human-embryos
https://www.nih.gov/about-nih/who-we-are/nih-director/statements/statement-nih-funding-research-using-gene-editing-technologies-human-embryos
http://nuffieldbioethics.org/wp-content/uploads/Genome-Editing-Briefing-Paper-Newson-Wrigley.pdf
http://nuffieldbioethics.org/wp-content/uploads/Genome-Editing-Briefing-Paper-Newson-Wrigley.pdf
http://www.phgfoundation.org/news/4445/
http://www.phgfoundation.org/news/4445/
https://costprojections.cancer.gov/expenditures.html#
https://costprojections.cancer.gov/expenditures.html#
http://www.census.gov/hhes/families/index.html
http://www.census.gov/hhes/families/index.html
https://www.genome.gov/27541954/dna-sequencing-costs-data/dna-sequencing-costs-data/
https://www.genome.gov/27541954/dna-sequencing-costs-data/dna-sequencing-costs-data/
https://www.thermofisher.com/fr/fr/home/life-science/genome-editing/geneart-crispr/crispr-protein.html
https://www.thermofisher.com/fr/fr/home/life-science/genome-editing/geneart-crispr/crispr-protein.html
https://www.thermofisher.com/fr/fr/home/life-science/genome-editing/geneart-crispr/crispr-protein.html


78. Subramanian S, Tangka FK, Hoover S, et al, Recommendations

from the international colorectal cancer screening network on the

evaluation of the cost of screening programs. J Public Health

Manag Pract. 2015;22:461-465.

79. Ouakrim D, Boussioutas A, Lockett T, Hopper JL, Jenkins MA.

Cost-effectiveness of family history-based colorectal cancer

screening in Australia. BMC Cancer. 2014;14:261.

80. Pil L, Fobelets M, Putman K, et al. Cost-effectiveness and budget

impact analysis of a population-based screening program for col-

orectal cancer. Eur J Int Med. 2016;32:72-78.

81. President’s Council of Advisors on Science and Technology.

Priorities for Personalized Medicine. Office of Science and Tech-

nology, US, 2008. https://www.whitehouse.gov/files/documents/

ostp/PCAST/pcast_report_v2.pdf.

82. Towse A, Garrison L. Value Assessment in Precision Cancer

Medicine. J Cancer Policy. 2016. http://dx.doi.org/10.1016/

j.jcpo.2016.09.003.

83. Harris L, Ismaila N, McShane LM, et al. Use of biomarkers to

guide decisions on adjuvant systemic therapy for women with

early-stage invasive breast cancer: American Society of Clinical

Oncology Clinical Practice Guideline. J Clin Oncol. 2016;34:

1134-1150.

84. National Institute for Health and Care Excellence. Gene expres-

sion profiling and expanded immunohistochemistry tests for guid-

ing adjuvant chemotherapy decisions in early breast cancer

management: MammaPrint, Oncotype DX, IHC4 and Mammos-

trat. https://www.nice.org.uk/guidance/DG10. Accessed January

1, 2017.

85. Katz G, Romano O, Foa C, et al. Economic impact of gene

expression profiling in patients with early-stage breast cancer in

France. PLoS One. 2015;10:1-15.

86. Lander E. Brave new genome. N Engl J Med. 2015;373:1.

87. Katz G, Schweitzer S. Implications of genetic testing for health

policy. Yale J Health Policy Law Ethics. 2010;10:89-134.

88. Joly Y, Burton H, Knoppers BM, et al. Life Insurance: genomic

stratification and risk classification. Eur J Hum Genet. 2014;22:

575-579.

89. Withrock I, Anderson S, Jefferson M, et al. Genetic diseases

conferring resistance to infectious diseases. Genes Dis. 2015;2:

247-254.
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