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The risk of acquiring (or being protected from) NCDs arises from the com-
plex interplay between the environment that an individual lives in (e.g. work
and living conditions), patterns of behaviour (e.g. tobacco use, diet, physical
activity) and genetic makeup. Unlike physical and behavioural characteristics,
an individual’s germline genetic makeup does not change over time, which
implies that it can be analyzed once in a person’s lifetime. Advances in sequenc-
ing technologies and IT, associated with a dramatic drop in costs over the last
few decades have resulted in sequencing of the first complete human genome
in 2001. This spectacular achievement has prompted large efforts which have
led to the elucidation at the molecular level of many NCDs and improved risk
prediction, as well as better diagnosis and treatment.! These discoveries have
now implications for developing preventive or treatment strategies tailored to
the individual (personalized or precision medicine).>?

BOX 29.1 COMMONLY USED TERMS IN GENETICS

Genomics. The study of the genome of a human or another organism
(e.g. bacteria of the gut). Almost every cell of the human body contains a
complete copy of the genome. The genome contains all the information
needed for a person to develop and grow. The human genome consists of
about 3 billion base pairs, with more than 99% of those bases being iden-
tically shared across people, and includes ~21,000 protein-coding genes
and ~20’000 non-coding genes. Both coding and non-coding genes can
be involved in human diseases.

Gene. A DNA sequence that controls the expression of a single protein.

Gene modifications and variants. Most DNA modifications are rap-
idly repaired but some of them persist and are transmitted across genera-
tions. A single nucleotide polymorphism (SNP, pronounced ‘snip’) refers
to a substitution of one single nucleotide (building block of the DNA)
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at a specific position in the genome. The vast majority of genetic variants
do not lead to diseases. Germline variants are present in sperm, eggs and
their progenitor cells and are therefore heritable, while somatic variants
occur in other cell types (including tumour cells) and are not inheritable.

Epigenome. Chemical modifications that can affect genetic regions and
influence gene expression by turning genes on or off, thereby controlling
the production of proteins in cells and tissues during the lifetime of a per-
son in response to environmental exposures or disease processes. Much of
the epigenome is reset when parents pass their genomes to their offspring.*

Genetics to understand NCD aetiology

All diseases have a genetic component. The contribution of genetics vs envi-
ronment varies between diseases. Monogenic diseases are due to one single faulty
gene and are rare. Around 7,000 primarily monogenic diseases are known,
including familial hypercholesterolemia, cystic fibrosis, sickle cell anaemia,
Huntington’s disease, polycystic kidney disease or haemophilia A. Common
diseases usually result from the cumulative effect of numerous genetic variants
with small effects. They are called polygenic diseases and include type-2 diabetes
(T2D), obesity, ischaemic heart disease (IHD) and several cancers. Common
variants can be detected using genotyping and analyzed through genome-wide
association studies (GWAS).?

Genetics to support the molecular diagnosis of NCDs

For a variety of rare diseases, having a molecular diagnosis greatly helps in
shortening the time to definite diagnosis (i.e. ‘diagnosis odyssey’) and in defin-
ing the optimal healthcare, prevention and treatment, as well as family plan-
ning. As an example, the presence of deleterious mutations within the gene
encoding the LDL-cholesterol receptor (which controls the clearance of LDL
particles from the bloodstream) establishes the diagnosis of familial hypercho-
lesterolemia (FH), which is responsible for early-onset IHD. Similarly, assess-
ing mutations in the BRCA1 or BRCAZ2 genes helps diagnose selected breast
cancer cases or identify individuals at high risk of developing this condition.
Detection of such mutations has implications for preventive measures, diagno-
sis and treatment.

Genetics to predict the risk of NCDs

Family history is easy, but an often underused tool to point to understand pat-
terns of hereditary conditions in an individual or family. A strong family history
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may suggest an underlying genetic cause, its mode of inheritance and related
genetic risk, but equally a common exposure to external causes or environ-
ment among those affected. Genetic tests can confirm the genetic link to a
disease where resources allow. A genetic predisposition (or genetic suscepti-
bility) results in an increased likelihood of developing a particular disease as a
result of a person’s genetic makeup. Polygenic risk scores (PRS, 1.e. genetic scores
based on thousands, often hundreds of thousands, of variants associated with a
specific disease) have been constructed for a variety of NCDs, including IHD,
T2D, obesity and several cancers.® For example, individuals who have a PRS
within the upper decile are exposed to a two-fold increased risk of develop-
ing CVD compared to people within the other nine deciles, independent of
the effect of other conventional risk factors.” Similarly, a PRS was found to
have the same high and independent impact as an unhealthy diet for T2D
risk.® Beyond well-defined Mendelian risk for single gene disorders, PRS for
complex diseases might be increasingly considered, in the near future, as useful
tools to assess risk in complement to conventional risk factors, particularly for
CVD (for which treatment is often based on total CVD risk),” but also for dia-
betes and cancer, to guide risk reduction counselling and treatment. As genetic
makeup is already present at birth, early risk prediction of NCDs is feasible at
a very early age;' still, a number of ethical issues need to be considered before
embarking upon using this approach.

Genetics to support NCD prevention

The identification of a monogenic condition or a high PRS for an NCD pro-
vides the opportunity for early prevention, aiming at delaying the onset of this
NCD, reducing its severity and extending years of life without disability, cas-
cade retrospective testing in families and genetic counselling for reproductive
options. For example, a person who knows having an increased genetic risk for
a particular disease may engage more actively in a healthier lifestyle to mitigate
the increased risk,'"!*>" although the public health utility and cost-effectiveness
of this effect need to be assessed further. Preventive mastectomy starting at the
age of 25-30 years is an option for carriers of selected BRCA1/2 variants, as
these individuals have a lifetime risk of developing invasive breast cancer as
high as 60-85%." Careful counselling is required ahead of undergoing such
genetic tests for patients, as well as for their relatives.

Genetics to optimize NCD treatment

Genes encoding proteins involved in the absorption, metabolism, distribution
and excretion (ADME) of drugs are called ‘pharmacogenes’. The purpose of
pharmacogenetics is to understand how genetic variation affects treatment out-
comes, with the intent of guiding therapy. Currently, >30 pharmacogenes
have been identified that may be useful to adjust treatment (e.g. to adjust the
dose of usual medications or to prescribe drugs that act on particular genetic
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pathways, such as CYP2D6, CYP3A5, G6PD). There are important differ-
ences in the frequencies of variants between ethnogeographic groups,'® which
means that treatment approaches need to be tailored for different populations.
It is estimated that genomic variation can account for 20-95% of therapeutic
effects.

Examples of public health and clinical implications of genetics in relation to
NCDs are summarized in Table 29.1.

Genetics to cure NCDs

The increased knowledge of causes of single genes disorders or factors that
affect their severity, paired with the development of gene editing and gene
therapy technology, has opened new prospects for curative treatment for
genetic conditions. For example, a highly successful gene-editing strategy for
treating individuals with sickle cell disease is the induction of foetal haemo-
globin through the manipulation of a gene that controls its production (e.g.

BCL11A).1

Databases and technological advances in genomics

As costs of analyzing genomic variants have decreased dramatically in recent
years (e.g. <US$ 500 for whole genome sequencing or <US$ 50 for geno-
typing hundreds of thousands of common variants), information on the links
between genetic data and diseases has accumulated exponentially. Many online
population-based genetic databases are widely available, enabling us to aggre-
gate and harmonize genomic variation (e.g. gnomAD), assess genotype-phe-
notype relationships (e.g. OMIM, GWAS catalogue), examine the functional
and clinical relevance of genetic variants (e.g. ClinVar, ClinGen) or assess
tissue-specific expression (i.e. how a gene defect translates into altered RINA
and subsequent proteins) and epigenomics. Initiatives are also developed in
low- and middle-income countries.”'® These genetic databases have greatly
accelerated the transfer of knowledge from the laboratory into the clinical set-
ting. Tools to analyze large-scale genetic data have also evolved, including
machine learning and artificial intelligence (Al). For example, the open-access
UK Biobank has generated >90 million testable genetic variants that can be
explored for their associations with numerous phenotypes, including linkages
with routinely collected data in health medical records."

The molecular mechanisms of several diseases are being uncovered thanks
to sharing data from transnational collaborative large-scale population-based
cohorts that collect whole genome sequencing and other omics data. An impli-
cation of these rapid advances in medical genetics is that it may become pos-
sible to fairly inexpensively perform systematic genome sequencing at birth or
an early age among all or groups of individuals, for early identification of risk of
certain NCDs (and other diseases). Beyond enabling targeted prevention and
diagnosis for persons who undergo such tests, data from large genetic databases
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will advance knowledge on disease diagnosis and classification, the develop-
ment of new diagnostic tests and new treatments. For example, a systematic
analysis of a patient’s pharmacogenes, embedded through algorithms or Al
procedures in patients’ electronic medical records, could help guide prescrip-
tions for some patients with an NCD.

Implications of integrating genomics into healthcare

As benefits from genomics are increasingly demonstrated, the demand for
integrating genomic medicine into routine healthcare (for NCDs and other
diseases) will increase — and health systems will need to adapt accordingly,
including: (i) develop appropriate facilities for data processing, storage and
analysis; (i1) train personnel accordingly; (iil) develop regulatory frameworks
including standards around ethics and informed consent (‘genethics’); (iv) data
sharing, community engagement, protection of privacy (where and how infor-
mation is stored and used); (v) develop protocols (e.g. which tests should be
done in which circumstances); (vi) establish adequate quality control (e.g. ana-
lytics, how results are communicated to individuals); (viii) train health profes-
sionals and educate the public (‘genome literacy’); (viii) provide guidance to
appraise and set directions on how to use genomics in healthcare (e.g. board
made of experts from different areas, such as ethicists, civil society, etc.); and
(ix) ensure universal access.

Implications for individuals

While genomics and its application for clinical medicine and public health
are still in their infancy, a number of tests are already used for NCDs in some
countries, as part of ‘personalized’ or ‘precision’ medicine and this area will
continue to develop. The implications of genetic testing are very significant
and need to be considered carefully with appropriate counselling both before
and after testing.?’

Nowadays, people can easily get information on their genome (based on
hundreds of thousands of genetic markers on many traits, including risks of
NCDs and other diseases) through a variety of direct-to-consumer genetic
testing kits (using a swab of saliva) marketed and sold directory to consumers
without the involvement of a healthcare provider (including on the internet,
e.g. 23andMe), often at a low cost (e.g. <US$ 100). While some interpretation
is provided by these providers about the significance of an individual’s results,
such testing raises a number of complex issues about what people, their families
and wider society will feel and do once the results are known.

However, despite advances in genetic technologies and exponential drops
in costs, inequalities in healthcare systems, deficits in the genetic research
workforce and a lack of access to research funding have prevented knowl-
edge produced by genomic research from truly informing and improving
the global public good, particularly in Africa and other low resource settings.
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Nevertheless, research into African genomic variations is a scientific impera-
tive for all populations because African genomes, more than any other popula-
tion, harbour millions of uncaptured variants accumulated over 300,000 years
of modern humans’ evolutionary history.?! Moreover, investigating all world
populations will contribute to making the outcomes of genetic medicine truly
equitable.
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