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From target discovery to clinical drug 
development with human genetics

Katerina Trajanoska1, Claude Bhérer1, Daniel Taliun1, Sirui Zhou1, J. Brent Richards2,3 & 

Vincent Mooser1 ✉

The substantial investments in human genetics and genomics made over the past three 

decades were anticipated to result in many innovative therapies. Here we investigate 

the extent to which these expectations have been met, excluding cancer treatments. 

In our search, we identified 40 germline genetic observations that led directly to new 

targets and subsequently to novel approved therapies for 36 rare and 4 common 

conditions. The median time between genetic target discovery and drug approval 

was 25 years. Most of the genetically driven therapies for rare diseases compensate 

for disease-causing loss-of-function mutations. The therapies approved for common 

conditions are all inhibitors designed to pharmacologically mimic the natural, disease- 

protective effects of rare loss-of-function variants. Large biobank-based genetic studies 

have the power to identify and validate a large number of new drug targets. Genetics 

can also assist in the clinical development phase of drugs—for example, by selecting 

individuals who are most likely to respond to investigational therapies. This approach 

to drug development requires investments into large, diverse cohorts of deeply 

phenotyped individuals with appropriate consent for genetically assisted trials.  

A robust framework that facilitates responsible, sustainable benefit sharing will be 

required to capture the full potential of human genetics and genomics and bring 

effective and safe innovative therapies to patients quickly.

Despite the great advances in the development of therapeutic agents 
that have transformed modern medicine, more therapies are needed 
to prevent and treat many common and rare diseases. Drug discovery 
and development is a lengthy, risky and expensive undertaking (Fig. 1). 
Nearly nine out of ten of the drugs that are tested in humans do not 
gain approval, mostly because of their insufficient efficacy1,2. Consid-
ering the expense of bringing new drugs to the market—research and 
development expenditures for the top 15 pharmaceutical companies 
amounted to US$571 billion over the past 5 years for 329 new active 
substances launched during this period3—this low success rate incurs 
yearly societal costs of dozens of billions of dollars.

Drug development failures can be attributed to gaps in our under-
standing of the biology underlying human disease, excessive reliance 
on non-human models, and prioritization of targets or agents with low 
specificity, poor pharmacology or a propensity to produce unwanted 
adverse reactions4,5. Some of these limitations were anticipated to be 
overcome by using human molecular genetics6. More explicitly, the 
discovery of disease-causing variants was expected to lead to novel 
targets and new indications for existing drugs. To that end, public 
agencies and private enterprises have made substantial investments 
over the past three decades into large genomic programmes involving 
millions of participants.

Since the publication of the first human genome sequences7,8, there 
have been extraordinary breakthroughs in high-throughput sequencing 

and information technologies. Beyond considerably expanding our 
understanding of the genetic abnormalities leading to cancer9, these 
advances have been remarkably successful in elucidating the molecular 
basis of more than 4,000 rare, monogenic diseases—that is, diseases 
due to defects in a single gene; these diseases may run in families and 
have a Mendelian mode of inheritance10. In addition, these technologies 
have revealed hundreds of thousands of associations between genetic 
variants and complex, polygenic, common diseases—that is, condi-
tions mostly due to the combined effects of low-impact variants found 
in multiple genes and environment11. In this Review, we quantify the 
discoveries that have been translated into approved therapies. While 
acknowledging the decades-long lag time between target identifica-
tion and regulatory approval of derived therapeutics, we reasoned that 
addressing this question now is both legitimate and essential to guide 
future investments in the field. We intentionally restricted our search 
to non-cancer drugs, as the success of genomics in cancer treatment 
has been reviewed elsewhere12,13.

Examples such as proprotein convertase subtilisin kexin 9 (PCSK9) 
inhibitors14 illustrate the power of molecular genetics in bringing new 
medicines to the market15. In this particular case, gain-of-function and 
loss-of-function variants were originally identified in the PCSK9 gene, 
leading to increased16 or reduced17 blood levels of low-density lipo-
protein (LDL) cholesterol, respectively. Moreover, loss-of-function 
variants of PCSK9 were associated with a decreased risk of coronary 
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artery disease18. Notably, complete loss-of-function mutations were 
not associated with any observed adverse outcomes17. Together, these 
observations were essential for the discovery and validation of this 
therapeutic target as they pointed to pharmacological inhibition of 
PCSK9 as a safe strategy to prevent or treat coronary artery disease. 
The US Food and Drug Administration (FDA) approved the first PCSK9 
inhibitor for this indication in 2015 (ref. 19), 12 years after the publica-
tion of the original genetic observations.

In parallel, detailed retrospective analyses of historic drug develop-
ment programmes provided undisputed evidence that drugs whose 
targets harbour genetic variants associated with the drug’s indica-
tion are twice as likely to reach regulatory approval as those with no 
such variants5,20–22. Nevertheless, a comprehensive analysis of the 
prospective contribution of human genetics to the development of 
novel approved drugs such as PCSK9 inhibitors, or to the successful 
repositioning of existing drugs, is still lacking. Here we address this defi-
ciency by synthesizing the information collected from the published 
literature and public databases to help guide the future direction of 
using human genetics and genomics in supporting the discovery and 
clinical development of novel therapies.

Genetically driven therapies

Quantifying the full impact of genetics on decision making in the bio-
tech and pharmaceutical industries is difficult, as such decisions are 
rarely communicated publicly. We therefore limited our analysis to 
approved drugs, and defined as ‘genetically driven’ those therapies (or 
repurposing opportunities) for which the original human genetic asso-
ciations were reported to be sufficiently informative to support a new 
drug discovery campaign (or to develop a repositioning programme) 
that eventually resulted in their regulatory approval by the FDA and/
or the European Medical Agency (EMA) (Supplementary Note). Given 
our scope, we excluded hormonal therapies, antimicrobial agents, 
vitamins and minerals. We restricted our analysis to approved drugs 
for which direct genetic evidence had been established between the 
target gene and the indication of interest. Accordingly, we excluded 
examples for which genetics had provided indirect evidence through 
associations with endophenotypes (such as blood glucose levels for 
diabetes), signs or symptoms associated with the condition or related 
gene pathways, although we acknowledge the value of such data for 
decisions to progress certain investigational therapies along the pipe-
line20–22. Considering that a minimum of five years separates an origi-
nal genetic observation from the approval of a derived therapy23, we 
also excluded drugs for which relevant genetic associations were first 
reported five years or less before the approval year.

We applied these criteria to data from OpenTargets24, DrugBank25 
and the FDA (Supplementary Fig. 1). In total, we identified 2,832 FDA- 
or EMA-approved therapies. After exclusion of antineoplastic drugs 
(n = 277), anti-infectives and antiparasitics (n = 392), hormonal prepa-
rations (n = 154), vitamins and analogues (n = 90) and drugs whose 
target is unknown (n = 902), our search resulted in 1,031 drugs with 
matching protein-coding target genes. Most drugs (766 out of 1,031 
(74%)) acted through multiple targets; in addition, many drugs had 

more than one indication (794 out of 1,031 (77%)), resulting in 6,690 
drug–target–gene indication triplets (Supplementary Table 1). Some 
direct genetic evidence derived from 8 data sources was reported for 
619 triplets (corresponding to 346 different drugs) (Supplementary 
Note 1). For 98 triplets (corresponding to 80 drugs), such evidence 
had been reported more than five years before drug approval. Manual, 
literature-based curation documented that genetic information had 
been essential for 60 drugs—that is, these drugs would probably not 
have been developed had the genetic association not been discovered. 
After grouping the drugs by class (small molecule, biological or gene 
therapy), our analyses identified 47 first-in-class (and 13 follower) thera-
pies for 40 targets that met our definition of being genetically driven 
(Supplementary Tables 1–3).

These particular criteria captured only a fraction of the impact of 
genetics on drug discovery and development. We acknowledge, for 
instance, that we missed drugs such as mavacamten (approved by the 
FDA in 2022), which was absent from the databases that we used despite 
the fact that its development depended in part on the discovery of 
mutations in several genes responsible for hypertrophic cardiomyo-
pathy26–28. Nonetheless, we make several observations based on our 
analysis. The 40 targets correspond to around 6% of the approximately 
500 drug target genes of FDA-approved non-cancer drugs29; the remain-
ing 94% were probably identified using conventional pharmacology, 
biochemistry or molecular biology approaches. The therapies targeting 
these 40 gene products were approved for chronic, as opposed to acute, 
conditions. Most of them (26 out of 40) were targeted for treatments 
of metabolic disorders, whereas the remaining 14 genes were targeted 
to treat diseases in 7 other therapeutic areas (Fig. 2a).

The genetic evidence for the 40 targets is based on associations 
between low-frequency, protein-disruptive variants in the target 
gene and the corresponding disease. In most of these cases, the tar-
get genes had been cloned (38 out of 40) or the genetic associations 
had been reported (35 out of 40) before the publication of the first 
human genomes7,8,30. The median gap between the reporting of the 
original genetic observation and approval of the derived, first-in-class 
therapeutic agent was 25 years (range 4 to 38 years) (Fig. 2b and Supple-
mentary Table 3). Although the genetic identification of a new potential 
therapeutic target does not necessarily prompt the immediate launch 
of a drug discovery campaign, this gap still reflects the decades-long lag 
time between the discovery of a new target and the eventual regulatory 
approval of a derived therapeutic.

Half of the first-in-class therapies (23 out of 47) were biologics (that 
is, monoclonal antibodies (n = 4), enzymes (n = 15) or proteins (n = 4)), 
36% (17 out of 47) were gene or RNA therapies and 15% (7 out of 47) were 
small molecules (Fig. 2c). Most targets (34 out of 40) led to approved 
therapies belonging to a single class, 5 targets led to approved thera-
pies belonging to 2 classes and 1 led to approved therapies belong-
ing to 3 classes (Supplementary Table 2). Finally, the vast majority of 
indications (36 out of 40) represented rare, monogenic conditions 
(Supplementary Tables 2 and 3). PCSK9 inhibitors were approved for 
both a Mendelian disorder (familial hypercholesterolaemia) as well 
as for the more common, difficult-to-treat hypercholesterolaemia19, 
whereas CCR5 inhibitors, SOST inhibitors and SGLT2 inhibitors were 
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approved for common diseases only—human immunodeficiency virus 
(HIV) infection, osteoporosis and type 2 diabetes, respectively.

Correction of monogenic diseases

In our search, most first-in-class therapeutic agents approved for rare 
diseases (31 out of 36) were designed to compensate for disease-causing 
loss-of-function mutations in the target gene (Table 1). Compensation 
for genetic loss of function can be accomplished through pharmaco-
logical administration of the gene product—this is the case for certain 
genetic metabolic diseases31, which can be partially corrected using 
enzyme replacement therapy (Supplementary Table 2). In cystic fibro-
sis, small molecules correct the malfunctioning protein encoded by 
specific mutations in the CFTR gene32,33. These revolutionary agents 
have transformed the lives of patients.

Gene and RNA therapies represent a rapidly growing category of 
therapies that show considerable promise for treating a variety of dis-
eases. These modalities operate via distinct mechanisms, including 
gene silencing, replacement or editing. Gene silencing is achieved by 
administering RNA to suppress gene expression. There are two major 
classes of RNA therapeutic agents: double-stranded RNA-mediated 
interference (RNAi) and antisense oligonucleotides34 (ASOs). Milasen 
was the first successful personalized ASO drug; it was developed to 

treat a patient with an ultra-rare mutation in the CLN7 gene, which 
causes Batten disease35. So far, 13 RNAi and ASO therapies have received 
regulatory approval (Supplementary Tables 2 and 3).

Gene replacement therapy—that is, the insertion of a functional 
gene copy into the cell—enables transient or persistent production 
of a protein when there is insufficient or abnormal protein produc-
tion. In 2012, alipogene tiparvovec (Glybera), a treatment for familial 
lipoprotein lipase deficiency36, became the first gene replacement 
therapy to gain approval in Europe. Our search identified seven addi-
tional gene therapies (Supplementary Table 2). Recent trials have 
shown promising results for the treatment of sickle-cell disease37,38 
and transfusion-dependent beta-thalassaemia39.

Gene editing is performed using programmable nucleases such as 
zinc-finger nucleases, clustered regulatory interspaced short tandem 
repeats (CRISPR) or transcription activators such as effector nucle-
ases40. Several gene-editing modalities are in development and carry 
high expectations. EDIT-101 is a CRISPR-based investigational treatment 
for Leber congenital amaurosis type 10 (ClinicalTrials.gov identifier: 
NCT03872479). EDIT-301 and CTX001 are currently being tested for 
the treatment of sickle-cell disease and beta-thalassaemia (Clinical-
Trials.gov identifiers: NCT04853576, NCT05444894, NCT05329649 
and NCT05356195), two conditions caused by a defective β-chain in 
tetrameric haemoglobin. These therapies—designed as autologous 
transplantation of gene-edited CD34+ haematopoietic stem cells—
disrupt the erythroid lineage-specific enhancer of the BCL11A gene 
and restore the production of fetal haemoglobin as a way to partly 
replace dysfunctional haemoglobin or compensate for low levels of 
adult haemoglobin, respectively41.

Mimicry of loss-of-function variants

In our search, two of the therapies approved for rare conditions and 
four of those approved for common conditions are inhibitors designed 
to pharmacologically mimic the disease-protective effects of loss-of- 
function variants within their target gene (Table 1). CCR5 inhibitors 
are an emblematic example. Their development was prompted by the 
observation that individuals who are genetically deficient in CCR5 are 
protected from AIDS when infected with HIV42,43. The FDA approved the 
first CCR5 inhibitor for HIV treatment in 2007 (ref. 44). Similarly, obser-
vations that carriers of disease-causing loss-of-function mutations in 
the SOST gene had high bone mass across the skeleton45,46 were essential 
for the development of SOST inhibitors for osteoporosis, a common 
condition characterized by low bone mass leading to fractures. The 
SOST inhibitor romosozumab was approved for osteoporosis treat-
ment in 2019. Similarly, the observation that carriers of loss-of-function 

a
Y

e
a
r 

o
f 

fi
rs

t 
a
p

p
ro

v
a
l

b

c

Therapeutic area

Biologic

Gene therapy

Oligonucleotide

Small molecule

Therapies

0 10 20 30

Count

Metabolic

Immunology or
infectious diseases

Neuromuscular

Respiratory

Skeletal

Haematology

Multisystemic

Ophthalmology

0 10 20 30

Count

Biologic Gene therapy Oligonucleotide Small molecule

Common diseases Rare diseasesRare and common diseases

Rare diseases

Common diseases

1980

1990

2000

2010

2020

1980 1990 2000 2010 2020

Year of first genetic evidence

Fig. 2 | Overview of 40 targets for 47 approved, first-in-class, genetically 

driven non-cancer therapies. Targets and therapeutics are classified according 

to therapeutic area and prevalence of disease for approved indication (a), year 

of discovery of molecular genetic association and corresponding drug approval 

(b) or class of therapeutic agent (c).

Table 1 | Classification of genetically driven therapies 
according to the underlying genotype–phenotype 
association

Genotype Phenotype

Deleterious Beneficial

Loss-of-function Substitutive therapy, agonists 

and correctors: 31 rare diseases 

and 1 common disease

Mimicking inhibitors: 

3 rare and 4 common 

diseases

Gain-of-function Correcting inhibitors: 2 rare 

diseases

Variants in a target gene (genotypes) may lead to a decrease or an increase in the gene 

product or its function (loss-of-function or gain-of-function variants). These functional 

changes may have deleterious or beneficial, protective effects on a given phenotype. Derived 

drugs have been designed as agonists to substitute for deleterious effects of loss-of-function 

variants, or as inhibitors to mimic beneficial effects of loss-of-function variants or deleterious 

effects of gain-of-function variants. Our search did not identify any agonists that mimic the 

disease-protective effects of gain-of-function variants in target genes that met our definition 

of being genetically driven.

https://clinicaltrials.gov/ct2/show/NCT03872479
https://clinicaltrials.gov/ct2/show/NCT04853576
https://clinicaltrials.gov/ct2/show/NCT05444894
https://clinicaltrials.gov/ct2/show/NCT05329649
https://clinicaltrials.gov/ct2/show/NCT05356195
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mutations in the ANGPTL3 gene had low plasma lipid levels47–49 
prompted the development of ANGPTL3 inhibitors. In February 2021, 
the FDA approved evinacumab, a biological inhibitor of ANGPTL3, as an 
add-on treatment for homozygous familial hypercholesterolaemia50. 
Along the same lines, gene-editing or silencing technologies have been 
designed to block the production of PCSK9. Inclisiran was approved 
in 2022, and several similar modalities are in pre-clinical or early clini-
cal development for permanent reduction of blood LDL cholesterol 
concentration and prevention of coronary artery disease51–53. Also in 
cardiovascular medicine, people with genetically low blood levels of 
lipoprotein(a) have a lower risk of developing coronary artery disease 
than those with high levels of this atherogenic lipoprotein54. Currently 
under development are the ASO pelacarsen and the small interfering 
RNA olpasiran that target apolipoprotein(a) mRNA, which encodes 
the main constituent of lipoprotein(a). Both treatments result in pro-
nounced and sustained reductions in lipoprotein(a) levels55–57.

Genetically driven drug repositioning

A large body of work has underlined the pervasiveness of pleiotropy—
the association of multiple traits or conditions with the same gene. 
Accordingly, one may assume that an existing drug approved for the 
treatment of a particular disease could promptly be repurposed to 
treat other conditions genetically associated with the same target. An 
example of this type of drug repositioning is 5α reductase inhibitors. 
Individuals deficient in 5α reductase have a small prostate and rarely 
develop male pattern baldness58. These drugs were initially developed 
to treat benign prostatic hyperplasia59, but they were subsequently 
reformulated to prevent hair loss60. Sulfonylureas, first used to treat 
type 2 diabetes, are now also indicated for a rare form of neonatal dia-
betes caused by mutations in the sulfonylurea receptor gene61. Simi-
larly, the observation that gain-of-function mutations in the FGFR3 
gene that predispose to cholangiocarcinoma and bladder cancer are 
also responsible for skeletal diseases prompted the repositioning of 
FGFR tyrosine kinase inhibitors—originally developed as anti-cancer 
drugs—for achondroplasia, a short-limbed skeletal dysplasia62.

These examples are based on Mendelian genetics. More recently, 
inhibitors of interleukin-23 (IL-23) signalling, originally developed for 
psoriasis, have been repurposed for Crohn’s disease on the basis of 
associations between common variants in the IL23R gene and Crohn’s 
disease detected through genome-wide association studies63,64 (GWAS). 
Similarly, inhibitors of IL-17A signalling initially developed for psoriasis, 
rheumatoid arthritis and uveitis have been tested and approved for 
ankylosing spondylitis on the basis of findings from GWAS (Table 2). 
On the development side, relying on GWAS-based evidence65, Glaxo-
SmithKline is testing an inhibitor of IL-18 that originally failed to demon-
strate efficacy in treating diabetes for the treatment of Crohn’s disease 
(ClinicalTrials.gov identifier: NCT03681067) and atopic dermatitis 
(ClinicalTrials.gov identifier: NCT04975438). Just one year after the 
publication of associations between variants mapping to TYK2 (part 
of the JAK gene family) and COVID-19 severity66, a trial was launched to 
test the use of JAK inhibitors for the treatment of severe COVID-19. The 
trial showed that JAK inhibitors reduced mortality in these patients67, 
illustrating the speed at which new and robust genetic observations 
can lead to successful repositioning of existing drugs (Table 2).

Informativeness of rare high-impact variants

Several additional lessons can be drawn from the above examples to 
guide the exploitation of genetics and genomics to support the dis-
covery and development of new drugs or indications. First, the genetic 
observations that led directly to approved drugs (Supplementary 
Table 3) and the initial examples of successful genetics-based drug 
repositioning (Table 2) relied on associations between rare coding vari-
ants in target genes (defined here as being found in fewer than 1 in 1,000 

people) with large effects on specific phenotypes. These observations 
per se—although they illustrate the high information content of rare 
coding variants—have several implications. One is statistical power, 
meaning that a sufficiently large number of well-phenotyped carriers 
needs be identified to draw robust genetic associations. This also means 
that hundreds of thousands of individuals may need to have their exome 
(the coding portion of their genome) sequenced to achieve sufficient 
statistical support for discovering potential new drug targets. One strat-
egy to overcome this challenge is to study diverse ancestries. The fre-
quency of variants may vary considerably between ancestry groups, and 
variants that are rare in one ancestry may be more common in others  
owing to their distinct evolutionary histories68. Another approach 
is to capitalize on founder populations in which rare variants can be 
found at higher prevalence as a result of genetic drift—that is, changes 
in allele frequencies in a population due to random chance69. The latter 
approach has been particularly effective in revealing disease-causing 
and disease-protecting coding variants in Finland70,71, Iceland72, Sicily73, 
among Ashkenazi Jews74 and among French Canadians75,76. A recent 
study in the FinnGen cohort identified 26 potentially harmful variants 
relevant to cardiovascular and metabolic health77. Of these variants, 19 
were unique to Finns or more than 20 times more common in Finland 
than elsewhere in Europe.

Most Mendelian diseases are clinically apparent when both parental 
copies are mutated—that is, they are recessive. Thus, another approach 
to identify high-impact variants is to examine consanguineous families— 
those in whom the parents share the same ancestors—as these families 
are markedly enriched in homozygous carriers of loss-of-function 
mutations78–80. Another possibility for identifying rare, disease-causing 
or disease-protective variants is to select participants on the basis of 
polygenic risk scores (PRSs) (Box 1). A PRS aggregates into a single 
score the effects of many genetic variants associated with a particular 
condition, most of which are commonly found in populations and 
have, individually, a small clinical effect. The larger the number of risk 
alleles a person carries, the higher their PRS. Individuals who present 
a certain condition but have a very low PRS for that particular trait 
tend to have a higher proportion of rare disease-causing variants81,82; 
whereas, reciprocally, disease-protecting variants are expected to be 
found among unaffected individuals with very high PRS for a given trait.

Finally, it must be acknowledged that the strongest genetic evidence 
does not necessarily translate into successful development of inves-
tigational therapies83. Several attempts to treat Huntington’s disease 
(caused by a dominant mutation in the huntingtin (HTT) gene) using 
splice modulators, ASO therapies and gene therapy have failed owing 
to safety issues or a lack of target engagement84. Similarly, thousands of 
molecularly characterized rare Mendelian diseases remain untreatable.

The emerging role of common variants

So far, common variants have contributed less than rarer variants to the 
discovery of new approved therapies (Supplementary Table 2), but they 
have already had a tangible impact on drug repurposing (Table 2). As the 
GWAS technology that enables the detection of associations between 
diseases and common variants emerged only in 2007, this is likely to 
be a result of the median 25-year lag time between genetic discovery 
and approval of drugs (Fig. 2b) and the much shorter time needed to 
demonstrate successful repurposing of an existing drug with a known 
safety profile. Nevertheless, some new drugs are emerging based on 
original observations of associations between common variants and 
diseases. For example, the observation that a common coding variant 
(I148M) in PNPLA3 is associated with non-alcoholic fatty liver85 and 
increased liver enzyme levels in the blood86 prompted the development 
of PNPLA3 inhibitors, which are now being tested as potential treat-
ments for liver disease (ClinicalTrials.gov identifiers: NCT05395481 and 
NCT04483947). Thanks to the commoditization of GWAS studies and 
their applications to large biobanks (discussed below), the genomics 

https://clinicaltrials.gov/ct2/show/NCT03681067
https://clinicaltrials.gov/ct2/show/NCT04975438
https://clinicaltrials.gov/ct2/show/NCT05395481
https://clinicaltrials.gov/ct2/show/NCT04483947
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field has expanded rapidly, and important benefits from common 
variants genetics are expected in the next few decades.

Common variants are currently extensively exploited for investiga-
tions of potential causal relationships between risk factors and disease 
using Mendelian randomization analyses. Since alleles are randomly 
distributed at conception, this approach provides evidence of causal 
associations between an exposure (such as high blood levels of LDL 
cholesterol) and an outcome (such as coronary heart disease) by 
minimizing the bias from confounds (the effect of a separate variable 
affecting both the exposure and the outcome) and reverse causation 
(where the outcome causally affects the risk factor), two major limita-
tions that affect evidence from other types of observational studies 
in humans87–89. Since most drug targets are proteins, proteome-wide 
Mendelian randomization analyses are used to identify new potentially 
disease-causing proteins and to prioritize potential drug targets90–92.

Getting from a locus identified in a GWAS to a drug target remains 
a complex endeavour. Extensive post-GWAS studies are neces-
sary to identify the causal variants underlying the genetic associa-
tion and to obtain a mechanistic understanding of their functional 
effects. Combining genetics and genomics with other omics 
approaches such as proteomics, epigenomics, metabolomics or 
transcriptomics analyses has been a useful approach93–98 and is 

recommended for future development of drugs based on genetic  
studies (Box 1).

Analyses based on common and rare variants are also used to antici-
pate potential safety issues associated with a particular drug target 
and to de-risk clinical development99. Phenome-wide association stud-
ies (PheWAS) enable hypothesis-free testing of associations between 
variants in a given gene and a broad range of disease outcomes. For 
instance, a PheWAS assessing more than 500 phenotypes using elec-
tronic medical records (EMRs) in more than 29,000 subjects found 
no evidence that rare, functional variants mapping to TYK2 that are 
associated with rheumatoid arthritis, systemic lupus erythematosus, 
inflammatory bowel disease and COVID-19 are associated with any 
other phenotypes100. On the basis of this genetic information, adverse 
on-target effects are unlikely to occur during clinical testing (Box 1). 
One limitation of this approach is that it does not account for possible 
off-target adverse effects.

 
The power and limitations of biobanks

Several large-scale initiatives integrating genomic and dense phe-
notypic data have been launched to capture the information that 

Table 2 | Nine drugs with new indications driven by genetics; four are approved and five are under development

Primary 

therapeutic 

area

Extended 

therapeutic 

area

Gene: drug target Drug generic 

name

Drug class 

(example)

Primary indication Genetic observation leading to 

repositioning

Extended 

indication

Approved

Urology Dermatology SRD5A2: 5α 

reductase 2

Finasteride Inhibitor Benign prostatic 

hyperplasia

Absence of baldness in patients 

deficient in 5α reductase

Male pattern 

baldness

Metabolic Metabolic SUR: sulfonylurea 

receptor

Sulfonylureas Positive 

modulator

Type 2 diabetes Neonatal diabetes due to 

mutations in SUR

Certain forms of 

neonatal diabetes

Immunology Immunology IL23: IL-23 Ustekinumab Signalling 

inhibitor

Psoriasis IL23R variants have been 

associated with Crohn’s disease 

in GWAS

Crohn’s disease

IL17A: IL-17A Secukinumab Signalling 

inhibitor

Psoriasis, 

rheumatoid arthritis 

and uveitis

IL-17A forms an immune axis 

with IL-23, and the association 

of a variant downstream 

of IL23R with ankylosing 

spondylitis provided a rationale 

for repositioning

Ankylosing 

spondylitis

Under development

Musculoskeletal Immunology TNFRSF11A: 

TNF receptor 

superfamily 

member 11a (also 

known as RANK)

Denosumab Inhibitor Postmenopausal 

women at high risk 

of fracture with 

osteoporosis

TNFRSF11A genetic variants 

have been associated with 

Crohn’s disease in GWAS

Crohn’s disease

Oncology Musculoskeletal FGFR1–4: 

fibroblast growth 

factor receptors 

1, 2, 3 and 4

Infigratinib Inhibitor FGFR2-dependent 

cholangiocarcinoma

FGFR3 genetic mutations are 

causing achondroplasia

Achondroplasia

Immunology Cardiovascular IL6R: IL-6R Tocilizumab Inhibitor Rheumatoid 

arthritis

GWAS associations and 

evidence from Mendelian 

randomization studies showing 

causal role of IL-6R signalling in 

development of coronary artery 

disease

Coronary artery 
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diseases

JAK: Janus kinase Baricitinib Inhibitor Rheumatoid 

arthritis

Baricitinib also has moderate 

inhibitory activity against TYK2 

and genetic data support a 

causal link between high TYK2 

expression and life-threatening 

COVID-19

COVID-19
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factor H

Eculizumab Inhibitor of 

signalling

Sepsis and 

paroxysmal 

nocturnal 

haemoglobinuria

GWAS identified a missense 

mutation (Y402H) in CFH as 

an indicator of an increased 

risk for age-related macular 

degeneration

Age-related 

macular 

degeneration



742 | Nature | Vol 620 | 24 August 2023

Review

can be gleaned from natural variations in the human genome. Most 
of these initiatives are public–private partnerships, including the 
100,000 Genomes Project and the UK Biobank in the UK101–105, All of 
Us in the USA106, deCODE in Iceland107, BioBank Japan108,109, the Estonian 
Biobank110 and FinnGen in Finland77,111,112. The UK Biobank, for instance, 
has collected genetic data and health information from more than 
500,000 volunteers and is continuously adding data. These data, which 
include genomic, metabolomics and proteomic profiling have been 
made fully available to the research community. The impact of these 
studies on our understanding of the genetic and environmental deter-
minants and the trajectories of diseases has already been immense.

Beyond enabling the discovery of disease-causing variants, current 
large-scale population-based biobanks are particularly well-suited to 
revealing rare, disease-protecting, loss-of-function variants that, as 
discussed above, could lead to novel therapies for common condi-
tions. For example, exome sequencing of 645,626 individuals from 
the UK, USA and Mexico revealed that 4 in every 10,000 people were 
heterozygote carriers of loss-of-function variants in GPR75 and these 
carriers had a 54% lower risk of being obese113, suggesting that phar-
macological inhibition of GPR75 may prevent or treat obesity. These 
findings prompted Regeneron to launch discovery campaigns for small 
molecules, ASOs and monoclonal antibodies that block this receptor114. 
Similarly, genetics coupled with EMR data from 46,544 participants in 
the DiscovEHR study identified loss-of-function variants in HSD17B13 
that were associated with slower progression of liver steatosis to  
steatohepatitis115. On the basis of these observations, Regeneron 
recently registered a clinical trial testing the use of HSD17B13 inhibi-
tors to treat liver steatosis (ClinicalTrials.gov identifier: NCT04565717), 
exemplifying the power of longitudinal, EMR-linked biobanks.

Participants of European descent are highly over-represented in most 
existing studies116. Genetic findings arising from one ancestry group 
are not always generalizable to other ancestries owing to clustering 
of disease-associated variants in specific ancestry groups. This may 
in turn affect our understanding of the disease burden, the accuracy 
of the genetic risk model and disease prediction117 or the responses 

to drugs118. Accordingly, the lack of participants from diverse popula-
tions119–122 in genomic studies represents a major ethical and scien-
tific challenge that can exacerbate existing healthcare inequalities. 
Thus, advancing diversity in genetic studies is now a priority for 
the research community119,120. A step forward was made by Human 
Heredity & Health in Africa123–125 (H3Africa), with the goal of bringing 
deeper characterization of the genomic diversity of African individu-
als and identifying novel high-impact variants that are relevant for  
drug discovery.

Studies in which participants consent to being re-contacted for sub-
sequent trials derived from the original cohort (nested studies) come 
with an additional advantage, although there is a limited number of such 
studies so far. Recontact based on genetic information can be used to 
perform in-depth phenotypic characterization of carriers of specific 
genetic variants and expand our understanding of the physiological 
role of these genes, including those encoding drug targets126–129. Best 
practices and policies for this type of recall-by-genotype studies are 
discussed in depth elsewhere130. Having the possibility to recontact 
participants on the basis of their genetic make-up can also be used 
to support the development of investigational therapies (discussed 
below). However, this option is only possible if participants are con-
sented for this approach from the outset, and if biobanks have enough 
participants diagnosed with the disease selected as a drug indication. A 
few cohorts already exist that incorporate these requirements in their 
design, such as FinnGen77,111,112, the 100,000 Genomes Project (focusing 
on rare diseases102, cancer103 and COVID-19 (ref. 104)) and—at a smaller 
scale—the Quebec COVID-19 Biobank97,131 in Canada and the Lausanne 
Institutional Biobank in Switzerland132–134.

Embedding genetics in clinical drug development

In light of the emerging abundance of new, robustly genetically vali-
dated potential drug targets, innovative approaches are needed to 
prioritize investigational compounds to reduce the costs and duration 
of their clinical development and increase the probability of approval 

Box 1

Priorities for future investments in human genetics and genomics  
to support the discovery and development of innovative, safe and 
efficacious non-cancer drugs

Drug discovery

•	Further mining of clinical, genomic and other omics data from large 
existing public initiatives (such as UK Biobank, All of Us and FinnGen) 
to find and validate new drug targets.

•	 Investment in more diverse populations.
•	Focusing on the identification of protective loss-of-function vari-

ants as potential targets of new inhibitors to prevent and/or treat 
common diseases.

•	Generation of PRSs and use extremes to enrich the pool of  
carriers of disease-predisposing or disease-protecting coding  
variants.

•	Expansion of Mendelian randomization and PheWAS studies to cor-
roborate primary indication and identify early potential on-target 
safety signals for investigational medicines.

•	Development of new tools to identify causal genes from large GWAS.
•	Expansion of functional genomics studies to validate potential new 

drug targets.
•	 Investment in more studies to identify environmental and genetic 

determinants of penetrance of rare disease-causing variants for 

better risk stratification of patient populations and anticipation 
of clinical benefits.

•	Consideration of duration, cost and risks of drug development and 
expectation management regarding the delivery of new genetically 
driven therapeutics.

Drug development

•	Establishment of an ethical, legal and societal framework for ethni-
cally diverse recall-by-genotype studies.

•	Development of large, diverse, disease-based, deeply phenotyped, 
EMR-linked cohorts with consent in place for future recall-by- 
genotype studies.

•	Pilot proof-of-concept trials across various therapeutic areas to 
demonstrate the feasibility and efficiency of genetically assisted 
clinical development trials.

•	Upfront integration of highest standards in equity–diversity– 
inclusion in the design and execution of these studies.

•	Promotion of global and equitable access to novel therapeutics to 
improve health.

https://clinicaltrials.gov/ct2/show/NCT04565717
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(Fig. 1). Embedding genetics and genomics into the clinical develop-
ment process has the potential to address some of these challenges. 
More explicitly, genetics can be used to increase the number of patients 
in clinical trials who are predisposed to respond optimally to the inves-
tigational therapy, thus enabling smaller trials with shorter durations 
and lower costs, and facilitating early attrition (that is, a drug that fails 
in a patient population enriched to optimally respond to it has a very 
low chance of being efficacious in non-selected patients with the same 
disease indication).

In early clinical development, results from phase IIa trials (proof-of- 
concept studies usually performed to demonstrate whether the inves-
tigational therapy is efficacious on a small number of patients) are 
carefully scrutinized before the decision is made to progress to clini-
cal development and/or to optimize the parameters of subsequent, 
larger scale phase IIb/III trials (Fig. 1). Genetics has already contributed 
to proof-of-concept trials. Forty years ago, statins, which increase the 
clearance of blood-borne LDL particles by upregulating the LDL recep-
tor, were originally tested on patients who were genetically deficient in 
one copy of the LDL receptor gene. Only seven patients135 were needed to 
show that the investigational drug was highly effective at lowering blood 
levels of LDL cholesterol. Subsequent statin trials were expanded to 
include patients with more modestly increased LDL cholesterol levels and 
showed that the drug could prevent heart attacks in these populations.

Conceptually, a similar strategy using genetic enrichment of 
expected drug responders could be used to show proof of concept 
for any investigational agonists or antagonists. Agonists can be tested 
in individuals with a partial or complete deficiency in the target, or 
genes in the target pathway, to demonstrate correction or improvement 
of the associated phenotype. This approach has been successful for 
CFTR modulators in cystic fibrosis136 and cancer drugs137. Conversely, 
inhibitors can be tested in patients with gain-of-function mutations 
in the targeted gene or pathway. Inhibitors of LRRK2 and PNPLA3 are 
being tested in individuals with gain-of-function variants in these 
genes, which cause Parkinson’s disease (ClinicalTrials.gov identifier: 
NCT03976349) and fatty liver disease (ClinicalTrials.gov identifier: 
NCT03976349), respectively. Information gleaned from these geneti-
cally enriched trials can be critical for showing target engagement and 
supporting internal decision making, more than for final approval by 
regulatory agencies.

Genetics and genomics can also be used to enrich phase IIb/III trials 
with high-risk patients to reduce costs and diminish the size and dura-
tion of these usually very expensive trials138. For example, high-risk 
carriers of the APOE E4 risk variant have been selected for Alzheimer 
prevention trials139,140. Alternatively, PRSs can be used to identify indi-
viduals at greatest risk of disease141. The power of this approach was 
supported by retrospective analyses of two independent phase III trials, 
which demonstrated that patients who had a high PRS for coronary 
artery disease received substantially greater benefit from PCSK9 inhibi-
tors than participants with only non-genetic risk factors142,143.

Individuals absorb, distribute, metabolize and eliminate medicines 
in a variable manner. This holds particularly true for small molecules144. 
These parameters are partly under genetic control and have been 
extensively studied in pharmacogenetics. CYP2D6 for instance, is a 
key enzyme that is responsible for the metabolism and elimination of 
around 25% of drugs used in the clinic, such as antidepressants, beta 
blockers, opioids and antiarrhythmics145. Carriers of variants that 
increase or decrease CYP2D6 activity metabolize its substrates more 
or less rapidly. To take this inter-individual variability into account, sys-
tematic pharmacogenetic assessment has been broadly advocated for 
premarket evaluation in early phase clinical studies of new therapies146.

The tip of the iceberg

In our effort to quantify the returns of investments made in genet-
ics in terms of the discovery and development of new therapies, we 

identified 47 first-in-class approved therapies that had been directly 
driven by original human genetic observations. We also identified sev-
eral examples of successful genetically driven repurposing of existing 
drugs, and have highlighted examples that demonstrate the value of 
genetically assisted design of clinical trials to accelerate development 
and reduce costs. Given the conservative definition that we used in our 
search, the large body of genetic knowledge that is accumulating as a 
result of the investments in large biobanks and technologies, and the 
decades-long lag time between the discovery of a genetic association 
and approval of derived therapies, results from our search represent 
the tip of the iceberg of the full impact of genetics and genomics on 
the discovery and validation of new drugs.

Capturing the full benefits of genetics and genomics while ensur-
ing equitable access to these benefits requires the establishment of 
additional, large, ethnically diverse cohorts of participants, including 
their medical information. Proper consent is critical, as participants 
must specifically agree to have detailed analyses performed on their 
biobanked samples such as genomics, transcriptomics, proteomics 
or metabolomics, to have their EMR data available to investigators 
and potentially to be re-contacted for additional nested studies. In 
parallel, harmonization to enable inter-institutional or international 
collaborations between recruitment centres may be required to reach 
a sufficiently large number of participants to draw adequate statistical 
power. Finally, equitable and fair access to benefits—including new 
drugs driven by genetics—will require concerted efforts to address 
existing disparities in health-related knowledge, scientific capacity, 
workforce and clinical translation practices. More specifically, ensuring 
that the populations whose genetic information has been used to iden-
tify or validate their targets, or to accelerate their clinical development, 
are actively involved in the research and decision-making activities 
and can access these therapies should be a fundamental objective for 
companies manufacturing and marketing them. Increased investments 
into large and diverse cohort studies and in a robust ethical, legal, soci-
etal and financial framework147 that facilitates responsible, sustainable 
benefit sharing need to be planned now.
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