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Introduction

Since the conclusion of the human genome project and advent of next
generation sequencing (NGS) at the dawn of the millennium, an abundance
of genomic data has been accumulated that continues to revolutionise
healthcare practices and our knowledge of human health. Information
about one’s genome can be used to shape patient care from pre-conception
to cradle to grave. Despite continually decreasing sequencing costs and
increasing computing power, the potential of genomics in protecting and
improving human health has yet to be fully realised, with an open and vast
frontier of potential applications remaining to be explored over the next 10
years.

Universal Carrier Screening

For many people, the risk of their child possessing a serious inheritable
disorder will play a large role in informing their choice to conceive. Multi-
ethnic data collected from the US showed >300 gene variants thought or
known to be pathogenic have a carrier frequency >1/200 (Hotakanien et al
2024), with some studies estimating that as many as 24% of individuals
are carriers for at least one recessive genetic disorder (Lazarin et al 2012).
Despite this, carrier genetic screening is not routinely offered to people
hoping to conceive by the NHS.

Within the UK, carrier genetic testing has previously only been offered for
single conditions based on risk factors. For example, screening for cystic
fibrosis has only been offered to those deemed to be at high risk due to



ethnicity and family history. However, up to 94% of new cystic fibrosis cases
occur in those with no family history, making this strategy unviable (Rowe
and Wright, 2019). Universal carrier screening would instead aim to screen
every person for the presence for pathogenic gene variants regardless of
their possessing of risk factors. The wider availability and reduced costs of
NGS make the implementation of universal carrier screening increasingly
feasible each year.

Newborn genetic screening

Following birth, the newborn blood spot (NBS) test (a.k.a., heel prick test)
is routinely offered to all pre-symptomatic newborns in the UK. Since 2015,
the test screens for 9 rare congenital disorders, including phenylketonuria
and thalassaemia (Chudleigh et a/ 2020). Annually, 10,000 children receive
a positive NBS result (Chudleigh et al 2020), facilitating potentially life-
saving intervention early on. The NBS test is primarily a biochemical test
rather than a genetic test, meaning it can only screen for a small number
of conditions. NGS could provide a greater wealth of information regarding
an infant’s health to clinicians in a shorter period.

Critically, NGS can now deliver live-saving diagnoses in as little as 13 hours
(Stark and Ellard, 2022); thus, this technology could be used to diagnose
potentially thousands of genetic disorders at a lower cost than biochemical
methods (Bick et al 2022). For example, when analysing cost against
diagnostic trajectory in paediatric patients, Incerti et al found genome
sequencing to be the least expensive pathway for critically ill infants when
accounting for length of stay in neonatal intensive care. Furthermore,
genome sequencing was found to be cost neutral or even cost-saving as a
first-line diagnostic tool for children when compared to standard-of-care
diagnostics, potentially saving up to $900 per diagnosis. This represents a
significant opportunity to simultaneously cut costs while maintaining or
improving quality of paediatric care in an NHS than is increasingly finding
itself strapped for cash.

Genetic risk scoring




First pioneered by Klein et al/, Genome Wide Association Studies (GWAS)
examine the genomes of thousands (or even millions) of individuals within
a population and identify genetic variants, often single nucleotide
polymorphisms (SNPs) that are statistically associated with a specific
disease or trait. This approach facilitates the identification of links between
an individual’s genotype and their phenotype.

Since the first study in 2005, >5,000 GWAS have been performed for
>3,000 traits, many of which have included sample sizes of >1 million
individuals (Uffelmann et al 2021). While some chronic and life changing
diseases, such as cystic fibrosis and sickle cell anaemia are typically
monogenic (Apgar and Sanders, 2021), GWAS are increasingly
demonstrating that many diseases are complex and cannot be attributed to
a single genetic cause, but rather to the cumulative small effects of many
different SNPs across the genome. This information allows us to calculate
an individual’s genetic predisposition, termed polygenic risk score (PRS), to
a given disease or trait based on the number of risk-increasing SNPs
possessed and their individual effects or “weight” on the phenotype.

While PRS is not currently used routinely to inform clinical practice, several
studies on its use have yielded promising and actionable results. Most
notably, the HEART study used PRS in combination with lifestyle factors to
generate risk scores for cardiovascular disease (CVD). When combined with
the standard QRISK, 24% of patients had a clinically significant increase in
CVD risk, resulting in GPs opting to adjust the treatment of 13.1% of the
study population accordingly (Fuat et a/ 2024). Our Future Health, which is
now the largest UK health research programme of its kind (UK Research
and Innovation, 2024), aims to calculate PRS for multiple diseases for up
to 5 million participants across a range of ethnic groups (Our Future Health,
2024), which could be used to inform public health policy if societal groups
are at greater risk of diseases. Thus, PRS has the potential to inform health
approaches both at the individual and population level.

Pharmacogenomics



In addition to identifying both a patients positive disease status and their
risk of developing health conditions, genomics can also be used to
personalise treatment - a tempting horizon in the face of growing cancer
disease burden.

Pharmacogenomics is the study of how an individual’s genome may
influence their response to drugs. Differences in an individual’s genome
may prove a significant obstacle in their treatment if it results in altered
metabolism or activity of a drug. For example, patients with dihydropyridine
dehydrogenase deficiency (DPD) possess pathogenic DPYD gene variants.
Dihydropyridine dehydrogenase is the critical rate limiting enzyme int the
metabolism of fluoropyrimidine-based chemotherapies used to treat breast,
gastric and colorectal cancers. Patients receiving fluoropyrimidine-based
chemotherapies who possess a pathogenic DPYD variant had a 25-fold
increased risk of death following chemotherapy (Sharma et al 2021). As
such, screening patients for such variants can prove invaluable in extending
life.

However, only five drug-gene pairs are tested for on a regular basis in the
U.K. (NHS England, 2024), with additional new guidelines for CYP2C9
screening to guide the use of antiplatelets following an ischaemic stroke
currently being developed (NICE, 2024). This number is dwarfed by the
>2000 alleles in 315 gene-drug pairs currently identified by Clinical
Pharmacogenetics Implementation Consortium (CPIC) which would be
relevant in clinical practice (CPIC, 2024).

The relative abundance of pre-existing information about gene-drug
interactions and the decreasing costs of NGS present an interesting
opportunity to combat the ever-increasing burden of drug-resistant chronic
disease on the NHS. Routine application of pharmacogenomics will allow for
improved patient outcomes while reducing the frequency of patient visits
to primary and secondary care due to failed or ineffective drug treatments.

Predictive genomic testing



Uncertainty in disease prognosis and progression can cause significant
distress, leading to decreased quality of life in patients suffering terminal
illness (Roriguez-Gonzalez, 2022). Genetic testing already classifies
numerous diseases into sub-strata; however, current research has
demonstrated the ability of genomics to predict disease progression and
treatment outcome as well. Jonsson et al identified alterations in cell-cycle
effectors within gliomas that were associated with rapid disease
progression. Meanwhile, Kato et al found time to treatment failure was <2
months in stage IV cancer patients in possession of MDM2/MDM4 gene
amplifications. Keeping pace with such research could yield actionable
results that lend themselves to routine clinical practice, giving patients a
more realistic outlook on the timeline of their treatment and prognosis.

Advances in genomics now also have the potential to estimate the age-of-
onset of late onset age-related disease. Bolivar et al. used machine learning
techniques to identify differentially expressed mRNAs with high predictive
accuracy for Alzheimer’s disease (AD) age-of-onset, developing a model
that explained over 99% of data variability. Desikan et al. calculated hazard
scores for AD patients by detecting AD-related SNPs in patient genomes
which could strongly predict the age-of-onset for AD. Similar models are
currently being developed for Huntington’s syndrome and spinocerebellar
ataxia (Rensink et al 2024). Given many of these diseases have no disease
modifying treatment, these models would allow patients to plan for their
care and make clear their preferences long before their symptoms manifest.

By using genomics to remove uncertainty from the age-of-onset,
progression and treatment outcome of disease, the burden of terminal
illness of patient health, both physical and mental, could be alleviated.

Challenges

Despite numerous promising opportunities to improve patient care across
all stages of life, several obstacles remain in the application of new genomic
technologies in patient care.



While genome sequencing is becoming more financially viable and has the
potential to reduce diagnostic costs as aforementioned, the storage and
analysis of such large volumes of data could incur significant costs that
could prove prohibitive. The estimated cost of storing one genome alone is
$14 over 10 years (Krumm and Hoffman, 2020). The ONS estimates the
current UK population to be 68,265,209 (ONS, 2024) meaning the cost of
storage could amount to nearly £1 billion if the genome of every single
person in the U.K. were to be stored now. Such a vast volume of data would
no doubt require additional investment to build the infrastructure for
storage. Abbott et al conducted a whole genome sequencing study in which
25% of incurred costs were from analysis alone. Yet it was also noted that
costs would likely decrease if the methods used were applied at a whole-
population level due to economies of scale (Abott et al 2022).

Several issues have been raised regarding the ethics of collecting such large
volumes of data from individuals, particularly in the context of public-
private partnerships (Horn and Merchant, 2024). Genomic data contains
sensitive information about not only the person it was collected from but
also any blood relatives. Therefore, it is essential that such data is handled
and stored responsibly. The recent Synnovis cyber-attack, in which 400GB
of patient data was stolen by Russian cyber-criminals, has laid bare the
vulnerabilities the NHS possess in patient data protection (BBC News,
2024). Until more robust systems are put in place to prevent other similar
attacks in future, obtaining and storing such critical information remains
dangerous.

Finally, some clinicians have advised caution relating to over-reliance PRS
and patient genetic information, highlighting the fact that much of a
person’s disease is down to modifiable risk factors such as diet and smoking
habits (Sud et al 2023). Attributing too much of a patient’s health to their
genetic makeup could be detrimental in that it may discourage making
positive lifestyle modifications.

Conclusion



Advances in genomics will no doubt continue to drastically alter the
landscape of patient care as they have done in previous years. While
questions regarding data handling costs, ethics clinical applicability remain,
the potential for these technologies to revolutionise human health cannot
be understated.
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