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Abstract
Background

Nucleic acid therapies (NATs) comprise engineered DNA- or RNA-based medicines that act through
sequence-specific interactions to modify gene function. Among these, antisense oligonucleotide (ASO)
therapies are designed to bind messenger RNA (mRNA) or pre-mRNA to alter splicing, transcript stability,
or translation. Many patients with a rare genetic disease stand to benefit from these treatments and, as
underlying technologies continue to advance, a critical barrier to care is the equitable selection of targets
and patients. Owing to landmark progress in genomic health care, the UK is uniquely positioned to
develop a national framework on NAT patient-selection infrastructure. The UK Platform for Nucleic Acid
Therapies (UPNAT) has been launched, in part, to meet this goal, with a key output being a structured
patient and target selection framework to support NAT development and clinical application, using ASO
therapies as a pilot modality.

Methodology and Results

A multidisciplinary panel of UK-based experts established the UPNAT framework to enable systematic
assessment of ASO amenability across modular domains encompassing disease understanding,
functional models, variant characteristics, and the individual patient, incorporating the recently
published N1C VARIANT guidelines. This modular structure supports consistent prioritisation of tractable
targets while identifying biological, clinical, technical, or evidentiary gaps currently limiting ASO
development. Designed for implementation within the UK healthcare infrastructure and amenable to
future automation using open-access resources, the framework was iteratively refined through
application to genomic and clinical data from approved ASO therapies and selected real-world patient
case studies.

Conclusion

We present the first disease-agnostic framework to support structured prioritisation of patients and
targets (diseases, genes, or variants) for ASO development and consideration within specialist
healthcare services. Designed to accommodate rapid technological advances in NATs, the framework
promotes transparent, equitable, and reproducible decision-making within the UK National Health
Service (NHS), with principles transferable to other healthcare systems.
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Introduction

Rare genetic diseases collectively represent a substantial global challenge, affecting approximately 300
million individuals worldwide and placing sustained strain on patients, families, and healthcare systems
(1). Although advances in genomic diagnostics have transformed the ability to identify rare disease
aetiologies, therapeutic options remain limited, particularly for ultra-rare and genetically heterogeneous
conditions. Antisense oligonucleotides (ASOs) have emerged as a promising class of precision nucleic
acid therapies (NATs), offering a flexible means to modulate gene expression through diverse
mechanisms, including splice modification, transcript degradation, suppression of toxic interactions, or
upregulation of gene expression (2-7). This mechanistic flexibility enables ASO strategies that are gene-
or variant-specific, variant-agnostic (for example, targeting common cis-acting variants), or directed
towards compensatory pathways, thereby expanding the range of patients who may be eligible for
therapeutic development. As ASO technologies mature and their clinical feasibility is increasingly
demonstrated, this expansion in therapeutic possibility creates a new translational bottleneck:
determining which patients and targets (diseases, genes, or variants) should be prioritised for ASO
development and treatment in a manner that is equitable, transparent, and scalable within healthcare
systems.

This decision pressure is no longer theoretical. Clinical translation of ASO therapies has accelerated in
recent years, encompassing both commercially approved drugs and compassionate-use treatments
developed for individual patients (Figure 1A). Available data demonstrate a clear divergence in
development strategies: ASOs designed for a specific individual predominantly adopt variant-specific
approaches, whereas therapies achieving full market approval more commonly employ non-variant-
based strategies that can be applied across broader patient groups (Figure 1B). This capacity to tailor
treatment to the root genetic cause underpins the success of ASOs as N-of-1 therapeutics, exemplified
by the development of Milasen in 2018 (8). However, the same flexibility that enables individualised and
more broadly applicable ASO strategies also multiplies the number of plausible development pathways,
candidate patients, and decision points, intensifying the challenge of prioritisation in the absence of
structured guidance.

Against this backdrop, a critical barrier to clinical translation of ASO therapies is the equitable and
consistent selection of appropriate patients and targets, an issue increasingly recognised across gene-
based therapeutic modalities (9). Transparent guidance is therefore required to support systematic
prioritisation and timely progression from bench to bedside. Although ASO mechanisms are versatile, not
all genetic variants are amenable to ASO intervention, a limitation addressed at the variant level by the
N=1 Collaborative (N1C) VARIANT consensus guidelines for assessing eligibility of pathogenic DNA
variants for ASO treatments (10). However, variant eligibility alone is insufficient to guide clinical
decision-making. Not all genes, diseases, or individual patients are suitable candidates for ASOs, and
existing guidance does not integrate disease biology, functional model readiness, patient-level risk—
benefit considerations, or health-system feasibility into a unified assessment. While a growing body of
literature offers expert recommendations for ASO patient selection (Figure 1C), no disease-agnostic,
end-to-end framework currently exists, nor is there UK-specific guidance aligned with the regulatory and
structural constraints of the National Health Service (NHS).

The absence of such a framework is particularly consequential in the UK. As a world leader in genomic
healthcare and a pioneer of national diagnostic and research programmes, the UK is uniquely positioned
to deliver NATs within a publicly funded health system. More than 3.5 million people in the UK live with a
rare disease, and national initiatives are rapidly expanding access to genomic diagnosis. Programmes
and databases such as the Genomics England Generation Study and Genomics England National
Research Library are improving diagnoses and shifting diagnosis to earlier stages of life, increasing the
number of individuals identified at a point where therapeutic intervention may be feasible or most
effective. This expanding denominator, combined with distinct regulatory and resource constraints,
intensifies the need for transparent, equitable, and reproducible approaches to prioritisation. The UK
Platform for Nucleic Acid Therapies (UPNAT), funded by the National Institute for Health and Care
Research (NIHR) and Medical Research Council (MRC) and aligned with initiatives such as the Rare
Therapies Launchpad (RTLP) and MRC Centre of Research Excellence (CoRE) in Therapeutic Genomics,
was established to address this challenge. Here, we present the first disease-agnostic patient selection
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framework, using ASOs as a pilot modality, for initial application within the UK. Within this evolving
implementation landscape, the Medicines and Healthcare products Regulatory Authority (MHRA) has
held independent responsibility for pharmaceutical approvals in the UK since 2021 and has recently
outlined initiatives aimed at improving pathways for innovative and rare disease therapies. Differences in
the pace of ASO therapy approvals relative to other jurisdictions (Figure 1D) highlight the importance of
complementary decision frameworks that can help translate technological opportunity into clinical
implementation. With updated clinical trial legislation intended to streamline regulatory pathways and
support access to innovative treatments (11, 12), the UK provides an important setting for responsible
development of novel NATs.

By separating biological feasibility from clinical and system-level prioritisation, the framework supports
clear and reproducible decision-making. The framework is designed to promote equity, transparency, and
scalability by enabling consistent assessment across diverse diseases, therapeutic strategies, and clinical
contexts. It integrates four modular dimensions - disease biology, functional model readiness, variant
amenability, and patient-level considerations - within a unified assessment structure. By distinguishing
biological feasibility from clinical and system-level prioritisation, the framework supports reproducible
decision-making applicable to both generalisable and individualised ASO strategies. Specialist expertise
is embedded throughout the process in a structured and comparable manner across disease areas. The
governance model is tiered: disease and functional model assessments require episodic, centralised
domain-specific evaluation with reusable outputs, whereas patient-level assessment is designed for
iterative local application. This structure mirrors established UK genomic governance models, in which
centralised determinations of eligibility are coupled with locally delivered clinical implementation under
licensed oversight frameworks.

In this study, we describe the development of this framework through multidisciplinary expert consensus
and its calibration using targets of market-approved ASO therapies. We then demonstrate its real-world
applicability through assessment of patients considered for ASO development, illustrating how the
framework supports both prioritisation and principled exclusion where appropriate based on current
knowledge. Together, these analyses show how structured patient selection can translate expanding
genomic and therapeutic capability into consistent, equitable decision-making, providing a model for the
responsible deployment of precision NATs within the UK NHS, based upon core principles generalisable
to other healthcare systems.
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Figure 1: The growing urgency for end-to-end guidance for patient prioritisation in light of increased
clinical translation of ASO-based therapies for rare disease. A) Market approved and N-of-1/few
individualised ASO therapies. Dates reflect year of approval (by the FDA, EMA or MHRA) or first use in
patients. If market approved, the date reflects the earliest date, regardless of the regulatory body. It
should be noted that Viltolarsen was first approved by the regulatory system in Japan. B) Distinction
between variant strategy (variant specific vs variant agnostic) across ASO therapies reported in clinical
use (Figure 1A). Market approved ASO therapies on the left and individualised ASO therapies that are, or
have been, in clinical use until 2024 shown on the right (13). C) Recommendations available to guide
patient selection for ASO therapies (10, 14-19). Year of guidance release is indicated along the arrow.
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Three main focal areas are covered: variant, disease, and patient. Lacking is end-to-end guidance readily
implementable within the UK NHS. D) Rate of market ASO approvals since the first ASO approvalin 1998
by the FDA, EMA and post 2021 MHRA.

Materials and methods
Scope and objectives

The UPNAT Target Selection Framework is designed to support structured decision-making for ASO
therapies. Specifically, it provides a framework for: (i) assessing patient suitability for treatment with
existing ASO therapies; (ii) determining whether specific disease-gene targets are appropriate
candidates for novel ASO development; and (iii) identifying key biological, clinical, technical, or
evidentiary gaps that currently limit therapeutic development. The framework is applicable to both
individualised (variant-specific) and generalised (gene- or pathway-directed) ASO strategies within rare
genetic disease.

The framework focuses on biological tractability, current technical feasibility and clinical
appropriateness, using explicit exclusion and prioritisation criteria to support consistent assessment
across diverse diseases and clinical contexts. It is intended to inform early-stage triage and prioritisation
decisions rather than late-stage clinical trial readiness. Of note, regulatory considerations surrounding
therapy development and reimbursement or financial delivery models are important factors that are
beyond the scope of this initial framework, which are addressed by parallel and complementary
initiatives, such as the Rare Therapies Launchpad UK pilot program (20).

Our objectives were to:

1. Promote equitable patient selection by applying transparent and reproducible criteria, ensuring
that all patients are assessed on a common basis within the NHS.

2. Enable consistent and timely prioritisation of disease—gene targets for ASO development based
on biological, clinical, and technical feasibility.

3. Support clear and efficient decision-making by providing structured guidance that can be
applied at defined points in the translational pathway.

4. Structure assessment to ensure specialist expertise is applied where most critical, with local
implementation guided by predefined, specialist-developed criteria.

Framework consensus development process

The UPNAT Target Selection Framework was developed through a structured, iterative consensus
process involving multidisciplinary experts in rare disease, NATs, clinical genetics, and translational
medicine (Supplementary Figure 1). An initial multi-stakeholder meeting was convened to define the
scope and guiding principles of the framework and to identify key domains required for patient and target
selection. From this meeting, a core development group was established (Supplementary Table 1) and
organised into four module-specific Working Groups corresponding to disease, functional model,
patient, and variant assessment.

Each Working Group was provided with a standardised module template outlining required decision
points, exclusion criteria, and scoring principles. Module leads were responsible for drafting and refining
criteria within their assigned domain, with iterative feedback exchanged within and between groups.
Draft modules were reviewed collectively at an in-person workshop, where criteria definitions, scoring
structure, and implementation considerations within the UK healthcare system were discussed and
refined. Subsequent whole-group meetings were used to incorporate feedback arising from pilot
application of the framework and to resolve areas of ambiguity.
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This framework was developed as a pragmatic decision-support tool rather than a consensus guideline,
with a focus on UK-based implementation; accordingly, formal Delphi-style consensus scoring was not
employed, as the emphasis was on reproducibility, rather than convergence of expert opinion alone.
Where differences of opinion arose, criteria were retained only when agreement could be achieved
across both clinical and research assessors, ensuring that decisions reflected feasibility within real-
world clinical pathways as well as biological plausibility. Transparent and iterative communications were
key to framework development and thus expert consensus was developed through non-anonymised
structured multidisciplinary discussion.

Framework development and refinement occurred over an approximately 12-month period, allowing
iterative revision informed by pilot application and cross-disciplinary review. Criteria and scoring
frameworks were finalised prior to systematic application to market-approved ASO targets and patient
case examples. The resulting framework integrates clinical, research, and translational perspectives and
was explicitly designed to balance biological feasibility with practical implementation within NHS clinical
pathways.

Testing on market approved ASO targets

To assess whether the disease and functional model modules of the UPNAT Target Selection Framework
were appropriately specified, we applied the framework to a set of market-approved ASO therapy targets
as positive controls (Supplementary Table 2). This analysis was designed to calibrate the framework
against targets with established clinical tractability, rather than to retrospectively validate predictive
performance.

For each therapy, the disease indication and gene target were independently evaluated by multiple
assessors using the relevant framework modules. Eleven ASO therapies, representing eight distinct
gene—disease pairs, were included. Therapies were selected if they targeted monogenic, non-infectious
disorders with well-characterised Mendelian architecture and established oligonucleotide chemistry
backbones with known safety profiles. While publicly available data were sufficient to support
assessment of targets that progressed to clinical use, comparable information for ASO programmes that
were discontinued or deemed non-targetable was not available. As a result, this analysis was not
intended to establish sensitivity or specificity, but rather to confirm that framework module criteria did
not inappropriately exclude targets that have reached clinical use.

Case examples of ASO patient assessments

To demonstrate the real-world usability of the UPNAT Target Selection Framework, selected patient case
examples were assessed using the framework. Cases were drawn from the UPNAT and RTLP networks
and had been referred by clinicians or researchers for consideration of ASO development. These cases
were intended to illustrate application of the framework in practice rather than to provide a
representative or exhaustive sample.

All cases underwent initial triage using the version 1 N1C VARIANT assessment guidelines to determine
variant-level amenability to ASO intervention. A subset of cases was then selected for full assessment
using the complete UPNAT Target Selection Framework, incorporating disease, functional model,
patient, and variant modules (Table 1). In keeping with the disease-agnostic design of the framework,
case examples were chosen to capture diversity in affected tissue, age at assessment, and therapeutic
context, including both systemically targetable and tissue-restricted diseases.

All selected cases met at least one of the following criteria: (i) consideration for novel ASO development
by the referring clinician; (ii) active development of a novel ASO therapy; or (iii) approval of a novel ASO
for clinical trial.
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Table 1: Case examples selected for ASO amenability assessment using the UPNAT Target

Selection Framework.

Disease (OMIM)

Associated gene

Target tissue

Age at
assessment

Assessor category

Centronuclear
myopathy (310400)

MTM1

Skeletal
muscle and
liver

Paediatric

Assessor 1: Academic molecular
geneticist

Assessor 2: Academic molecular
biologist

Assessor 3: Consultant paediatric
neurologist

Niemann-Pick
disease, type C
(257220)

NPC1

CNS

Adolescent

Assessor 1: Academic molecular
geneticist

Assessor 2: Consultant paediatric
neurologist

Assessor 3: Consultant neurologist

Doyne honeycomb
retinal dystrophy
(126600)

EFEMP1

Retina

Adult

Assessor 1: Academic molecular
geneticist, Preclinical model
development expert

Assessor 2: Academic molecular
geneticist, Preclinical model
development expert

Assessor 3: Consultant
ophthalmologist

BANDDOS (618476)

CSF1R

CNS

Paediatric

Assessor 1: Academic molecular
geneticist

Assessor 2: Health and care
professions council (HCPC)
accredited clinical scientist

Assessor 3: Consultant paediatric
neurologist

Assessor 4: Consultant neurologist
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Results

Results are presented in three parts: description of the framework, calibration using approved ASO targets,
and application to real-world patient case examples.

The UPNAT Target Selection Framework

The UPNAT Target Selection Framework defines a disease-agnostic, modular system to support structured
assessment of patients and targets for ASO therapies (Figure 2). The framework is organised into four
modules, disease, functional model, patient, and variant, each addressing a distinct dimension of ASO
suitability. Modules may be applied independently or in combination, allowing flexibility according to the
available evidence, stage of evaluation, and clinical or research context. Together, the modules provide a
common structure for evaluating biological tractability, research readiness, and patient-level
considerations within a single assessment process.

Application of the framework within each module follows a two-stage process. First, predefined exclusion
criteria are assessed to identify candidates unsuitable for further consideration within that domain. These
criteria enable early termination where biological, technical, or clinical constraints render ASO
development or treatment infeasible, conserving resources and avoiding inappropriate therapeutic
expectation. Candidates not meeting exclusion criteria proceed to module-specific scoring, in which
assessors select relevant predefined criteria within each category to generate a prioritisation score.
Weighted categories are applied uniquely within the disease module. Scores are generated independently
for each module and reflect relative prioritisation within that domain rather than absolute suitability or
predicted therapeutic success. No fixed thresholds are imposed; outcomes are interpreted alongside
available evidence and clinical judgement to support transparent and reproducible decision-making.
Exclusion within any module precludes progression within that assessment cycle but does not prevent
reassessment should new evidence, technologies, or clinical circumstances emerge. Complete module-
level scoring, including selected criteria, for case examples is provided in Supplementary Table 3 to ensure
fullinspectability.

Modules are designed for application by assessors with domain-relevant expertise within a tiered
structure, allowing assessment effort to scale with case complexity. Early exclusion criteria facilitate
efficient triage, while predefined specialist-derived criteria enable consistent implementation across
settings.
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Figure 2: The UPNAT Target Selection Framework. The four modules address disease, functional
model, patient and variant selection criteria. Each module includes Step 1 exclusion and Step 2
scoring, resulting in a prioritisation score. The variant guideline incorporates the N1C VARIANT
consensus guideline (10).

Disease module

The disease module evaluates whether a given disease represents a plausible candidate for novel ASO
development. Assessment focuses on biological tractability and anticipated clinical benefit,
incorporating exclusion criteria related to the expected impact of ASO intervention, the availability of
existing effective therapies, and the feasibility of delivering ASOs to the affected tissue using current
technologies. Diseases that pass exclusion criteria are assessed using a structured scoring framework
that distinguishes technical and biological features supporting ASO development from broader
prioritisation considerations. This module uniquely incorporates weighted scoring, reflecting the
separation between criteria that fall within the direct scope of ASO feasibility assessment and broader
considerations that address whether a target should be pursued in the absence of external national
guidance (Supplementary Table 4). The disease module was retrospectively applied to indications with
regulator-approved ASO therapies to assess concordance with established clinical translation and
subsequently applied prospectively to four illustrative patient cases.

Functional model module

The functional model module evaluates the availability and suitability of experimental systems for
assessing the efficacy of a novel ASO in the context of the target gene’s biological expression and
function. Exclusion is applied when spatial or temporal gene expression is insufficiently characterised to
support appropriate experimental modelling for ASO development. Candidates that proceed are
evaluated based on the availability and relevance of experimental models, including evidence of gene
expression across appropriate in vitro and in vivo systems, functional assays within the target cell type,
and prior investigation of the gene in a therapeutic context. Together, these criteria capture the extent to
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which a target can be supported by existing functional knowledge, experimental infrastructure and
highlight areas for improvement (Supplementary Table 5). The functional model module was
retrospectively benchmarked against genes targeted by regulator-approved ASO therapies and
prospectively applied to four illustrative patient cases.

Patient module

The patient module evaluates individual clinical suitability for ASO treatment using patient-specific
clinical data and prognostic considerations. In contrast to the disease and functional model modules,
this module is intentionally exclusion-focused, reflecting the clinical caution required when considering
ASO therapies as a treatment option. Exclusion criteria address factors that may limit anticipated benefit
or increase risk, while a limited set of scoring criteria is applied only after exclusion criteria are satisfied.
This structure emphasises appropriateness and safety over prioritisation, recognising the ethical and
clinical implications of recommending ASO treatment for individual patients (Supplementary Table 6).
The patient module was prospectively applied to four illustrative cases in parallel with ongoing specialist
evaluation for ASO therapy to assess its usability as a structured decision-support tool.

Variant module

The variant module assesses genetic amenability to ASO intervention by incorporating the N1C VARIANT
selection guidelines (10). Variants were evaluated across multiple mechanistic strategies, including
splice correction, transcript knockdown, and upregulation. Variant-level outcomes were mapped into the
UPNAT framework through conversion to a unified prioritisation score, enabling integration of variant
amenability with disease-, functional-, and patient-level assessments (Figure 2). Given that variant-level
guidance is defined within the peer-reviewed N1C guidelines, this module was applied as a triage step in
a UK patient cohort and integrated with disease, functional, and patient-level assessments in the
illustrative cases to demonstrate end-to-end framework application.
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Figure 3: Application of the UPNAT assessment framework to targets of market approved ASOs and
patient case examples referred from the UPNAT and RTLP networks. A) Disease and functional model
assessment outcomes for targets of market-approved ASO therapies. Outcomes are displayed as
prioritisation scores, representing the percentage of the maximum possible score achieved for each
disease or gene. Hereditary angioedema (HA) and hereditary transthyretin amyloidosis polyneuropathy
(hATTR) were excluded at the disease module stage, indicated by grey bars and t symbols. B) Variant
assessment of the 26 individuals recruited through the UPNAT or RTLP networks. Assessments were
made with N1C VARIANT guidelines (10). Nine amenable variants (‘Eligible’, or ‘Likely Eligible’) were
identified for transcript knockdown or splice correction. Boxes indicate genes with ASOs either
developed or under development. Grey box indicates genes assessed as ‘Eligible’. C) Assessment of a
patient presenting with Doyne honeycomb retinal dystrophy and the causative pathogenic ¢.1033C>T,
p.(Arg345Trp) toxic gain-of-function variant within the EFEMP1 gene. D) Assessment of a patient
presenting with Neiman-Pick disease type C and the causative pathogenic ¢.1554-1009G>A splice
disrupting variant within the NPC17 gene. E) Assessment of a patient presenting with BANDDOS and the
pathogenic splice disrupting variant c.592+5 A>G in trans with a pathogenic nonsense variant within the
CSF1R gene. Both variants were assessed as ‘Not Eligible’. Exclusion depicted by a grey bar and t
symbol. F) Assessment of a patient presenting with centronuclear myopathy and the causative
pathogenic target ¢.342+575C>G splice disrupting variant within the MTM1 gene. ALS, amyotrophic
lateral sclerosis; FCS, familial chylomicronemia syndrome; DMD, Duchenne muscular dystrophy.

Framework performance of market approved ASO therapy targets

To examine how the UPNAT Target Selection Framework performs when applied to established clinical
successes, targets of relevant market approved ASO therapies with well characterised backbones and
safety profiles were selected (Supplementary Table 2). This analysis was undertaken as a calibration
exercise rather than as an evaluation of predictive performance. For all regulator-approved targets, the
patient assessment was redundant.

Of the eight target diseases investigated (11 ASOs in total), hereditary transthyretin amyloidosis and
hereditary angioedema (Figure 3A) were excluded on the disease assessment due to the availability of
effective alternative treatment options (21, 22). These exclusions reflect the prioritisation logic rather than
a lack of biological tractability. The remaining market approved targets were not excluded on the basis of
the disease and functional model assessments, indicating consistency between the framework criteria
and established clinical translation.

Spinal muscular atrophy (SMA) was assessed for each clinical subtype recommended for treatment with
nusinersen by NICE (Figure 3A). Variation between the SMA clinical subtypes was observed within the
disease module assessment, reflecting the difference in disease severity. For all market approved ASO
therapies, variant-level scoring was not applicable, as therapeutic strategies were either variant agnostic
or used mechanisms not compatible with variant-specific assessment within the framework.
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Application of the UPNAT Framework to a real-world patient cohort

To demonstrate the real-world usability of the UPNAT Target Selection Framework, patient case
examples that had been identified by clinicians or researchers as potential candidates for ASO
evaluation were assessed using the framework. In this implementation, assessment was initiated at the
variant level, reflecting current data availability and the existence of established variant-focused
guidance through the version 1 N1C VARIANT selection guidelines. Consistent with its modular design,
the framework does not depend on variant-first entry, and as assessment processes evolve, alternative
entry points may become more appropriate for large-scale deployment.

Following initial variant-level triage, 10 of 26 cases were classified as ‘Eligible’ or ‘Likely Eligible’, with the
remainder excluded at this stage. Among these, three cases were classified as amenable to splice
correction and seven to transcript knockdown (Supplementary Table 7 and Figure 3B). No cases met
formal criteria for upregulation.

Splice correction: Eight splice-disrupting variants were assessed for splice correction. Two variants
were classified as ‘Likely Eligible’. The first was an intronic NM_000271.5:¢.1554-1009G>A NPC1 variant
identified in trans with missense variants in two unrelated cases within the cohort. Aberrant splicing was
confirmed by RNA sequencing in both patients, and the variant met eligibility criteria for splice correction
based on its deep intronic location and predicted preservation of canonical splicing. A second variant
was a deep intronic NM_000252.3:¢.342+575C>G change within the MTM1 gene. Functional studies
confirming intronic retention (or pseudo exon inclusion), combined with the deep intronic position of the
variant, supported its eligibility for splice-corrective therapy. All remaining splice variants resided within
canonical splice sites and were therefore not considered eligible for splice-correcting ASOs under N1C
criteria. Of the 24 variants considered for exon skipping approaches, a single variant in PACS7 was
considered ‘Unlikely Eligible’ and the remaining were ‘Not Eligible’, primarily due to predicted out-of-
frame exon skipping, disruption of functional domains, or localisation within single-exon genes.

Transcript knockdown: Fourteen gain-of-function variants were evaluated for transcript knockdown.
Seven variants were classified as ‘Eligible’ or ‘Likely Eligible’ in genes without evidence of
haploinsufficiency in the target tissue. These included the NM_001039348.3:¢.1033C>T(p.Arg345Trp)
variant within the EFEMP1 gene, which has since been targeted by a novel gene-silencing ASO, with
preclinical data supporting variant eligibility (23). Six variants were classified as ‘Unlikely Eligible’, and
one as ‘Not Eligible’, due to established haploinsufficiency or intolerance to reduction in the
corresponding genes.

WT transcript upregulation: Three variants were considered for wild-type transcript upregulation. No
variants were considered ‘Eligible’ under N1C guidelines. The frameshift variant within IRF2BPL was
deemed unable to assess due to an unknown pathogenic mechanism and the remaining two variants
were deemed ‘Not Eligible’.

From the cohort of 26 individuals assessed for variant guidelines, four real-world case examples were
selected for detailed assessment to demonstrate how the full UPNAT framework operates across distinct
decision scenarios (Figure 3C-F).

Case Example 1: Prioritisation supported by cross-module concordance
Doyne honeycomb retinal dystrophy (EFEMP1)

Doyne honeycomb retinal dystrophy (DHRD) is a progressive inherited retinal dystrophy caused by an
autosomal dominant toxic gain-of-function variant in EFEMP1. A patient with a confirmed EFEMP1
(NM_001039348.3):¢.1033C>T(p.Arg345Trp) variant was assessed following continued progression of
visual impairment despite standard management (Figure 3C). Disease and functional model modules
generated scores in line with those reported for clinically translated market approved targets (Figure 3A),
supporting prioritisation of DHRD and EFEMP1 as targets.
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Disease module:

DHRD did not meet any exclusion criteria and generated a disease score of 76%. This reflected
established targetability of retinal tissue (24, 25), a well-defined toxic gain-of-function disease
mechanism (26-30), a comprehensive natural history study (31), and the availability of clinically
meaningful outcome measures (26, 32), in the absence of effective disease-modifying therapies.

Functional model module:

EFEMP1 generated a prioritisation score of 87.5%, reflecting established expression in the retina and the
availability of relevant in vitro and in vivo models and validated functional assays to support preclinical
ASO development (28-30, 33-39).

Patient module:
The patient did not meet any exclusion criteria and scored 80%, reflecting the presence of measurable
clinical endpoints and an overall favourable anticipated benefit-risk profile for ASO intervention.

Variant module:

The EFEMP1 c.1033C>T (p.Arg345Trp) variant was classified as ‘Likely Eligible’ for transcript knockdown
based on its tissue-specific toxic gain-of-function mechanism and predicted tolerance of partial
transcript reduction. Haploinsufficiency assessment was complicated by available data suggesting that
EFEMP1 haploinsufficiency underlies a connective tissue disorder (40). However, retinal tissue was not
implicated and, whilst EFEMP1 is expressed ubiquitously, ASOs are delivered to the retina via intravitreal
injection. The absence of retinal tissue involvement in reported haploinsufficiency and autosomal
recessive loss-of-function cases supports continued knockdown targeting.

Case Example 2: Prioritisation with translational constraints
Niemann-Pick disease type C (NPC1)

A splice-switching ASO targeting the intronic NPC1 variant c.1554-1009G>A has been approved for the
UK’s first individualised ASO clinical trial at Great Ormond Street Hospital (41, 42). Niemann-Pick
disease type C (NPC) is an autosomal recessive neurodegenerative disorder caused by biallelic loss-of-
function variants in NPC1 (43). The c.1554-1009G>A variant introduces a pseudo-exon and has been
confirmed as pathogenic through RNA sequencing and functional assays (44). A patient with childhood-
onset disease and progressive neurological decline was assessed (Figure 3D). The disease and
functional model modules generated scores comparable to those observed for regulator-approved ASO
targets (Figure 3A), supporting prioritisation of NPC1 as a therapeutic target, while framework criteria
relating to disease resolution and extent of disease targeting indicate potential translational constraints
consistent with partial therapeutic rescue.

Disease module:

NPC generated a disease score of 76%, supported by central nervous system (CNS) targetability, a well-
characterised disease mechanism (45), established longitudinal natural history studies (43, 46-48) and
clinical outcome measures. The presence of miglustat as an approved disease-modifying therapy was
incorporated into the scoring framework, with weighting informed by specialist clinical assessment of its
modest efficacy.

Functional model module:

NPC1 generated a functional model score of 75%, reflecting the availability of established cellular assays
(49) and animal models (50), alongside limitations including a humanised model optimised for ASO
evaluation.

Patient module:
The patient did not meet exclusion criteria and generated a patient prioritisation score of 70%, reflecting
disease stage compatible with intervention and acceptable anticipated risk-benefit balance.

Variant module:
The deep intronic c.1554-1009G>A variant was classified as ‘Likely Eligible’ for splice correction under
the N1C VARIANT guidelines, translating to a prioritisation score of 66.6%.
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Case Example 3: Exclusion driven by variant- and patient-level criteria
Brain abnormalities, neurodegeneration, and dysosteosclerosis (CSF1R)

This case illustrates exclusion at the patient and variant level despite biological tractability. A child with
brain abnormalities, neurodegeneration, and dysosteosclerosis (BANDDOS) caused by compound
heterozygous loss-of-function variants in CSF1R was considered for ASO intervention targeting only the
CNS disease manifestations (Figure 3E). BANDDOS is a severe recessive disorder characterised by
progressive neurodegeneration and skeletal abnormalities, with no disease-modifying therapies
currently available.

Disease module:

BANDDOS generated a disease score of 56.5%, supported by disease severity, absence of alternative
treatments, CNS targetability, and a defined disease mechanism (51). Limitations included sparse
natural history data and lack of established clinical endpoints.

Functional model module:
The functional model score was 58%, reflecting availability of basic in vitro systems and prior therapeutic
investigation of CSF1R (51), alongside limitations in model relevance for ASO development.

Patient module:
The patient met a Step 1 exclusion criterion, reflecting an advanced and rapidly progressive disease stage
and an unfavourable anticipated risk-benefit balance for ASO intervention at the time of assessment.

Variant module:

Molecular investigation confirmed one nonsense and one splice-altering allele (52). Splice correction
was nhot supported for the pathogenic variants, and although upregulation strategies were considered,
these were not pursued given the association of CSF1R haploinsufficiency with a milder adult-onset
disorder and the current immaturity of upregulation approaches.

Case Example 4: Conditional progression limited by translational constraints
Centronuclear myopathy (MTM1)

This case illustrates high biological and variant-level readiness tempered by technical constraints related
to delivery. Centronuclear myopathy is a severe X-linked recessive disorder caused by loss-of-function
variants in MTM1, characterised by profound muscle weakness and early morbidity (53). A patient with a
deep intronic hemizygous MTM1 NM_000252.3:¢c.342+575C>G variant was assessed (Figure 3F), with a
splice-correction ASO strategy under exploration. While disease and functional module scores suggest
biological and technical feasibility comparable to regulator-approved ASO targets (Figure 3A),
translational challenges related to efficient delivery to skeletal muscles, together with specialist clinical
caution, temper prioritisation in centronuclear myopathy.

Disease module:

Centronuclear myopathy generated a disease score of 89%, reflecting a well-defined disease
mechanism, comprehensive natural history data, established clinical endpoints, and absence of
effective therapies (53-55). The disease affects skeletal muscle and liver, both of which have evidence of
ASO targetability, with technical limitations in clinical efficacy acknowledged.

Functional model module:
MTM1 generated a functional model score of 87.5%, supported by extensive in vitro and in vivo models,
well-characterised gene function, and established functional assays relevant to ASO development.

Patient module:
The patient did not meet exclusion criteria and generated a patient prioritisation score of 70%, reflecting
an acceptable anticipated risk-benefit balance.
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Variant module:

The deep intronic ¢.342+575C>G variant met criteria for ‘Likely Eligible’ splice correction under the N1C
VARIANT guidelines. Translation to therapy would, however, necessitate effective ASO delivery to both
skeletal muscle and liver, with recognised technical limitations in achieving efficient skeletal muscle
delivery noted when considering the ASO chemistries currently approved for neuromuscular disorders.

Together, these case examples illustrate how different constraints dominate decision-making at different
stages of assessment. In some cases, strong alignment across disease, functional, patient, and variant
modules support prioritisation, while in others, patient-level considerations or technical feasibility shape
progression or exclusion despite biological tractability. Rather than collapsing these factors into a single
outcome, the modular structure of the UPNAT framework makes the basis of each decision explicit,
supporting transparent, reproducible, and revisable prioritisation as evidence, technologies, and
therapeutic capabilities evolve.

Discussion

The UPNAT Target Selection Framework was developed to address a critical gap in the translational
pathway for ASO therapies: the absence of structured, transparent, and scalable approaches to
prioritising patients and targets (diseases, genes, or variants) within a publicly funded healthcare system.
While advances in genomic diagnostics and NATs have expanded the range of potentially actionable rare
diseases, decision-making around ASO development has largely remained informal, fragmented, and
dependent on local expertise. Such decisions potentially vary substantially between institutions and are
rarely documented in a form that permits comparison, audit, or re-evaluation. UPNAT formalises this
decision space without reducing it to a single predictive metric, providing instead a modular framework
that makes the basis for progression, deferral, or exclusion explicit and reviewable.

A defining feature of the framework is its separation of biological feasibility from clinical and system-level
prioritisation. By deconstructing assessment into disease, functional model, patient, and variant
modaules, this framework enables structured evaluation across dimensions that are often conflated in
practice. This modularity reflects the reality that suitability for ASO intervention is multi-dimensional: a
variant may be mechanistically amenable while disease context, model readiness, or patient-level
considerations limit feasibility or justify caution. Importantly, module scores are not intended to function
as binary decision thresholds or predictors of therapeutic success. Rather, they support relative
prioritisation within domains, highlight sources of uncertainty, and document the rationale underpinning
decisions. This design recognises that ASO development involves iterative judgement under uncertainty,
rather than deterministic selection based on any single criterion.

Calibration of the framework against targets of market-approved ASO therapies demonstrated that this
framework behaves in a manner that is consistent with established translational outcomes. Approved
targets scored highly on biological tractability and functional model readiness, while exclusions arising
from the disease module reflected the availability of effective alternative treatments rather than a lack of
mechanistic suitability. These findings should not be interpreted as validation of predictive performance.
Instead, they indicate that the framework encodes prioritisation logic that aligns with real-world
decision-making, providing a structured representation of assessments that are currently made implicitly
and inconsistently. In doing so, UPNAT Target Selection Framework enables greater consistency,
scrutiny, and reproducibility in clinical decision-making.

Application of the framework to real-world patient case examples further illustrates its intended use.
Entry into assessment was initiated at the variant level in this study, reflecting current data availability
and the existence of established variant-focused guidance. However, the framework is explicitly modular
and does not depend on a variant-first workflow. As assessment processes evolve, including increasing
automation and broader disease-level screening, alternative entry points may become more appropriate,
particularly for large-scale deployment.
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The four detailed case examples were selected to illustrate distinct decision scenarios rather than to
maximise apparent success. Together, they demonstrate how the framework supports prioritisation
when biological, experimental, and patient-level factors align; principled exclusion based on variant- and
patient-level considerations despite biological tractability; and recognition of technical constraints that
may limit amenability to ASO therapy even in the presence of strong scores across multiple modules.
Importantly, exclusion within the framework does not imply definitive or permanent ineligibility. Instead,
it documents the specific constraints operating at the time of assessment, enabling re-evaluation as
evidence, technologies, or clinical circumstances change.

Application of the framework also highlighted limitations inherent to retrospective assessment and to the
current evidentiary landscape for ASO development. Publicly available data are heavily skewed towards
successful or advanced ASO programmes, while detailed information on targets that were deprioritised
or failed to progress is rarely accessible. This introduces unavoidable bias and constrains systematic
refinement of prioritisation criteria, underscoring the need for greater transparency and data sharing to
support responsible expansion of NATs.

Variant-level triage proved to be a pragmatic and low-cost entry point for assessment, reflecting current
clinical data availability and the maturity of existing variant-focused guidance. However, its application
also exposed important gaps. Deep intronic variants were frequently difficult to evaluate in the absence
of functional validation and remain under-represented in routine clinical reporting, as most diagnostic
pipelines prioritise exonic and canonical splice-site regions. Similarly, while allele-specific transcript
knockdown emerged as a potentially actionable strategy in several cases, its feasibility depended on
confidence in gene dosage tolerance. In practice, haploinsufficiency assessment was often complicated
by discordant bioinformatic metrics, incomplete population reference data, and tissue-specific effects,
reinforcing the need to interpret variant amenability in the context of disease biology and affected tissue.
These considerations were evident across case examples, including DHRD, centronuclear myopathy and
BANDDOS, where biological tractability alone was insufficient to determine strategy selection without
careful evaluation of tissue specificity, dual targeting requirements, underlying disease mechanism, and
anticipated risk-benefit. Importantly, such uncertainties do not represent failures of the framework but
rather reflect current limits of knowledge, which the modular structure is designed to surface explicitly
rather than obscure through aggregate scoring. In addition, efficient and cell-specific in vivo delivery of
ASOs remains a major translational challenge. Advances in ASO chemistries, conjugates and delivery
systems are likely to expand tissue targeting capabilities and improve safety and efficacy, making this an
area of ongoing evolution that may alter feasibility assessments over time.

The clinical relevance of this structured approach is illustrated by the NPC case, in which
framework assessment was conducted alongside specialist-led evaluation preceding an
individualised ASO clinical trial in the UK. In this context, use of a master protocol provides a
scalable model for future enrolment as evidence evolves, consistent with the framework’s
emphasis on reproducibility, iterative re-evaluation, and responsible expansion of access rather
than one-off decision-making.

More broadly, the UPNAT Target Selection Framework provides a structured basis for both governance
and prioritisation. By standardising how decisions are organised and recorded, it enables scrutiny,
comparison, and iterative refinement across cases and institutions. Disease biology and functional
model readiness are intended for episodic specialist assessment, with gene- and disease-level
determinations reusable across centres, whereas patient-level evaluation is designed for iterative local
application under appropriate oversight. Although variant assessment may be undertaken locally,
coordinated genomic systems with automated annotation capacity may benefit from more centralised
approaches to improve efficiency and scalability. Evaluations should be regarded as dynamic and
subject to revision as new clinical, molecular, and therapeutic data emerge. Where appropriate, hon-
confidential components could be shared transparently, recognising that many domains reflect gene- or
disease-level considerations rather than individual patient characteristics and that such sharing may
support cumulative learning across therapeutic modalities.

This structured approach is particularly relevant for healthcare systems seeking equitable and
accountable delivery of advanced NATs. While developed using ASOs as a pilot modality, the underlying
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principles are not platform-specific and are likely to extend to other programmable nucleic acid—based
therapeutics. As these modalities expand across rare and more common diseases, scalable and
transparent decision architectures will be essential to balance innovation with responsible clinical
implementation. The modular governance model presented here therefore offers a transferable
framework to support reproducible prioritisation and equitable access to advanced genetic therapies.

Several limitations should be acknowledged. The framework does not aim to predict clinical efficacy, nor
does it resolve all uncertainties inherent in ASO development. Its performance is contingent on the
quality of available evidence, and some modules may be more informative than others depending on
disease context. In addition, the case examples presented here reflect a curated cohort with prior
indication of ASO amenability and should not be interpreted as representative of all rare disease
referrals. Ongoing application and refinement, including prospective use within specialised services, will
be essential to assess usability, consistency, and impact on translational decision-making. Further
validation against regulator-approved and clinically translated ASO targets will refine interpretation of
prioritisation scores, particularly as evaluation expands across diverse ASO chemistries and the growing
number of n-of-1 and small-cohort therapies.

In summary, the UPNAT Target Selection Framework provides a structured, transparent approach to
prioritising ASO development within a publicly funded healthcare system. By making decision logic
explicit and modular, the framework supports equitable and reproducible assessment while
accommodating uncertainty and evolution in therapeutic capability. As precision NATs continue to
expand, the absence of such framework risks amplifying inconsistency rather than access. UPNAT offers
a practical model for aligning translational opportunities with responsible, consistent, and patient-
centred decision-making.
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