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Summary

Of the around 7,000 known rare diseases worldwide, disease-modifying treatments are available for fewer than 5%, leaving millions of
individuals without specialized therapeutic strategies. In recent years, antisense oligonucleotides (ASOs) have shown promise as individ-
ualized genetic interventions for rare genetic diseases. However, there is currently no consensus on which disease-causing DNA variants
are suitable candidates for this type of genetic therapy. The patient identification working group of the N=1 Collaborative (N1C),
alongside an international group of volunteer assessors, has developed and piloted consensus guidelines for assessing the eligibility
of pathogenic DNA variants for ASO treatments. We herein present the N1C VARIANT (variant assessments toward eligibility for anti-
sense oligonucleotide treatment) guidelines, including the guiding scientific principles and our approach to consensus building. Path-
ogenic, disease-causing variants can be assessed for the three currently best-established ASO treatment approaches: splice correction,
exon skipping, and downregulation of RNA transcripts. A genetic variant is classified as “eligible,” “likely eligible,” “unlikely eligible,”
or “not eligible” in relation to the different approaches or as “unable to assess.” We also review key considerations related to assessing
the upregulation of transcripts from the wild-type allele, an emerging ASO therapeutic strategy. We provide additional tools and training
materials to enable clinicians and researchers to use these guidelines for their eligibility assessments. With this initial edition of our N1C
VARIANT guidelines, we provide the rare genetic disease community with guidance on how to identify suitable candidates for variant-
specific ASO-based therapies and the possibility of integrating such assessments into routine clinical practice.
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Introduction

There are around 7,000 different rare diseases known
to date, with disease-modifying treatments approved for
about 5% of them."” A rare disease is defined as a condi-
tion that affects less than 200,000 people in the US or
less than 1 in 2,000 individuals within Europe and Can-
ada.' It is estimated that 6% of the world’s population lives
with a rare disease.” The majority of rare diseases are
thought to be genetic in origin, and with the massive im-
provements made in genetic diagnostics in the last de-
cades, we can now diagnose up to 50% of individuals
who suffer from a rare disease.” As more individuals receive
a molecular genetic diagnosis, the need to develop targeted
treatments is increasingly urgent. However, because many
of these rare diseases only affect a handful of individuals
across the globe, the usual drug development route is
not a viable pathway in most cases, and more bespoke
therapeutic strategies are necessary.S

Antisense oligonucleotides (ASOs) are one promising
form of genetic therapy. Over 20 different oligonucleotide
therapies for general applications have been approved by
the US Food and Drug Administration (FDA), the European
Medicines Agency (EMA), the UK’s Medicines and Health-
care Products Regulatory Agency (MHRA), and/or the
Japanese Ministry of Health, Labour and Welfare.® Addi-
tionally, these drugs have been administered and well
studied in thousands of people worldwide. Systemic deliv-
ery is possible (for instance via subcutaneous or intrave-
nous injection), but localized or targeted delivery is also
feasible for a growing number of target organs (brain and
spinal cord via intrathecal injection, eye via intraocular in-
jection, and liver and muscle via GalNAc and transferrin
receptor targeting, respectively), allowing relatively low
doses to be administered with potentially high treatment
effects.” Because of the finite half-life of ASOs, treatment
needs to be administered repeatedly (often every 1-
4 months), but this also allows the treatment regimen
and dosing to be tailored to each individual where helpful,
optimizing individual benefits.

ASOs are versatile in their usage, as they can be em-
ployed to (1) downregulate transcripts in the case of toxic
gain-of-function (GoF) and dominant-negative variants,
(2) restore the reading frame in the case of truncating var-
iants leading to a loss-of-function (LoF) effect, (3) correct
aberrant splicing, and (4) increase protein expression of
the wild-type (WT) allele in disorders associated with hap-
loinsufficiency (HI; see Data S1).%'° Hence, ASOs can be
used to target specific genetic variants present in groups
of individuals, with group sizes being as small as n = 1.
However, not all genetic variants can be targeted with
ASOs; even the ones that can be targeted can be distin-
guished into more eligible (stronger) and less eligible
(weaker) candidates. Thus, it is important to systematically
assess every pathogenic DNA variant for its eligibility for
ASO treatment to identify the individuals most likely to
benefit from such therapies.

Since 2018, multiple groups and organizations have
developed customized ASO treatments for individuals
targeted to their specific variant, a single-nucleotide
polymorphism, or the disease gene in general.'''* These
developments have given hope that individualized, dis-
ease-modifying therapies might be a realistic option in
the near future for others in the rare-disease community.
As of January 2025, to our knowledge, 27 individuals
have received individualized ASO therapies, and more are
under development .

The N=1 Collaborative (N1C) (https://www.
nlcollaborative.org/) is a global initiative to develop best
practices for ultra-rare “n = 1/few” therapy development
and promote safe and equitable access for individuals
with rare diseases. The N1C patient identification working
group (PIWG) is one of several workgroups organized by
the N1C. The PIWG focuses on three key areas: (1) identi-
tying suitable genetic variants for ASO development,
(2) determining diseases that are prime candidates for ge-
netic therapy, and (3) identifying individuals who are suit-
able for individualized genetic therapy development.

Individualized ASO therapy development can be split
into three distinct parts (see graphical abstract), with the
assessment of the individual at the beginning of the devel-
opment process. This assessment is based upon three main
pillars: (1) assessment of the genetic variant for molecular
eligibility, (2) assessment of the disease, and (3) assessment
of the individual (disease stage, symptoms, and goals). We
have discussed the different aspects of this evaluation pro-
cess extensively elsewhere.®'*"'®

To aid with the prioritization of individuals for ASO
developments, the PIWG has developed criteria and estab-
lished a consensus on assessing diagnostic DNA variants
for amenability to ASO therapies. The guidelines are in-
tended for clinical geneticists and clinicians working
with rare-disease individuals, diagnostic laboratories, re-
searchers, and research institutes working on rare genetic
disorders and aim to help them identify and prioritize
amenable disease-causing variants so they can assess indi-
viduals for further ASO development.'*

Here, we describe the development of the consensus
guidelines—named the N1C VARIANT (variant assess-
ments toward eligibility for antisense oligonucleotide treat-
ment) guidelines—present the first version of the guide-
lines, and provide training materials such as example
assessments and training videos. We further introduce
the “N1C variant eligibility calculator,” which aids with
variant evaluations.

Guideline and resource development

Overview of guideline development

The development of the consensus guidelines (N1C
VARIANT guidelines) was a multisite effort that took input
from researchers and genetics healthcare providers. The
guidelines were developed through alternating rounds of
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revision and piloting, leading to the final version 1.0
(Data S1).

Version 0.1

Development began with an internal assessment of sample
variants by the PIWG. A single assessor from four partici-
pating sites (the Dutch Center for RNA Therapeutics
[DCRT], Leiden, the Netherlands; the Hospital for Sick
Children [SickKids], Toronto, Canada; the Hertie Institute
for Clinical Brain Research, Tiibingen, Germany; and
Boston Children’s Hospital [BCH], Boston, USA) indepen-
dently assessed 30 selected variants (previously assessed
at the DCRT). The assessment approaches and outcomes
from each site were compared, debated by the PIWG, and
distilled into an outline of the guidelines.

This outline proposed the purpose, content, format,
and definitions of classifications. The outline was shared
with the PIWG membership for input and revised based
on their feedback. This outline was then used to draft the
first version of the consensus guidelines (version 0.1).
This version was only applicable to LoF variants in genes
causing autosomal recessive and X-linked recessive disor-
ders and only assessed variants for exon skipping and
splice-correcting ASOs. This draft was shared with the
PIWG, and feedback was collected and applied. After
revisions by the PIWG, the revised draft was shared with
a group of external volunteers (n = 5) who reviewed the
guidelines, provided feedback, and assessed a test set of
three variants (Table S1).

Version 0.2

Feedback and assessment results from the external volun-
teers were collected as written responses and used for further
revision (version 0.2). We paid attention to not only the feed-
back on the guidelines but also how the test variants were as-
sessed and whether the reasoning for the assessments was in
alignment with our guidelines. When assessors did not come
to the correct conclusion, we rephrased and adjusted the
guidelines to better aid with the assessments.

Version 0.2 was once again shared with the PIWG for
edits and feedback before being distributed to a larger
group of external volunteer assessors (n = 14) for a second
round of piloting on a set of 12 test variants (Table S1).
Once again, feedback and assessment reports were
collected and used for revising the guidelines.

Version 0.3

In version 0.3, the guidelines were expanded to include
assessments of eligibility for ASO or small interfering
RNA (siRNA)-mediated transcript knockdown of GoF and
dominant-negative variants and for upregulation from
the WT allele (e.g., targeted augmentation of nuclear
gene output [TANGO]'). Additionally, the work was
expanded to include assessments of other inheritance
patterns (excluding mitochondrial inheritance). The
revised guidelines were shared with external volunteers
(n = 19) for a third round of piloting with 15 test variants

(Table S1). Assessment results and feedback were collected
as written responses and used by the PIWG to refine the
guidelines. This final version (version 1.0) was shared
with all co-authors for final feedback before submission.

Test variant curation

All test variants were selected by one member of the
PIWG who did not participate in the assessment rounds.
Selected variants were sourced from published literature or
the ClinVar database (https://www.ncbi.nlm.nih.gov/
clinvar/). Two PIWG members independently assessed
each variant and determined the feasibility of the variant
assessment depending on the publicly available informa-
tion (including prior success with ASO development, where
applicable). Once a variant’s analysis and classification were
agreed upon, these members drafted a “correct answer” rep-
resenting the expected outcome using the guidelines (Data
S2). Answers with explanations were communicated to all
volunteer assessors after each assessment round.

Guideline piloting

Volunteer assessors ranged from graduate students (at
both the master’s and PhD levels) to faculty with different
levels of experience in clinical genetics and ASO therapy
development. Assessors included trained basic science
or translational researchers, genetic counselors, and
clinicians. Assessors were recruited via the professional net-
works connected to the N1C (e.g., departmental colleagues,
announcements in the N1C newsletter, and international
conferences featuring N1C PIWG members). An overview
of the assessors’ roles and affiliations is given in Table 1.

Video example development

To support assessors, exemplary assessments of selected test
set variants were provided via short videos. The video exam-
ples provide step-by-step instructions on assessing variants.
The videos were designed and recorded on Microsoft
PowerPoint. The videos were reviewed by both the PIWG
and the volunteer assessors. A subset of videos was first
shared with the PIWG, who provided feedback on the con-
tent and structure. The videos were then revised before being
shared with volunteer assessors during each round of pilot-
ing. Feedback on the videos was collected as written
responses.

The variants discussed in the video examples were
selected by members of the PIWG. All selected variants
were sourced from published literature or the ClinVar
database, with some already having a developed ASO.
Two members of the PIWG compared analyses and deter-
mined the feasibility of the variant assessment approach.
Once a variant’s analysis and classification were agreed
upon, a step-by-step analysis was recorded, along with
the expected classification of the variant. Videos are avail-
able on the N1C YouTube channel (https://www.youtube.
com/playlist?list=PL1FIwSOtbJHj0-aDMmZ5fUy5d40eiwa8B)
and N1C website (https://www.nlcollaborative.org/post/
nlc-variant-guidelines).
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Table 1.

Global makeup of volunteer assessors, including current institution and role or position

Country of institution No. of assessors Institutions

Role(s)/position(s)

Australia 2 Children’s Cancer Institute
Queensland University of Technology

Canada 4 The Hospital for Sick Children

Germany 3 Hertie Institute for Clinical Brain Research
University of Cologne

The Netherlands 2 Dutch Center for RNA Therapeutics,
LUMC
Erasmus Medical Center

Switzerland 2 University Hospital of Bern
University of Zurich

United Kingdom 4 University College London
Genomics England

United States 8 Boston Children’s Hospital

Mayo Clinic

Ambry Genetics

Massachusetts General Hospital
Rady Children’s Hospital

Children’s Hospital Colorado

PhD candidate

senior scientist

masters research students (3), genetic counselor
postdoctoral research fellow

clinician scientist, MD candidate

PhD candidate

MD/PhD candidate
senior scientist
senior scientist

associate professor, professor of neuroscience and
clinical geneticist, research associate

clinical fellow

genetic counselor, clinician scientist
research fellow, senior bioinformatician
genetic counselor

genetic counselor

clinician scientist

clinical molecular geneticist

Development of the N1C variant eligibility calculator

An interactive decision tree was developed to facilitate
applying the guidelines (the N1C variant eligibility
calculator). First, a catalog with questions and answers
based on the guidelines was written, including indications
of connections between different sections. For the devel-
opment of an interactive online tool, HTML and Javascript
code was written based on the catalog of questions
with the help of ChatGPT, which provided a skeleton of
the code upon request. The tool was deployed on the
N1C website (http://eligibilitycalculator.nlcollaborative.
org/). The full code is available on the N1C'’s GitHub page:
https://github.com/N1Collaborative/Variant-Eligibility-
Calculator. The eligibility calculator was thoroughly
tested by several co-authors of this manuscript, including
multiple assessors doing their assessments of the final 15
variants using the tool to see if they came up with the cor-
rect answers. Feedback was gathered through a written
response and incorporated accordingly.

Upregulation from the WT allele table

The N1C VARIANT guidelines refer to various resources for
the assessment of pathogenic variants toward upregulation
from the WT allele (Data $1).'”">* To aid in the assessment
of variants toward upregulation eligibility, a combined
file containing the findings from each suggested paper
was generated (Table S2). The data from Mittal et al., Lim
et al., and Felker et al. were extracted from the papers’
supplemental files.'” ' The data from Liu et al.”* were ex-

tracted from the uORF website (http://rnainformatics.org.
cn/RiboUORF/) through POST requests. All data from
all available genes from each paper were combined
into one Excel file. For each gene in the combined
file, pLI scores and ClinGen HI scores were indicated.
The pLI score was downloaded from gnomAD v.4.0
(https://gnomad.broadinstitute.org/downloads). ClinGen
HI scores were downloaded from ClinGen (https://search.
clinicalgenome.org/kb/downloads). Additionally, genes
in the combined file were annotated with the names
of their corresponding antisense transcripts using the
HGNC database (https://www.genenames.org/). Antisense
long non-coding RNAs were identified based on the pres-
ence of the terms “antisense” or “regulatory RNA” in the
“name,” “alias_name,” or “prev_name” fields, and anno-
tated matches were included in the “HUGO antisense”
column.

Outcomes

Purpose of guidelines

We have developed consensus guidelines (N1C VARIANT
guidelines) for eligibility assessment and prioritization of
(likely) pathogenic DNA variants for ASO treatments.
With these guidelines, assessors can identify genetic vari-
ants most likely to benefit from an ASO-based therapy
and distinguish these variants from currently less suitable
candidates. The full guidelines are available in Data S1.
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Updated versions of the guidelines will also be available via
the N1C website (https://www.nlcollaborative.org/post/
nlc-variant-guidelines).

The guidelines take into consideration the genetic diag-
nosis of the individual, molecular principles, and patho-
mechanism of the disease and genetic variant. The purpose
of the guidelines is to provide professionals working in the
rare genetic disease field, e.g., clinicians, diagnostic labora-
tories, and rare disease researchers, with a framework for
analyzing and classifying disease-causing variants for their
amenability to ASO-based therapy. With these guidelines,
assessors should be able to do the following.

(1) Identify pathogenic variants eligible for assessment
and use publicly available databases and resources
to assist in the variant assessment process.

(2) Assess whether a pathogenic variant is eligible for
ASO-mediated splice correction (i.e., correction of
mis-splicing).

(3) Assess whether a pathogenic variant is eligible for
ASO-mediated exon skipping.

(4) Assess whether a candidate gene and/or variant is
eligible for siRNA- or ASO-mediated transcript
knockdown.

(5) Classify variants as “eligible,” “likely eligible,” “un-
likely eligible,” or “not eligible” for the aforemen-
tioned ASO approaches or as “unable to assess”
using these guidelines. The definition of each classi-
fication is dependent on the type of ASO therapy.

(6) Consider strategies for the upregulation of WT al-
leles in cases of HI.

Overall, these guidelines focus on evaluating (likely)
pathogenic, disease-causing variants for eligibility for
ASO treatment, thus addressing the first step in the evalu-
ation of an individual for ASO therapy development. For a
full assessment beyond the variant, disease- and individ-
ual-specific clinical factors have to also be taken into
consideration,'*'® which is beyond the scope of these
guidelines. These guidelines provide a detailed and prac-
tical explanation of how to assess DNA variants. Besides
the general guidance, the guidelines list and indicate
relevant exceptions where applicable.

Guideline structure

Only a subset of the guidelines will be relevant to evalu-
ating any one specific variant. The guidelines walk readers
through a series of steps where they are prompted to verify
variant annotations, inheritance patterns, and pathome-
chanisms. If critical information is unavailable or insuffi-
cient, then the reader is prompted that this variant is
ineligible for further assessment (unable to assess).
Conversely, if the necessary information is available and
known, then readers can use the guidelines to identify
appropriate or multiple applicable ASO strategies: splice
correction, canonical exon skipping, RNA knockdown, or
upregulation from the WT allele. Upon identification of a

relevant ASO strategy, readers can direct themselves to
the relevant section with the help of flowcharts, where
they can further assess the variant’s eligibility toward a spe-
cific strategy in greater detail. Throughout the guidelines,
relevant, publicly available resources to aid with the assess-
ments are shared.

Furthermore, assessors are encouraged to check whether
an ASO has already been developed for a specific variant,
exon, or disorder (whether in clinical or preclinical stages).
Clear criteria are provided to define what constitutes
sufficient evidence for a functional ASO, depending on
the strategy. To assist in this search, resources and recom-
mended search terms are offered.

At the end of the assessment, assessors can classify a var-
iant’s eligibility toward splice correction, canonical exon
skipping, and/or RNA knockdown based on the informa-
tion gathered. The classification criteria were developed
as part of the consenting process and are outlined below.
Assessment strategies are provided for upregulation from
the WT allele, but classifications toward eligibility are not
defined because this area of ASO therapeutics is less estab-
lished to date. Instead, the guidelines provide context on
when upregulation from the WT allele might be used and
considerations for their development. We further provide
a resource to check for multiple WT upregulation ap-
proaches at once by combining available resources from
the literature into one simple Excel table (Table S2).

Classification terms
The complexity of the assessments necessitated defining
terms for a classification schema. Prior published classifica-
tion schema assessed variant amenability to ASO therapy
using terms such as “probably,” “possibly,” or “unlikely”
amenable; “exclude from assessment”; and “consider for
exon skipping.”'*'® However, these schemas focused on
only certain types of variants and ASO strategies. To
improve on these prior schemas and expand them to mul-
tiple ASO strategies, version 1.0 of these guidelines now
employs five tiers for all classifications: eligible, likely
eligible, unlikely eligible, not eligible, and unable to assess.
Eligible variants are those for which functional evidence
supports the effectiveness of an ASO approach. For splice-
correcting ASOs, this means that an ASO has already been
developed and shown to be effective, either clinically or
preclinically, for the specific splice-altering variant. In the
context of exon skipping, which aims to “skip” the exon
containing the pathogenic variant to produce a truncated
yet functional protein product, one would search for
functional evidence that the exon skipping was non-path-
ogenic. This would include experimentally induced
exon-skipping events (i.e., CRISPR deletions and ASOs)
showing functional evidence at the protein level that resid-
ual protein function remains. This also includes naturally
occurring exon skipping events (i.e., benign exon-skipping
events or exon deletions found in healthy individuals). A
pathogenic variant found within an exon where either
experimentally induced or naturally occurring exon
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Table 2.

List of video examples referred to and published with version 1.0 of the N1C VARIANT guidelines

Outcome/
Video Variant Gene symbol OMIM ASO strategy classification
1 €.2626C>T (GenBank: NM_000350.3; p.GIn876*) ABCA4 601691 canonical exon eligible
skipping
2 ¢.597-1340A>G (GenBank: NM_016589.4; p.?) TIMMDC1 615534 splice correcting eligible
3 ¢.680dup (GenBank: NM_000533.5; p.Cys228Leufs*5) PLP1 300401 canonical exon not eligible
skipping
4 ¢.213+1G>C (GenBank: NM_003793.4; p.?) CTSF 603539 splice correcting not eligible
5 c.611A>G (GenBank: NM_000277.3; p.Tyr204Cys) PAH 612349 splice correcting unlikely eligible
6 ¢.815-27T>C (GenBank: NM_025152.3; p.?) NUBPL 613621 splice correcting unlikely eligible
7 ¢.3503_3504del ( GenBank: NM_024312.5; p.Leul168GInfs*5) = GNPTAB 607840 canonical exon unlikely eligible
skipping
8 ¢.5645G>A (GenBank: NM_001040142.2; p.Arg1882Gln) SCN2A 182390 knockdown eligible
9 ¢.3733C>T (GenBank: NM_001165963.4; p.Arg1245*) and SCNIA and 182389 and  upregulation from  eligible
c.67C>T (GenBank: NM_130839.5; p.Arg23*) UBE3A 601623 the WT allele
10 c.264del (GenBank: NM_003793.4; p.Cys89Alafs*59) CTSF 603539 canonical exon likely eligible
skipping
11 ¢.538C>T (GenBank: NM_000170.3; p.GIn180*) GLDC 238300 canonical exon not eligible
skipping
12 m.13084A>T (GenBank: NC_012920.1), c¢.748A>T (Gencode: MT-NDS5 and 516005 N/A unable to assess
ENST00000361567.2; p.Ser250Cys) and TIMMDC1 615534
¢.597-1340T>G (GenBank: NM_016589.4; p.?), and and SCN2A and 182390

¢.1120T>C (GenBank: NM_001040142.2; p.Phe374Leu)

Variants normalized using Mutalyzer (https://mutalyzer.nl/) and VariantValidator (https://variantvalidator.org/). Video examples can be accessed via the N1C
YouTube channel: https://www.youtube.com/playlist?list=PL1FIwSOtb)Hj0-aDMmZ5fUy5d40eiwa8B.

skipping occurs would then be classified as eligible for ca-
nonical exon-skipping ASOs. Similar ideas apply when as-
sessing variants for eligibility toward knockdown. If a GoF
or dominant-negative variant, both of which can be
considered for knockdown, is found on a gene where a
knockdown approach has been functionally proven, the
variant can be classified as eligible for knockdown ASOs.

Not eligible variants are those for which a specific ASO
therapeutic approach is not considered possible. This
may be due to functional evidence demonstrating the
failure of ASO therapies (for example, canonical exon
skipping led to a non-functional protein) or molecular
criteria that render the variant unsuitable for ASO target-
ing. Examples of not eligible variants include single-exon
genes in the context of exon-skipping ASOs or genes
with tightly regulated dosage in the context of RNA knock-
down strategies.

Likely eligible variants are those that, based on molecu-
lar criteria, could potentially be targeted by an ASO,
although no functional evidence is currently available to
confirm this. Conversely, unlikely eligible variants are
those where molecular criteria suggest an ASO is unlikely
to be effective but no functional evidence directly contra-
dicts the potential use of an ASO.

Variants are classified as unable to assess when they
either do not apply to these guidelines (e.g., are of a type
that cannot be assessed) or if there is not enough informa-
tion available that allows for an assessment of the variant

(e.g., the inheritance pattern of the variant is unknown
or no information on the pathomechanism is available).

Training videos

At the time of publication, 12 training videos have been
created and shared (Table 2). These videos provide step-by-
step guidance for assessors, highlighting key resources and
assessment techniques. Each video demonstrates the assess-
ment of specific variants toward a relevant strategy, with
each example leading to a unique outcome. The training
videos can be accessed via the N1C YouTube channel:
https://www.youtube.com/playlist?list=PL1FIwSOtbJH;jO-
aDMmZ5fUy5d40eiwa8B.

Variant eligibility calculator

To support the assessment and help assessors focus on
going through the sections of the guidelines relevant to
their current assessment, we developed the N1C variant
eligibility calculator. At the time of publication, the eligi-
bility calculator walks assessors step by step through
version 1.0 of the N1C VARIANT guidelines. One key
feature of the calculator is the inability to skip question
prompts. Each step discussed in the guidelines is crucial
for in-depth variant assessment and is required for accurate
variant classification. Due to the inability to progress
without answering the question, users of the calculator
are encouraged to further research the gene or variant
before proceeding with the assessment. Additionally, the
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calculator takes into consideration the variant type (i.e.,
missense, stop gain, or synonymous) before directing users
to relevant sections of the guidelines. Overall, this tool al-
lows users to systematically navigate the guidelines, acting
as a “checklist” before proceeding with assessments. The
calculator further provides users with the ability to track
their assessments and receive a printout of the specific
questions and corresponding answers to understand the
overall classification and identify potential mistakes
during the assessment process.

Guideline maintenance

To ensure the guidelines remain up to date and reflect the
current state of ASO technologies, the PIWG will conduct a
yearly review.

During this review, the guidelines will be revised to
implement new tools/databases/websites where available
and to adjust if new knowledge relevant to any part of
the guidelines has been made available. The updated
version will then be reviewed by the PIWG members and
subsequently released to the community. Simultaneously,
all training materials, videos, and the eligibility calculator
will be updated to reflect the latest version of the guide-
lines. The version number and date of the latest update
will be indicated on the guidelines and calculator.

In the case of scientific breakthroughs that warrant im-
mediate changes in the assessment process, the PIWG
will agree to an unscheduled update outside of the yearly
cycle.

The PIWG is continually expanding, with diverse stake-
holders and experts actively contributing to ongoing work
in the rare-disease space. The scheduled revisions ensure
that analyses remain timely and reflect the most current
insights of the field.

Discussion

Here, we introduced version 1.0 of the N1C VARIANT guide-
lines for the assessment of (likely) pathogenic DNA variants
for eligibility toward ASO treatments, alongside the process
of their development and consenting. Additionally, we
introduce and discuss the development of training materials
and tools to aid with variant assessments.

These guidelines represent an international consensus
approach for evaluating the potential eligibility of patho-
genic DNA variants causing monogenic disorders toward
ASO therapies. With the significant progress and publicity
in the last few years regarding the development of individ-
ualized genetic therapies,''™* there is hope within the
rare-disease community that ASOs may benefit an
increasing number of community members. We aim to
support the rare-disease community by providing guid-
ance on which variants are most likely to be eligible for
ASO therapies.

As a takeaway from the iterative process of developing
these guidelines, we want to emphasize that it takes time

to become familiar with the assessment procedure. Similar
to the annotation and classification of pathogenicity for
genetic variants with the ACMG guidelines,”* the assess-
ment of pathogenic variants for their eligibility for ASO
treatments takes many different aspects into account and
requires practice. With the help of our volunteer assessors,
we have ensured that all steps required for assessment are
clearly outlined and can be followed by different profes-
sionals without prior experience in variant assessment
for ASO development.

We propose a five-tier classification schema for ASO
treatment amenability of DNA variants, whereby a variant
is classified with respect to specific ASO strategies and can
thus receive different labels for different types of ASO treat-
ments. The classifications are eligible, likely eligible, un-
likely eligible, not eligible, or unable to assess. Although
the eligible and not eligible definitions are clear, categoriz-
ing and classifying variants as likely eligible and unlikely
eligible proves to be more challenging because the evi-
dence for or against eligibility exists on a spectrum. Future
work will aim to refine these categories further, mirroring
the efforts to introduce more gradations into the ACMG/
AMP variant classification scheme.**

With the planned yearly updates, we expect to commu-
nicate adjustments in the upcoming years. Especially as
technologies advance and knowledge grows, we expect
that some variant classifications for certain ASO ap-
proaches will change with these developments. This
could be, for example, that new information on the feasi-
bility of ASO designs for certain types of variants becomes
available, e.g., the recently shown allele-selective gapmer
ASO targeting KIFIA (MIM: 601255)."* This will necessi-
tate the reassessment of some variants over time. In that
regard, we would like to point out that it is important to
read the literature on available ASO treatments critically
and scrutinize the methodology used and the functional
data provided before considering a variant eligible for
ASO treatments.

At this point, a limited number of ASOs are developed
and clinically tested; thus, ASOs are not currently available
for all different variant types, pathomechanisms, and in-
heritance patterns discussed herein. That means that no
gold-standard evidence for many considerations was
available for the establishment of these guidelines. Thus,
this work is based on the collective expertise gained from
assessing about 1,500 variants since 2018 at the sites of
the PIWG members (BCH, SickKids, and DCRT) and the
knowledge the PIWG members have on human molecular
genetics and ASO design and development, which involves
individuals with extensive expertise in the field of ASO
development and tailored ASO therapies.

Although efforts were made to test the guidelines with
various assessors from different professional backgrounds,
their application in diverse healthcare settings might
reveal additional needs for adjustments and refinements
in the future, and any such refinements will be incorpo-
rated with the scheduled updates.
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Although the amenability of a specific variant to a
certain ASO therapeutic strategy is a fundamental first
step, disease- and individual-specific factors are equally
important considerations in the development and provi-
sion of individualized genetic therapies.® Considerations
will also include the reversibility and severity of symptoms.
This means that an eligible variant does not necessarily
equal an eligible person. The assessments of disease- and
individual-specific factors are outside the scope of this
work and will require additional recommendations.***°

Ideally, we would like to see the integration of the
eligibility assessments into clinical practice to provide
individuals suffering from rare genetic diseases not only
with a diagnosis but also with information on possible
treatment approaches, where applicable. We believe that
with the additional training material and test variants
provided, clinical geneticists and specialist human geneti-
cists working in laboratories and diagnostic centers can
train themselves to become assessors. In the long term,
we envision automation of our guidelines and assessment
procedures in the form of tools that take the pathogenic
variant as input and deliver an analysis of the best thera-
peutic strategy for each individual.

Data and code availability

Data are available in Tables S1 and S2 and Data S2 for variant as-
sessments and upregulation from the WT allele approaches. Orig-
inal data for Table S2 are available in Lim et al., Mittal et al., Felker
etal.,, and Liu et al.,'"">* as described in the guideline and resource
development section.

The code generated during this work is available on GitHub under
an open-source AGPL license (https://github.com/N1Collaborative/
Variant-Eligibility-Calculator).
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