
Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate‑
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

RESEARCH

Fitzsimmons et al. BioData Mining            (2025) 18:6  
https://doi.org/10.1186/s13040-024-00418-5

BioData Mining

Enriched phenotypes in rare variant carriers 
suggest pathogenic mechanisms in rare disease 
patients
Lane Fitzsimmons1,2, Undiagnosed Diseases Network, Brett Beaulieu‑Jones1,3* and Shilpa Nadimpalli Kobren1* 

Abstract 

Background:  The mechanistic pathways that give rise to the extreme symptoms 
exhibited by rare disease patients are complex, heterogeneous, and difficult to discern. 
Understanding these mechanisms is critical for developing treatments that address 
the underlying causes of diseases rather than merely the presenting symptoms. Moreo‑
ver, the same dysfunctional series of interrelated symptoms implicated in rare reces‑
sive diseases may also lead to milder and potentially preventable symptoms in carriers 
in the general population. Seizures are a common and extreme phenotype that can 
result from diverse and often elusive pathways in patients with ultrarare or undiag‑
nosed disorders.

Methods:  In this pilot study, we present an approach to understand the underlying 
pathways leading to seizures in patients from the Undiagnosed Diseases Network 
(UDN) by analyzing aggregated genotype and phenotype data from the UK Biobank 
(UKB). Specifically, we look for enriched phenotypes across UKB participants who 
harbor rare variants in the same gene known or suspected to be causally implicated 
in a UDN patient’s recessively manifesting disorder. Analyzing these milder but related 
associated phenotypes in UKB participants can provide insight into the disease-caus‑
ing mechanisms at play in rare disease UDN patients.

Results:  We present six vignettes of undiagnosed patients experiencing seizures 
as part of their recessive genetic condition. For each patient, we analyze a gene 
of interest: MPO, P2RX7, SQSTM1, COL27A1, PIGQ, or CACNA2D2, and find relevant symp‑
toms associated with UKB participants. We discuss the potential mechanisms by which 
the digestive, skeletal, circulatory, and immune system abnormalities found in the UKB 
patients may contribute to the severe presentations exhibited by UDN patients. We 
find that in our set of rare disease patients, seizures may result from diverse, multi-step 
pathways that involve multiple body systems.

Conclusions:  Analyses of large-scale population cohorts such as the UKB can be 
a critical tool to further our understanding of rare diseases in general. Continued 
research in this area could lead to more precise diagnostics and personalized treatment 
strategies for patients with rare and undiagnosed conditions.
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Background
 Collectively, as many as 446 million people, or nearly 6% of the worldwide population, 
are afflicted with rare diseases [1]. However, any specific rare disease may manifest in 
as few as a handful of patients across the world. Rare diseases are difficult to diagnose, 
and patients often endure years of arduous, inconclusive testing and misdiagnoses. Even 
after diagnosis, treatments indicated for these specific diseases are typically limited [2]. 
Successful repurposing of other drugs for off-label rare disease treatment is also lim-
ited because existing usage guidelines, efficacy, and adverse event measurements from 
historical clinical studies may not apply to rare disease cases [3]. Despite the critical 
need for diagnostic and therapeutic improvements for rare disease patients, funders 
have difficulty justifying resource-intensive research and development when only a small 
number of patients will benefit. Additionally, support from insurers is often absent or 
insufficient [2, 4]. 

Rare diseases are largely genetic in nature. Eighty-five percent are estimated to have 
genetic etiologies, with the majority classified as recessive conditions [5]. The manifesta-
tion of recessive conditions requires that both copies of relevant autosomal gene(s) or 
single copies of relevant X-linked gene(s) have been rendered dysfunctional. This occurs 
when a patient inherits the same deleterious variant from both parents, resulting in a 
homozygous recessive variant [6]. Sickle-cell anemia, for instance, manifests when both 
copies of a patient’s HBB gene harbor the same A > T base pair mutation at a critical 
position [7]. Alternatively, a recessive condition can arise when a patient inherits two 
different deleterious variants from each parent, called compound heterozygous variants. 
Cystic fibrosis, for example, arises when both copies of a patient’s CFTR gene are com-
promised due to potentially different variants inherited from each parent [8]. In both of 
these types of recessive cases, affected individuals have seemingly unaffected parents but 
a potentially significant family history of disease, such as a similarly affected grandparent 
or sibling [6]. 

In addition to known pathogenic variants, other variants in the same disease-causing 
genes can result in a spectrum of symptoms ranging from benign to pathogenic. In the 
CFTR gene, for example, nearly 1700 different mutations lead to varying manifestations 
of cystic fibrosis with differing prognoses and comorbidities [9]. Intriguingly, recent 
studies have demonstrated that seemingly healthy individuals in the general population 
who carry one normally functioning and one compromised copy of the CFTR gene may 
exhibit related yet less severe symptoms typical of cystic fibrosis as well [10]. Patients 
with rare genetic disorders often present on the extreme side of the phenotypic spec-
trum, with debilitating symptoms that severely restrict normal physical and cognitive 
functioning [11]. The less severe phenotypes exhibited by carriers of variants in the same 
genes can provide insight into the underlying mechanisms at play in recessive disorders 
[12, 13]. Increased understanding of this disease process could have the potential to both 
help rare disease patients and potentially lead to preventative treatments in larger “car-
rier” populations where less severe phenotypes build up over time. For example, if var-
iants in a gene causatively linked to neurodegeneration in a rare disease patient were 
associated with increased inflammation in the general population, carriers might be at 
increased risk of developing neurodegenerative conditions as well and could be candi-
dates for clinical studies of early interventions.
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It can be extremely difficult to gather information and draw conclusions about rare dis-
orders that individually manifest in such small numbers. For suspected genetic disorders 
where unrelated but similarly-presenting individuals are found, disease-associated genes 
or genic regions can be identified statistically through case–control analyses. However, 
for undiagnosed, “N-of-1” cases where no similarly affected individuals are known and 
no matching disorders have been described in the literature, clinical researchers must 
rely on external functional information to determine whether and how candidate genes 
harboring intriguing variants are concordant with a patient’s symptoms [14, 15]. Even 
after a diagnostic gene is identified, the perturbed mechanisms leading to symptom 
onset and progression can remain elusive. In these cases, milder disease-related symp-
toms observed across individuals with only one damaging variant in the same gene may 
shed light on the underlying process implicated in a rare disease patient’s extreme mani-
festation of symptoms of the same nature.

The Undiagnosed Diseases Network (UDN) was established in 2014 to serve patients 
with extremely rare and difficult-to-diagnose conditions. These patients represent 
“N-of-1” cases, and their disorders or specific phenotypic presentation manifest in so 
few patients worldwide that it is nearly impossible to first identify similarly presenting 
patients and then to search for recurrently-implicated, significantly associated genomic 
loci. The majority of patients who enroll in the UDN suffer from sporadic or suspected 
recessive conditions that manifest across multiple body systems. Examining these rare 
and complicated conditions in the context of healthy individuals who carry similar vari-
ants has the potential to benefit patients directly by identifying root causes of certain 
symptoms and to more broadly enhance understandings of recessive illnesses. Moreover, 
establishing connections between rare disorders and potentially actionable symptoms in 
the general population may further incentivize the development of improved diagnostics 
and therapeutics for these patients.

Here, we present a framework and pilot study to examine genes likely or known to 
be implicated in extremely rare disorders through the lens of cohort-level phenotype 
enrichment. We include in our pilot a subset of UDN patients with recessive disorders 
who experience seizures. Seizures do not have a single cause, but instead may be the 
eventual result of various biological and pathophysiological pathways. The specific path-
ways leading to seizure onset per patient are also often elusive; as many as half of global 
epilepsy cases have an unknown cause [16]. Though antiepileptic drugs can reduce the 
seizure burden in 60–70% of patients, these treatments minimize symptoms while rarely 
addressing the root biological cause [17]. The overall phenotypic heterogeneity of cases 
within the UDN and enrichment of patients with seizures within this cohort provides 
the opportunity to explore the differing potential mechanistic pathways that may predis-
pose individuals to experience seizures.

For each UDN patient in our pilot with an identified strong candidate or diagnostic 
gene listed, we define “genotypically-similar” individuals as those who carry at least 
one rare variant in the same gene. We select cohorts of genotypically-similar patients 
for each UDN patient from the UK Biobank (UKB), a control dataset that contains both 
genetic and phenotypic patient information from 500,000 people between 40 and 69 
years old from across the UK. From this cohort of adult patients with heterozygous var-
iants, we expect milder symptoms that relate to and inform understandings of severe 
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pediatric homozygous cases. These identified related mechanisms aim to direct further 
exploration in cases where limited alternative avenues exist. We then examine the signif-
icant phenotype enrichments within each cohort to draw potential connections between 
the implicated body systems and mechanistic pathways underlying the UDN patients’ 
conditions.

Methods
Phenotype and genotype information for UDN patients

Comprehensive and relevant phenotype and genotype data for all patients enrolled in 
the UDN are uploaded to the central data repository managed by the UDN Data Man-
agement and Coordinating Center and made available to all UDN researchers through 
the UDN Gateway. These data often include standardized phenotype terms from the 
Human Phenotype Ontology (HPO) and candidate genes and variants that had been or 
are currently under investigation by the clinical teams in charge of each case.

The genetic variants shared in the UDN Gateway could have been identified on a clini-
cal sequencing report provided by the Clinical Laboratory Improvement Amendments 
(CLIA)-certified UDN Sequencing Core, through prior analyses or sequencing as doc-
umented in a patient’s medical records, or through internal site-specific protocols and 
pipelines. Genetic variants are marked as “candidate”, “solved” or “rejected.”

Curating a set of recessive genes in seizure patients

We first filtered the 2366 patients enrolled in the UDN as of June 2022 to the subset of 
622 patients annotated with at least one codified HPO seizure term. Our set of seizure 
terms was reviewed by a neurologist and consisted of 339 terms that are descendants of 
the seizure phenotype (HP:0001250) in the HPO ontology (Supplemental Table 1) [18]. 
We further filtered this list of patients to those with genes and variants listed in the UDN 
Gateway that the clinical team had classified as either candidate or confirmed causal. 
Some diagnoses in sporadic cases (i.e., two unaffected parents and no other affected fam-
ily members) are due to single de novo variants that likely operate in a dominant manner. 
To consider only recessive disease etiologies, we further filtered our set of patients to 
those with a recessive combination of putatively or known causal variants in the same 
gene, including homozygous alternate variants or compound heterozygous variant pairs. 
Corresponding patient and gene counts for each filtering step are depicted in Fig.  1. 

Fig. 1  Selection process to identify genes of interest
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Genes that appeared in more than one category are included in both counts. Note that 
in some recessively manifesting cases, only one of the requisite two causal variants may 
have been identified and listed in the UDN Gateway; these cases were excluded in our 
analysis. The filtering steps resulted in a set of 130 unique genes with either homozygous 
or compound heterozygous variants that were implicated in at least one UDN patient 
experiencing seizures.

Identifying phenotypes enriched across genotypically‑similar individuals

For each gene of interest in a UDN patient, we considered the corresponding subset 
of genotypically-similar individuals from the UKB who had whole-exome sequencing 
and at least one rare variant in the same gene. We then queried Genebass, a resource 
that aggregates phenotypic information from 281,850 individuals with whole-exome 
sequencing in the UKB, to extract all phenotypes significantly associated with the aggre-
gated rare variants per gene [19]. Genebass phenotype association scores were calcu-
lated using SKAT-O, a method for associating rare variants and phenotypes. To increase 
the statistical power to detect significant associations for rare variants that are har-
bored by only a few individuals each, SKAT-O assigns weights to rare variants based on 
their observed frequencies within the population and effect sizes. The variants are then 
grouped within a gene and considered together via a weighted burden test to compute 
phenotypic associations [20]. Using SAIGE-GENE for multiple hypothesis correction, 
we considered gene-based phenotype associations below the adjusted 2.5e-10 threshold 
significant [21]. 

Assessing significance between enriched phenotypes and UDN patient presentation

We compared the enriched phenotypes found in genotypically-similar UKB patients 
to each starting UDN patient. We met with the clinicians and genetic counselors over-
seeing each patient’s case to discuss potential connections between the enriched phe-
notypes and the mechanisms implicated in the UDN patients. The overall workflow is 
depicted in Fig. 2.

Results
We first sought to identify genes where high impact variants may recessively manifest 
in rare disorders and seizures. To this end, we considered the subset of patients enrolled 
in the UDN who experienced seizures and had one or more listed genes harboring a 

Fig. 2  Workflow for deriving insight into rare disease patient’s seizure mechanism through cohort analysis
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recessive variant pair, occurring either as compound heterozygous variants or a homozy-
gous variant. This search resulted in a set of 238 unique variants falling into 130 genes 
across 109 patients. Variants are categorized by clinical teams into one of three causality 
statuses: candidate (n = 159), solved (n = 54), or rejected (n = 25). Most variants are ini-
tially categorized as “candidate” and then recategorized as “solved” if experimental stud-
ies confirm the variant’s causal impact on an observed phenotype or additional patients 
with the same variant and compelling phenotypic overlap are identified through variant 
matchmaking services such as Matchmaker Exchange. Conversely, candidate variants 
are recategorized as “rejected” if functional studies demonstrate no phenotypic impact 
or additional individuals are found with the same variants but no overlapping symptoms. 
Computational tools can predict variant pathogenicity in the absence of experimen-
tal studies by considering protein structure, evolutionary conservation, and additional 
functionality measures (e.g., CADD, Polyphen, SIFT). As expected, we found that 
pathogenicity scores were significantly more deleterious for solved variants compared 
to candidate variants (p < 0.001 across all three pathogenicity predictors, KS-test) and 
compared to rejected variants (p < 0.001, KS-test, Fig. 3). This suggests that the solved 
variants in our rare disease cohort likely correspond to strongly deleterious molecular 
impacts, and even carriers of one copy of these or similar variants may exhibit some 
disease-relevant symptoms.

We next evaluated phenotypic enrichments across cohorts of individuals who are het-
erozygous for these specific variants or similar variants within each gene. For each of 
the 130 genes of interest in our UDN cohort, we considered individuals from the UKB 
with one or more variants in the same gene. We considered association values computed 
using SKAT-O per gene and provided through Genebass [19]. Eight of the 130 genes 
tested had one or more phenotypes enriched below our significance threshold (Table 1). 
Two of these genes were removed from subsequent analyses upon further case investiga-
tion and discussions with the corresponding clinical teams. Specifically, DENND2C was 
determined to be unlikely to be causal by the UDN clinical team and the patient with 
variants in ATP7B was determined to not experience seizures.

The phenotypes associated with the six remaining genes of interest—MPO, PIGQ, 
P2RX7, COL27A1, CACNA2D2, and SQSTM1—suggest plausible and potentially inter-
esting mechanistic pathways that could be relevant for each UDN patient’s condition. 
Intriguingly, these associated phenotypes primarily impacted the skeletal, circulatory, 
digestive, or immune systems rather than the nervous system (Fig.  4). This result is 
in line with previous suggestions that seizures as a symptom may be an eventual and 
extreme result of a wide range of complex and heterogenous underlying biological 
causes that are not necessarily primarily neurological in nature. Indeed, the phenotypes 
associated with these candidate genes were not immediate and obvious precursors to 
seizures, but instead suggested multi-step pathways which could lead to seizures in our 
rare disease cases. Below we present six vignettes discussing phenotypes associated with 
each candidate gene in genotypically-similar cohorts from the UKB and how these phe-
notypes are related to the initial rare disease patient case.
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MPO

The phenotypes significantly associated with UKB participants with rare variants in the 
MPO gene were abnormal white blood cell (leukocyte) count, monocyte count, neutro-
phil count, basophil count, lymphocyte percentage, neutrophil percentage, and basophil 
percentage: all classic indicators of infection. The UDN patient with compound hete-
rozygous variants in the MPO gene is highly sensitive to recurrent infections—includ-
ing yeast infections and recurrent vaginal infections. These frequent infections are often 
accompanied by intense painful spells that result in insomnia. The clinical team assigned 
to this patient believes that this patient’s seizures are triggered by her insomnia.

Fig. 3  Deleteriousness vs Causality Status. A CADD Score vs Status. B Polyphen Score vs Status. C Sift Score 
vs Status
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Sleep deprivation is thought to promote seizure-causing interictal epileptiform dis-
charges, or abnormal electrical activities that occur when a person is not actively experi-
encing a seizure [22]. It has also been shown that increasing the duration a person sleeps 
at night decreases the likelihood that they will experience a subsequent seizure [23]. As 
such, a connection between the patient’s insomnia and seizures is reasonable and sug-
gests the patient’s seizures might be at least partially addressed by treating either the 
pain or insomnia. Although the pathogenic MPO variants are not necessarily the root 
cause of the patient’s susceptibility to infection, her case is illustrative of how seizures 
can be a consequence of an indirect pathway involving non-nervous body systems. The 
insomnia and seizures represent only a portion of the patient’s complex condition, but 
this connection suggests that individuals who are genetically predisposed to abnormal 
infection response due to rare variants in the MPO gene may benefit from stricter or 
preemptive management of pain and sleep loss.

P2RX7

An adolescent patient in the UDN suffers from bilateral tonic-clonic seizures and har-
bors a homozygous recessive variant in the P2RX7 gene. The phenotypes enriched 
among individuals with rare variants in P2RX7 include abnormal C reactive protein 
level and mean platelet volume. C reactive protein regulates platelet activation as part 
of the body’s inflammation response, and the rate of platelet production dictates mean 
platelet volume. Consequently, changes in these phenotypes are indicative of inflamma-
tion [24, 25]. Increased levels of C reactive protein have been found to be associated 
with epilepsy, suggesting a connection between inflammation and seizures [26–28]. It 
is, however, difficult to use retrospective data to determine whether the inflammation is 
contributing to the seizures or is a result of recurrent seizures.

Table 1  Enriched phenotypes for UK Biobank cohorts

Gene UKB Enriched Phenotype(s) UKB Data Field

ATP7B Mean reticulocyte volume
Mean sphered cell volume
Sex hormone binding globulin

30,260
30,272
30,830

CACNA2D2 High light scatter reticulocyte percentage
High light scatter reticulocyte count

30,290
30,300

COL27A1 Whole body fat free mass adjusted for body mass index 23,101

DENND2C Platelet count
Mean platelet (thrombocyte) volume
Platelet distribution width

30,080
30,100
30,110

MPO White blood cell (leukocyte) count
Monocyte count
Neutrophil count
Basophil count
Lymphocyte percentage
Neutrophil percentage
Basophil percentage

30,000
30,130
30,140
30,160
30,180
30,200
30,220

PIGQ Trunk fat-free mass
Trunk predicted mass

23,129
23,128

P2RX7 Mean platelet (thrombocyte) volume
C-reactive protein

30,100
301,710

SQSTM1 Date M88 first reported (Paget’s disease of bone) 131,978
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Both C reactive protein and mean platelet volume have also been associated with 
increased risk of thrombosis, or blood clots that obstruct normal blood flow [24, 25]. 
Abnormally increased platelet production can lead to blood clots and an increased risk 
for stroke [29]. Patients who experience strokes are at heightened risk for seizures, as 
injuries to the brain can result in scar tissue and disruption to the brain’s electrical activ-
ity [30]. Although dysregulation of platelet volume or C reactive protein levels may be 
related to seizures in general, there was limited evidence demonstrating abnormal plate-
let or C reactive protein levels in this particular UDN patient. However, these levels may 
have entered a normal range as a result of drug treatments for their symptoms. A poten-
tial follow-up test for this patient could be measuring the erythrocyte sedimentation rate 
(ESR). ESR can be more useful for monitoring chronic inflammation, as C reactive pro-
tein levels rise and return to normal more quickly than ESR levels [31]. 

Fig. 4  Enriched phenotypes and associated body systems involved
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PIGQ

UKB participants with variants in the PIGQ gene were enriched for abnormal “trunk 
fat-free mass” and “trunk predicted mass”, two phenotype terms that are rarely used out-
side of the UKB. Trunk fat-free mass indicates abnormality in non-fat tissues such as 
organs in the abdominal region. Trunk predicted mass refers to general abnormalities in 
mass in the abdomen. The UDN rare disease patient with compound heterozygous vari-
ants in PIGQ has symptoms consistent with what could be detected as abnormal mass 
in abdominal organs—including chronic constipation, bulging pouches in the intestines, 
volvulus and bowel obstruction, and abdominal distention. Intriguingly, similar digestive 
symptoms as well as epilepsy have been found in a cohort of patients with variants in 
PIGQ [32]. 

Although PIGQ has been determined to be seizure-associated, the mechanism under-
lying this connection, including any link between digestive and neurological symptoms, 
has not been well defined [33]. The PIGQ gene encodes for Phosphatidylinositol Glycan 
Anchor Biosynthesis Class Q, a protein that helps synthesize glycosylphosphatidylino-
sitol (GPI) anchors. GPI anchors attach proteins to the outer surface of cell membranes 
and are generally involved in cell-cell adhesion and the transport of molecules through 
cell membranes [34]. Though mutations in genes coding for GPI anchors have largely 
been associated with neurodevelopmental conditions, nervous system abnormalities are 
likely to impact the digestive system as well via the gut-brain axis. The gut-brain axis 
tightly links the nervous and digestive systems via neural, hormonal and immunologi-
cal pathways to enable constant bidirectional communication between the gut and brain 
[32]. Gastrointestinal disorders have been found to occur at higher rates in patients with 
epilepsy in general, and constipation is the second most common comorbidity in chil-
dren with epilepsy [35, 36]. Indeed, chronic constipation results in a buildup of toxins 
that may be seizure-triggering [36]. Variants in PIGQ could therefore contribute to epi-
lepsy and indirectly to gastrointestinal abnormalities through a multi-step pathway.

SQSTM1

UKB participants with variants in SQSTM1 were enriched for “Paget’s Disease of Bone”, 
a disorder characterized by joint stiffness, weakness, and abnormal bone growth result-
ing from new bone failing to effectively replace old bone [37]. The association between 
autosomal dominant SQSTM1 mutations and Paget’s Disease of Bone is well-established 
and consistent with this identified enrichment [38]. Paget’s Disease of Bone does not 
classically present with seizures, but the disease’s associated symptoms help identify the 
mechanistic pathways that are disrupted by SQSTM1 abnormalities. It is not uncommon 
for genes to be associated with both autosomal dominant (potentially gain-of-function) 
and autosomal recessive (likely loss-of-function) disorders that involve related mecha-
nisms but do not have phenotypically identical presentations [39]. 

SQSTM1 has been identified as a potentially seizure-related gene, as abnormal skull 
growth can cause cerebellar compression and increased intracranial pressure that results 
in seizures in the extreme case [33, 40]. The UDN patient with compound heterozygous 
variants impacting SQSTM1 experiences abnormal movements and stiffness. Addition-
ally, the patient’s skull circumference is smaller than the third percentile and had been 
characterized as infantile-onset microcephaly during the first year of life. As a result, the 
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patient’s skull may have been even more compressed, putting them at greater risk for 
seizure activity.

COL27A1

Individuals with variants in the COL27A1 gene were enriched for abnormal “whole 
body fat free mass adjusted for body mass index,” a UKB-specific phenotype term refer-
ring to abnormal bone or organ mass relative to body size. Consistently, the COL27A1 
gene is associated with bone malformations, including hip dislocations, cleft palate, sco-
liosis, and craniofacial differences [41, 42]. The UDN patient with compound heterozy-
gous variants in COL27A1 has presented with each of these phenotypes. To address the 
patient’s craniosynostosis, the premature fusing of some cranial sutures in the infant’s 
skull, surgery was required. Surgery to implant a shunt was then required to address the 
patient’s subsequent hydrocephalus, or the accumulation of excess fluid within the brain 
cavities. The connection between patients with shunted hydrocephalus and seizures is 
well documented, with 20–50% of children with shunts also developing epilepsy [43, 44]. 
Shunt infections, one of the UDN patient’s symptoms, have been found to double the 
risk of developing epilepsy [45]. The clinical team overseeing this case also feels that the 
patient’s epilepsy is likely a symptom resulting from impaired brain development. Over-
all, the compound heterozygous variants in COL27A1 are plausibly linked to the early-
onset skeletal and skull abnormalities experienced by the UDN patient. These skeletal 
abnormalities may have led to seizure onset through this multi-step pathway, suggesting 
another mechanism potentially underlying seizures.

CACNA2D2

The cohort of carriers for rare variants in CACNA2D2 were significantly associated with 
abnormal “high light scatter reticulocyte percentage” and “high light scatter reticulocyte 
count.” These two measurements are an indicator of a greater proportion of immature 
red blood cells than would be normally expected. Several of the UDN patient’s symp-
toms—looking spacy, seizures with cyanosis (bluish or purplish discoloration of the skin 
and mucous membranes), pallor (abnormally pale or whitish skin appearance), dark cir-
cles under the eyes, and lethargy—are all consistent with a lack of mature red blood cells 
[46]. Obtaining complete blood count information, including a reticulocyte count or 
index test specifically, would be an important next step to indicate abnormalities in red 
blood cell production in this patient.

Although CACNA2D2 has independently been identified as a potentially seizure-
related gene, any mechanism by which it is causatively related to seizures is unknown 
[33]. Potential seizure-causing mechanisms related to a dysregulation in red blood cell 
production include oxygen deprivation to the brain, reduction of inhibitory neurotrans-
mitters, and changes in the metabolism of neurons [47]. 

Discussion
Despite considerable scientific efforts, rare diseases remain exceedingly difficult to diag-
nose and understand mechanistically. Moreover, they are seldom treated effectively, and 
only ~ 6% of rare diseases have a treatment available at all [48]. Interpreting findings in 
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ultrarare disease patients whose conditions are not represented in published literature 
and who are too unique for traditional case-control statistical analyses requires unique 
approaches. Developing additional angles by which to assess these cases will expedite 
and enhance the diagnosis, understanding, and treatment of rare diseases. The availabil-
ity of resources like the UK Biobank provides aggregated genotype and phenotype data 
at scale. Phenotypes observed across cohorts of “genotypically similar” individuals from 
these population-scale cohorts provide context to better understand small sets of unique 
patients and can illuminate new directions for future exploration, especially in complex 
cases where progress has otherwise stalled.

Over a quarter of all UDN patients have experienced seizures, underscoring the het-
erogeneity of mechanisms that may lead to seizure onset. In our pilot study presented 
here, we found phenotypic associations in UKB participants across four different body 
systems. These phenotypes suggested multistep pathways that might reasonably cul-
minate in the occurrence of seizures. To eventually find disease modifying therapies, 
understandings of the upstream seizure-causing processes are crucial.

Insights into milder or later-onset manifestations of disease from the UKB can inform 
therapeutic development and interventions from which both rare disease patients and 
individuals with disease-associated variants in the general population may benefit. Even 
when the disease-causing mechanisms in rare disease patients are understood, the devel-
opment of treatment options for “N-of-1” patients is often financially infeasible given the 
limited number of patients who may benefit. However, the same disease mechanisms 
implicated in ultrarare disorders may lead to similar, treatable symptoms in the general 
population, incentivizing the development of improved therapeutics. For example, indi-
viduals in the broader population who harbor rare variants in disease-causing genes may 
experience milder or later-onset symptoms related to the severe symptoms that mani-
fest in rare disease cases. Finding these links can inform positive interventions for both 
rare disease patients and for heterozygous variant carriers. Additionally, individuals who 
don’t fully express disease phenotypes could offer insights into resilience factors and the 
role of potential genetic or environmental modifiers.

Given the unique and complex nature of each UDN case, further work is still neces-
sary to conclusively validate any of these hypothesized pathways. In the six vignettes we 
presented here, the clinical teams overseeing each case accepted that the multistep path-
ways leading to seizure onset were plausible, but there would be no easy way to confirm 
them or provide further evidence in support of or against the associations. The benefits 
of any additional testing, such as blood work or research assays, must be carefully con-
sidered given the high burden of medical tests and interventions these patients already 
undergo. Additionally, we do not explore the potential underlying causes of dysfunction 
at the molecular level. Further study of the biological pathways involving the implicated 
genes could provide additional insight.

Another important consideration is that many patients in the UDN had multiple 
strong candidate diagnostic genes listed in the UDN Gateway. Although many dis-
orders may be monogenic, some patients may instead have multiple genes implicated 
that together give rise to simultaneous conditions. Recessive variants in each patient 
may not fully explain a patient’s entire syndromic presentation. Moreover, not all genes 
are equally strong candidates in any given case. We discarded genes from our analysis 
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if the clinical team determined that a UDN patient had a different gene that was more 
likely to be causative or relevant to the patient’s seizures.

The aims of this pilot study were two-fold: to investigate the etiology of seizures, 
but also to inspire future studies to interpret rare disease cases by leveraging large-
scale biobank data. There are many directions to extend the pilot project presented 
here. First, it would be worthwhile to repeat a similar approach with all UDN patients 
or a subset of patients with a different initial phenotype with diverse, complex, and 
unknown causes. Second, this study could be further refined by considering and dif-
ferentiating based on variant functionality. In our work, UKB participants were con-
sidered genotypically similar if they harbored any rare variant in a gene of interest. 
However, variants at different positions in the same gene can have varying or even 
contradictory impacts, so defining genotypically similar individuals as only those 
harboring variants with functionally similar impacts as the pathogenic variants in a 
rare disease patient is reasonable. However, restricting the cohort of “genotypically 
similar” individuals available for analysis in this manner may also reduce the statisti-
cal power needed to detect significant associations. Third, incorporating candidate 
noncoding variants detectable from whole genome sequencing, rather than exome-
only sequencing, would enable the consideration of many more variants and possi-
ble phenotypic associations. Although UDN patients have whole genome sequencing 
available, the UKB participants with precomputed phenotype associations available 
in Genebass only had exome data available.

A plethora of prior work has leveraged large-scale biobanks such as the UK Biobank 
to further our collective understanding of rare variants and their role in human disease. 
For instance, Patrick et al. identified patients within the UK Biobank diagnosed with rare 
diseases to identify new, potentially pathogenic variants for these diseases [49]. Wang 
et al. and Jurgens et al. introduced foundational approaches associating rare variants with 
common diseases and phenotypes [50, 51]. In our work, we begin with patients already 
diagnosed with ultrarare or unique genetic conditions through N-of-1 analyses, and then 
leverage biobank data to further understand their conditions in an effort to shorten the 
therapeutic odyssey that follows the diagnostic odyssey for many of these patients.

Conclusions
The UDN provides both unique challenges and exciting opportunities for study. UDN 
patients are truly one-of-a kind, making their conditions difficult to interpret and con-
textualize. Studying these complex conditions also highlights gaps in our overall biologi-
cal understanding and pushes the boundaries of current medical expertise. Analyzing 
these rare disease patients in the context of a larger cohort of genotypically similar 
biobank patients is one way to address the challenge of the conditions’ uniqueness and 
seizes the opportunity to better understand the underlying disease-causing mechanisms.
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