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Estimating the number of diseases — the concept

of rare, ultra-rare, and hyper-rare
C. |. Edvard Smith,"#>* Peter Bergman,”* and Daniel W. Hagey'

SUMMARY

At the dawn of the personalized medicine era, the number of rare diseases has
been estimated at 10,000. By considering the influence of environmental factors
together with genetic variations and our improved diagnostic capabilities, an
assessment suggests a considerably larger number. The majority would be
extremely rare, and hence, we introduce the term "hyper-rare,” defined as
affecting <1/10% individuals. Such disorders would potentially outnumber all
currently known rare diseases. Because autosomal recessive disorders are likely
concentrated in consanguineous populations, and rare toxicities in rural areas, es-
tablishing their existence necessitates a greater reach than is currently viable.
Moreover, the randomness of X-linked and gain-of-function mutations greatly
compound this challenge. However, whether concurrent diseases actually cause
a distinct illness will depend on if their pathological mechanisms interact (pheno-
type conversion) or not (phenotype maintenance). The hyper-rare disease
concept will be important in precision medicine with improved diagnosis and
treatment of rare disease patients.

INTRODUCTION

The total number of diseases is a topic that has been frequently discussed. Recently, in a commentary enti-
tled "Why rare disease needs precision medicine—and why precision medicine needs rare disease” (Might
and Crouse, 2022), the authors stated the figure of 10,000 rare diseases citing Haendel et al. (2020). A crucial
aspect is the definition of the term disease, and because this is a complex issue itself, we refer to publica-
tions specifically deciphering this topic (Boorse, 1977, 2014; Schwartz, 2014; Scully, 2004; Tikkinen et al.,
2012). Although the number of 10,000 is practical for many purposes (Haendel et al., 2020), we believe
that it is a gross underestimate when considering the number of potential diseases. There are two primary
reasons: First, diseases depend on our ability to define and distinguish them, which will continually increase
with our understanding and capacity to diagnose them (Smedley et al., 2021; Chong et al., 2015; Degasperi
et al., 2022; Ferreira 2019). Second, disease can be influenced or caused by a myriad of factors including
infections, allergens, physical insults, toxins, environmental conditions, such as altitude or humidity, as
well as both inherited and acquired genetic variants (Figure 1). Even if rare diseases are, by definition,
scarce, together they have been estimated to constitute as much as 1/10 of all human illnesses (Haendel
et al., 2020). The British National Health Service lists 322 common diseases, while the Human Phenotype
Ontology derived the number 3,145 by manual selection from a total of 4,620 unique entries comprised
of medical subject headings Category C (diseases). These estimates are considerably lower than the
10,000 estimated rare diseases (https://www.nhsinform.scot/illnesses-and-conditions/a-to-z; Groza et al.,
2015; Tudor Groza, pers commun). Such a number is always dependent on the definition of “disease,”
but we do not believe that the total number of common disorders exceeds the proposed figure for rare
diseases.

Rare diseases have different definitions regarding their prevalence: around <1/1650 affected individuals in the US
(<200,000 Americans) (Herder, 2017) and <1/2000 in Europe (Ferreira 2019). Extremely rare diseases are some-
times referred to as ultra-rare with a prevalence of <1/50,000 (Hughes et al., 2005). Although the ultra-rare desig-
nation is considerably less frequently used as compared to rare, there are >500 citations in PubMed. The Orpha-
net organization carries out systematic literature surveys to assess the prevalence and incidence of rare disorders
(https://www.orpha.net/orphacom/cahiers/docs/GB/Prevalence_of_rare_diseases_by_decreasing_prevalence_
or_cases.pdf). In their most recent listing of diseases, they include osteoclastic giant cell tumor of pancreas for
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Figure 1. The interaction between external factors such as environment, infection, injury, toxicity, and genetic
factors causes disease

Not included are allergens, which can be derived from various sources. The red cross marks a genetic disease variant,
inherited or acquired.

Along these lines, we propose that there are virtually innumerable diseases that are extremely infrequent.
The incidence for many of them is so low that chances are there is not even a single affected individual
currently living on our planet, with the current approximation of the world population being ~8 x 10°.
Despite this, there are benefits to considering such disorders, which is why we introduce the term hyper-
rare; here defined as affecting <1/108 individuals. This is because hyper-rare diseases likely represent a
very large group of disorders of unknown future prevalence, as discussed later in discussion, and this
has implications for the concept of precision medicine.

Hyper-rare diseases are likely to exist among the group of undiagnosed rare disease patients. The major
challenges will be to define and study such disease phenotypes, given that for most of these disorders only
single patients will be diagnosed (Landrum et al., 2020; Vihinen, 2021). However, it is important to consider
that genomic efforts over recent years have revolutionized the identification of rare diseases (Green et al.,
2020). As an example, DECIPHER, established in 2004 is a web-based platform for secure deposition, anal-
ysis, and sharing of plausibly pathogenic genomic variants from well-phenotyped patients suffering from
rare genetic disorders (Foreman et al., 2022). This work also includes the formation of the Undiagnosed Dis-
ease Program by NIH in 2008 (Gahl and Tifft, 2011), followed by the International Rare Disease Research
Consortium (IRDIRC) in 2011 (Boycott et al., 2017) and the Undiagnosed Disease Network in 2014 (Splinter
et al., 2018; Wise et al., 2019). A major contributor in this field is the Human Phenotype Ontology (HPO),
which was created in 2008 to capture symptoms and phenotypic findings using a logically constructed hi-
erarchy of defined phenotypic terms (Kohler et al., 2021). In spite of these efforts, numerous patients remain
undiagnosed, which negatively influences the life of the patient and their families (Kliegman et al., 2017;
Lewis et al., 2010). Thus, this perspective aims to highlight the extensive diversity of disease in order to pro-
mote taking full advantage of future advances in diagnostics and personalized therapeutics.

PHENOTYPE AND DIAGNOSIS

Perhaps the mostimportant consideration when discussing how many diseases could exist is how we define
and distinguish them. The World Health Organization’s 1946 definition of health is “a state of complete
physical, mental and social wellbeing and not merely the absence of disease or infirmity.” Although sick-
ness is often framed as an absolute state, we subscribe to the dynamic definition of disease as a patholog-
ical condition, which relies on statistical abnormality relative to an individual's peers as described by the
Biostatistical Theory (Boorse, 2014; Schwartz, 2014). It is a type of internal state, which impairs health, by
reducing one or more functional abilities below typical efficiency (Boorse, 1977). The subjective nature
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of this outlook can potentially give rise to many novel, distinct disease states, but more closely matches an
individual’s experience of their wellbeing than what is possible via clinical diagnostics. However, it should
be noted that many genetic variations result in synthetic lethal combinations, which are not tolerated and
lead to fetal death, which is not generally referred to as disease. Although this practice can be questioned,
the inclusion of mutations (here defined as acquired variations) causing miscarriage is not crucial for
demonstrating that 10,000 rare diseases are a number that is too low owing to our increasing ability to
distinguish diseases.

When discussing how to distinguish diseases, it is important to consider phenotype—when should
different phenotypes caused by similar insults or mutations in the same gene be classified as different dis-
eases? To define this, the objective of the International Consortium of Human Phenotype Terminologies
and HPO is to provide the community with standards to allow the linking of phenotype and genotype da-
tabases for rare diseases (https://irdirc.org/activities/task-forces/international-consortium-of-human-
phenotype-terminologies/; https://www.ebi.ac.uk/ols/ontologies/mondo; Groza et al., 2015). The HPO is
considered to be a worldwide standard for phenotype exchange.

A classic example of variations causing different phenotypes is Becker dystrophy—an inherited recessive
X-linked muscle disorder. Becker dystrophy presents as a milder form of Duchenne muscular dystrophy,
is caused by internal in-frame deletions in the DMD gene and is classified as a separate disease entity (Hoff-
man et al., 1988). However, it is likely that many genes can give rise to distinct diseases dependent on the
specific mutation concerned. Analogously, similar insults often lead to distinct syndromes in different indi-
viduals, some being infrequent, while others are more common, such as "long-COVID-19,” which is often
referred to as a distinct disease (Sudre et al., 2021). Another example of the pandemic is the extreme sus-
ceptibility to severe COVID-19 in patients with hematological malignancies (Blixt et al., 2022). Because the
increased risk may be secondary to tumor-induced reduction of plasmacytoid dendritic cells (Smith et al.,
2022), would this qualify as a separate disease? Although semantic, this issue becomes expansive when
considering various classes of illness, such as mental health. For instance, recent progress in genome-
wide association studies of schizophrenia revealed hundreds of common genetic variants, whereas com-
plementing exome sequencing identified, what was referred to as ultra-rare, coding alterations, including
de novo mutations (lyegbe and O'Reilly, 2022; Singh et al., 2022; Trubetskoy et al., 2022). We predict that
hyper-rare variants will also exist, and a few may already appear within these cohorts, but a causative rela-
tionship cannot be established because of their extremely low frequency. This is a good example of how
increased knowledge of disease mechanisms can lead to a single disease fragmenting into multiple related
disorders.

In contrast, when phenotypes are known to be caused by distinct mechanisms, these will be defined as
different diseases. However, this convention also reflects more on our knowledge of biology than the med-
ical implication of diseases. Thus, it may also be appropriate to distinguish diseases with similar causes that
require different treatments to maximize the medical utility of our definitions. This can be illustrated by anti-
biotic-resistant strains of Mycobacterium tuberculosis, where separating these would allow for improved
first-line treatment. As with the examples above, defining these pathogens as separate entities would
further add to the absolute number of known diseases, but would also increase the usefulness of those def-
initions (Abate et al., 1998).

At this point, itis relevant to consider the advantages and disadvantages of distinguishing related diseases
and classifying them as unique. This is related to Darwin’s mentioning already 165 years ago of species
"hair-splitters and lumpers” (Darwin, 1857). As in the examples above, splitting definitions has the benefits
of descriptive accuracy, continued evolution, and potentially improved treatment. However, this can make
discussions of disease needlessly pedantic and may lead clinicians to overlook important commonalities
between syndromes. Moreover, this extends the challenges of working with rare diseases, such as cohort
aggregation, clinical study design, and obtaining funding, to additional maladies. Despite these chal-
lenges, the overall direction of the medical field is toward more specific and accurate disease definitions.
Fortunately, as we increase our ability to distinguish and understand the disease by more precisely
measuring variation, we will be better able to provide prognosis and treatment to individual patients.
Numerous examples of this come from the profound increase in nucleic acid sequencing data available
to distinguish related cancers leading to improved specific therapeutics to treat them (Degasperi et al.,
2022; Incerti et al., 2022). To this end, many fields are benefiting from our unprecedented ability to collect
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patient data and make sense of it in novel ways, as exemplified by surveillance of diseases by mobile device
data collection (Wood et al., 2019). Despite introducing challenges in communication and research logis-
tics, a fractal perspective of disease and improved diagnostics may lead to a better understanding of phe-
notypes and a more accurate prescription of therapies.

EXOGENOUS AGENTS - THE EFFECT OF QUANTITY

One crucial aspect for infections as well as toxin- or allergen-induced diseases is the quantity of the entities
that someone is exposed to. Human salmonellosis is an infectious disease highly prevalent in certain
geographic regions, but rare in others, which brings in another component when classifying diseases as
rare or common. Apart from the dose of Salmonella, which is essential, stomach acidity is also of impor-
tance, making the very young and the elderly particularly susceptible (Blaser and Newman, 1982). This is
an example of the interplay between a contagious agent and age-dependent physiological conditions.
Various forms of this interaction are likely to apply also for rare infections. In the main, knowledge about
the dosage effect for exogenous agents is scarce. Some exceptions include surveillance of allergens
(Sheikh et al., 2007), measurement of radon (Al-Zoughool and Krewski, 2009), sampling of airborne partic-
ulate matter (Chen et al., 2022), and of pathogens in recreational water (Korajkic et al., 2018), as well as heat
measurements (Fatima et al., 2021).

Upon exposure to an unknown toxin, allergen, or infectious agent in a rural area, it is furthermore highly
unlikely that the origin is revealed because of its rarity and the limited available resources to perform
proper diagnostic procedures. Given that the Earth is predicted to be home to upward of 10'? microbial
species (Locey and Lennon, 2016), more than six million fungal strains (Vétrovsky et al., 2020), and
391,000 plant species (Royal Botanic Gardens Kew, 2016), there is no lack of potential new disease entities
caused by infections, toxicities or hypersensitivity reactions. Albeit exposure to many microbial species and
toxins may be highly infrequent among adults, the situation is different for toddlers who are prone to ingest
foreign materials.

A prime example of a toxic compound is the drug thalidomide, which caused multiple birth defects in thou-
sands of children from week three to eight of gestation, and whose target later was found to be the E3 ubig-
uitin ligase cereblon (Ito et al., 2010). A major reason for identifying this relationship was the magnitude of
this severe adverse effect. However, many drug-induced gestational effects likely go unnoticed because
they are highly infrequent, while even the relatively common thalidomide-induced birth defects belong
to the group of rare diseases. Moreover, all these factors can interact in countless ways over time and organ
systems. As an example, it was recently demonstrated that non-heritable immune perturbations influence
the risk of developing multiple sclerosis in identical twins (Ingelfinger et al., 2022). Whereas multiple scle-
rosis is common in certain locations, similar influences are expected to occur in rare diseases and a disorder
is always dependent on a combination of components as depicted in Figure 1.

GENETIC DISEASE - INHERITED VARIATIONS

The most common polymorphisms in the genome are single nucleotide variations (SNVs) (polymorphism
and variation are here used as synonyms), which are found throughout the genome, including within coding
regions (Klein et al., 2022; Wainschtein et al., 2022). The total number of genes has been estimated to be at
least 24,000 (International Human Genome Sequencing Consortium, 2004; Salzberg, 2018), each of which
could harbor such variations.

In this context, we would like to mention an important parameter in genetic disease; namely gene size, as
the shorter the gene, the lesser the likelihood that there exists a variation in the coding sequence. A case in
point here is micro-RNAs (miRs) because their corresponding genes are tiny. As expected, only extremely
rare, single-gene, variations have been reported for miRs (Mencia et al., 2009; Grigelioniene et al., 2019).
For instance, gain-of-function mutations in the MIR140 gene cause autosomal dominant skeletal dysplasia
and according to Giedre Grigelioniene (pers commun) only 3 cases have been identified worldwide. The
low number of recognized patients suggests that this disease is hyper-rare, i.e. affects <1/10® individuals.
Interestingly, both the variation in MIR96 and MIR140 genes show dominant inheritance. The phenotype
caused by mutations in MIR140 represents a gain-of-new-function, whereas the mechanism underlying
non-syndromal hearing loss in MIR%6 remains elusive, although the processing of miR-96 seems to be
impaired, suggesting haplotype insufficiency.
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(A) Inherited genomic polymorphisms, which individually do not cause human illness, but when combined result in

Figure 2. Genetic variations causing disease

polygenic disease.

(B) The combination of rare, inherited, disease-causing variants together with common or rare polymorphisms, which by
themselves do not cause disease. Jointly they induce a qualitatively different phenotype (phenotype conversion) as
compared to the individual disorders themselves. Because the combination (disease 4) would be extremely infrequent it
would qualify as hyper-rare disease.

(C) Three acquired chromosomal deletions of different lengths yielding different diseases with most abnormalities being
infrequent and with some being extremely rare and belonging to the hyper-rare category. Boxes indicate changes
resulting in disease. Letters correspond to different chromosomes. Blue color marks a common variation; red indicates a
rare variation; red cross marks genetic abnormality causing disease.

Moreover, the first miR gene ever reported (Lee et al., 1993; Wightman et al., 1993), LET-7, is a good
example of redundancy, as it is encoded by eight loci in mice and humans (Gurtan and Sharp, 2013).
Although there is some clustering of the LET-7 genes, where deletions could simultaneously remove
more than a single copy, it still means that multiple, independent variations are needed to completely re-
move the expression of this miR. Although a phenotype caused by such a combination of infrequent events
is expected to be extremely rare, itis anticipated to occur, although no human being may be affected at this
time point.

Another important consideration is when a patient suffers simultaneously from two or more independent
genetic variations that together produce a distinct phenotype, which can be difficult to diagnose for clini-
cians. Examples are diseases arising from polygenic inheritance, which make diagnosis highly complex,
because to date only a fraction of the contributing genetic determinants have been identified (Sun
et al., 2022). Confounding this issue is that polymorphisms can have various effects on gene activity.
Although the majority of these are benign, there are both loss-of-function alterations and potential
gain-of-function variations with diverse functional effects. Many of these variations may not be individually
rare, but at the other end of the spectrum, there are numerous polymorphisms that are exceedingly rare.
Polygenic diseases result from some poorly understood combination of genetic and environmental influ-
ences. Related to this is a recent report from the “100,000 genomes” study, in which diagnosis was
much more robust for monogenic rare diseases as compared to those of complex origin, where the cause
could only be determined in 11% of cases (Smedley et al., 2021). As such, Figure 2, panel A schematically
depicts the genetics of polygenic disorders such as cardiovascular disease and diabetes.

Furthermore, in contrast to the majority of polygenic diseases, for which the individual polymorphisms are
not considered to lead to any overt symptoms, true disease-causing variations in two or more different
genes can also occur simultaneously. This may result in synthetic dysregulation that could be lethal.
Although such combinations are expected to be extremely infrequent in an outbred population, the situ-
ation is dramatically different in the case of consanguinity, or when individuals with rare diseases are com-
ing together and this results in progeny. It is among individuals from this group that hyper-rare diseases
caused by synthetic, non-lethal dysregulation may be found. This is because infrequent combinations of
very rare biallelic variations are highly overrepresented in this context. It is common practice in a consan-
guineous situation to classify siblings affected by related symptoms as having the same disease. Although
this represents a pragmatic approach, we suggest that it is not uncommon that sick siblings instead have
different diseases, and we believe that such genetically determined phenotypic divergence among siblings
is greatly underappreciated. Thus, even if there is a primary loss-of-function defect involved that affects a
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Figure 3. Estimated range in frequency and absolute number of various disease classes

Left, Distinct diseases, including the concurrent coincidence of three primary immunodeficiencies, where the prevalence
for chronic granulomatous disease corresponds to mutations in the autosomal NCF1 gene, encoding a 47 kDa cytosolic
subunit of neutrophil NADPH oxidase. Right, the oval-shaped areas correspond to various disease classes. To
compensate for that phenotype conversion only appears in certain disease combinations a correction coefficient was
introduced, which for three concurrent diseases amounts to ['/5]° = 147.

particular organ, the observed phenotype could be heavily influenced by distinct combinations of other
biallelic variants. In contrast, in an outbred population the likelihood of other genetic variants influencing
the phenotype in a similar way is considerably reduced. Contrasting the phenotypic outcomes resulting
from in-versus outbreeding could help in the disease classification. However, this necessitates that a suffi-
cient number of individuals are affected.

The resulting phenotype may correspond to the sum of the characteristics of the individual diseases, each
with its specific pathology. However, variations can also influence each other mechanistically at the post-
transcriptional level, with certain phenotypes being aggravated, reduced, or unique. Whereas aggravation
or amelioration would not normally be regarded as a distinct disease, when unique phenotypes arise, the
resulting illness could potentially qualify as a novel disorder. In Figure 3, we have tried to estimate both the
frequency and potential number of diseases, whereby there are two or three concurrent monogenic dis-
eases in the same individual. Figure 3 represents the situation in the Western world when there is no inci-
dence of consanguinity. To compensate for the situation where the phenotypes do not affect each other,
and hence the combination would not be recognized as a distinct disease (phenotype maintenance), we
have introduced a hypothetical correction coefficient assuming that there will only be such an influence
for 1/3 of genes (for two concurrent diseases the combined frequency is thus multiplied by 1/9). For the
depicted concurrent coincidence of three primary immunodeficiency diseases, including X-linked agam-
maglobulinemia (XLA), at least two phenotypes are predicted to be unique (phenotype conversion),
namely the cellular characteristics and the propensity for infections. To this end, we believe that “pheno-
type conversion” is a useful term when describing an alteration of the phenotype which is sufficiently sig-
nificant, as measured by certain criteria, to warrant the assignment as a distinct disease.

However, the most illustrative examples of unique phenotypes arising originate from combining mutations
in experimental animals. Let us exemplify this by the human disease XLA, which is caused by mutations in
the BTK gene resulting in an essential absence of B-lymphocytes (Vetrie et al., 1993; Smith 2017). In mice
with mutations in the corresponding gene, the phenotype is mild (Thomas et al., 1993; Khan et al., 1995),
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but when coupled with the inactivation of the Tec gene, which by itself causes a very mild phenotype, the
resulting combination generates a very severe B-cell lineage developmental defect (Ellmeier et al., 2000).
Figure 2, panel B depicts an individual simultaneously affected by two rare genetic diseases, and who also
carries a set of common and rare SNVs, which contribute to a novel disease phenotype. These SNVs may
not cause any symptoms by themselves but will lead to synthetic dysregulation when combined with other
genetic variants. Such an infrequent combination would be an example of a hyper-rare disorder.

The influence of polymorphisms is related to the concept of modifier genes, which are not normally ex-
pected to cause unique phenotypic changes. However, the classification of polymorphism as a modifier
may not be definitive, as the same gene product could serve as a modifier under certain conditions but
induce rare, unique changes in a different context. Such variations can be epigenetic, and though we
will not specifically discuss epigenetic changes, suffice it to state that these are known to make a major
contribution to disease. Moreover, individuals affected by genetic disease can also be exposed to infec-
tious, physical, or toxic exogenous factors, or be influenced by age-induced senescence (Zhang et al.,
2020). As an example, host genetics, including ultra-rare coding variants, are also of importance for infec-
tious disease severity (Fallerini et al., 2022). The combination of these possibilities serves to amplify the
number of potential unique disease phenotypes.

GENETIC DISEASE - ACQUIRED VARIATIONS

While genomic and chromosomal abnormalities can be inherited, they most often occur de novo through
acquired errors in egg, sperm, or tissue-resident stem cell populations. They are mainly classified into
two groups: structural and numerical alterations. Structural rearrangements involve deletions, duplica-
tions, translocations between chromosomes, inversions, and gene amplifications, whereas numerical ab-
normalities result in aneuploidy or polyploidy. Certain aberrations are overrepresented because they
occur owing to recombination processes that are facilitated by sequence homologies. However, this
does not mean that other chromosomal errors do not exist; they are simply considerably less frequent,
and an overwhelming majority of these have likely not yet been described. Figure 2, panel C depicts
chromosomal deletions of varying lengths. Loss of large stretches of chromosomes is expected to cause
complex phenotypes and for deletions, these are mainly in the form of haploinsufficiency. Another
example is trisomy 21 causing Down syndrome, where instead extra genetic material is responsible for
the phenotype.

Additionally, a large group of diseases result from variations acquired at a later stage, which are domi-
nated by, but not limited to, tumors (Martincorena and Campbell, 2015). Neoplasms are mainly caused
by acquired variations, also known as mutations (The ICGC/TCGA Pan-Cancer Analysis of Whole Ge-
nomes Consortium, 2020). However, for many cancers, certain rare inherited variations predispose
the individual to the development of a tumor, as first hypothesized in retinoblastoma (Knudson,
1971). This report also indicates the importance of what was later named tumor suppressor genes.
Malignancies can be caused by incrementally acquired SNVs, but also by a single catastrophic event
leading to up to hundreds of rearrangements, first described in the form of chromothripsis (Stephens
et al., 2011).

Both the number and the spectrum of mutations vary profoundly not only among different neoplasms but
also within a tumor. Most acquired variants are passengers, whereas a selected few act as drivers providing
a selective advantage to the mutated cell. So, when do these acquired alterations represent different dis-
eases? This is a difficult question to answer. When the phenotype and treatment responses vary according
to the specific type of mutation, this is normally considered a basis for subgrouping into different stages or
even disease entities. As genome-wide analyses of tumors have increased profoundly over the last few
years (Degasperi et al., 2022), they have already led to an improved appreciation of distinct malignant dis-
eases (Calderaro et al., 2017). Additionally, liquid biopsy analysis has the potential to revolutionize our un-
derstanding of tumor evolution by providing information in real-time, though research into the biology of
blood-borne tumor material is still in its infancy (Hagey et al., 2021). To this end, we believe that many more
studies are needed before it is possible to reach any consensus on how many tumor subtypes exist and to
what extent they represent different entities. However, there is no doubt that there are many forms of tu-
mors, and that the characterization of subtypes will continue (Degasperi et al., 2022; https://www.cancer.
gov/about-nci/organization/ccg/research/structural-genomics/tcga), likely resulting in numerous novel
cancer subgroups being classified as different diseases.
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The accumulation of somatic mutations causes what is known as genetic mosaicism (Biesecker and Spinner,
2013). Thus, the mutations occurring in cancer cells represent a form of mosaicism, though the term is
mainly used in the context of mutations acquired during gestation. Such examples would relate to the large
chromosomal deletions depicted in Figure 2, panel C. When an afflicted individual also carries, or acquires,
a somatic loss-of-function mutation on the unaffected allele, both copies of this gene would be inactive
with immediate phenotypic implications. As mutations occur at every cell division, essentially all cells within
the same individual have a different genetic makeup. Because the acquired mutations are in essence
random, somatic mosaicism is the underlying mechanism by which "identical twins” have distinct genomes.
Such mosaicism rarely results in any illness because the majority of genetic alterations occur in non-coding
chromosomal regions outside of control elements and are therefore not manifested as overt disease. How-
ever, certain acquired mutations will cause a disease phenotype. The phenotypic manifestation will depend
on the cell type in which the acquisition occurs as well as when it happens during ontogeny. This creates a
multitude of different potential phenotypes. Mutations occurring early during gestation have the greatest
impact because more cells and organs are affected, but it is an open question to what extent various forms
of mosaicism should be regarded as different diseases.

THEORETICAL CALCULATIONS ON THE NUMBER OF DISEASES

The average human genome is estimated to contain ~100 loss-of-function variants with ~20 genes
completely inactivated (MacArthur et al., 2012). Notably, many of them never cause disease as exemplified
by those related to olfactory reception (MacArthur et al., 2012). In order to put a true estimate on the num-
ber of possible diseases, we must first appreciate the limitations of our ability to define them, as well as the
multitude of potential pathogenic mechanisms. From here, how often multiple disease combinations co-
occur could be treated as a purely mathematical question. Thus, the number of disease-causing variants in
all human genes can be combined with all the external insults, which together cause distinct phenotypes.

The number of inherited, purely genetic diseases resulting from this thought experiment would be unimag-
inably large. This could theoretically correspond to a factorial of 12,000, based on the assumption that
single variations in just half of the human genes would cause disease. Although we believe that many
are expected to cause fetal death, this number is without introducing any exogenous disease-causing fac-
tors. Hence, in the same way as different genetic variations can be combined, so could exogenous compo-
nents, and a factorial of just 10 corresponds to over 3.6 million diseases. Moreover, gain-of-function muta-
tions have the potential to produce orders of magnitude more disease phenotypes than loss-of-function
mutations, but occur much more seldom.

Additional calculations were made for Figure 3. When estimating the number of disorders occurring when
there are concurrent genetic diseases, we introduced the aforementioned correction coefficient. This
should limit the amount to only those instances when there is phenotype conversion as opposed to pheno-
type maintenance. Taking into account a large number of hypothetical gain-of-function variations would
presumably make the shape of the “concurrent genetic disease areas” in Figure 3 triangular, with rarer
disorders being more numerous, but would also significantly increase the amount of potential monogenic
diseases. Although this may seem outlandish, itis important to remember that only a small and healthy frac-
tion of the world'’s population is properly screened for the disease. Taken together, this illustrates that the
possible number of rare diseases is enormously much larger than the estimate of 10,000 (Haendel et al.,
2020) and compatible with the idea of hyper-rare disease.

Finally, related to the concept of precision medicine, we believe that as advances in diagnostics progress,
the number of definable disorders may continue to increase to the point when sometimes it is instead the
idea of common diseases that requires questioning. Fortunately, this will most likely occur in parallel with
improvements in our ability to cure these disorders. A recent example is the “N-of-1 study,” in which a
unique splice-site mutation was identified in a child with a very rare neurodegenerative disorder. Within
one year the patient was treated with a newly designed oligonucleotide therapy (Kim et al., 2019).

CONCLUDING REMARKS

There are numerous causes of illness, many of which are highly infrequent. We propose that together they
correspond to a very large number of disorders, much greater than the frequently used estimate of 10,000
rare diseases. These include scarce inherited variations and acquired mutations, epigenetic modifications,
physical insults, dosage-dependent effects of toxic and infectious agents, as well as environmental factors.
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In this perspective, we suggest that the number of diseases referred to as common, rare, or ultra-rare
should be complemented with those that are hyper-rare. We also suggest that consanguinity profoundly
increases the likelihood of finding genetically determined hyper-rare diseases, with disorders differing
even among siblings, owing to the enhanced number of sibling-unique combinations of multiple biallelic
variants resulting in phenotype conversion.

An understudied area is the influence of such factors during gestation and there is also the issue of whether
lethality, including synthetic lethality, caused by various mechanisms during this period should be classified
as different diseases. Even if the incidence of hyper-rare disorders is extremely low, the total number of
diseases belonging to this group is likely very high. Thus, hyper-rare diseases, defined as affecting <1 in-
dividual per 108, are estimated to outnumber the other categories by orders of magnitude. Though we do
not wish for this definition to be used to stratify established rare disease patient groups, this definition is
reflected in the unknown number of patients who cannot be diagnosed and are lost from surveillance by the
healthcare system. Defining these disorders would be valuable to patients by putting a renewed focus on
diagnosis and stimulating research into the causes of disease. It would also lead to a better understanding
of developmental pathways during and after embryogenesis. Because hyper-rare diseases occur so infre-
quently, a major challenge will be to define their phenotypes, as in many instances there may only be a sin-
gle affected individual.
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