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Abstract

Background: Splicing is crucial for proper gene expression, and is predominately
executed by the major spliceosome. Conversely, 722 introns in 699 human minor
intron-containing genes (MIGs) are spliced by the minor spliceosome. Splicing of
these minor introns is disrupted in diseases caused by pathogenic variants in the
minor spliceosome, ultimately leading to the aberrant expression of a subset of these
MIGs. However, the effect of variants in minor introns and MIGs on diseases re-
mains unexplored.

Methods: Variants in MIGs and associated clinical manifestations were identified
using ClinVar. The HPO database was then used to curate the related symptoms
and affected organ systems. Results: We found pathogenic variants in 211 MIGs,
which commonly resulted in intellectual disability, seizures and microcephaly. This
revealed a subset of MIGs whose aberrant splicing may contribute to the pathogen-
esis of minor spliceosome-related diseases. Moreover, we identified 51 pathogenic
variants in minor intron splice sites that reduce the splice site strength and can induce
alternative splicing.

Conclusion: These findings highlight that disrupted minor intron splicing has a
broader impact on human diseases than previously appreciated. The hope is that this
knowledge will aid in the development of therapeutic strategies that incorporate the

minor intron splicing pathway.
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which are made up of five small nuclear RNAs (snRNAs).
Specifically, the major spliceosome consists of Ul, U2, U4,

The human genome contains two types of introns, major (99.5%)
and minor (<0.5%), that diverge in the consensus sequences at
the 5’ splice site (5'SS), branch point sequence (BPS) and 3’SS
(Alioto, 2007; Olthof, Hyatt, & Kanadia, 2019). The splicing
of these two classes of introns therefore requires two sepa-
rate splicing machineries, the major and minor spliceosome,

U5 and U6 snRNAs, whereas the minor spliceosome contains
the analogous snRNAs Ul1, U12, U4atac, Ubatac and shares
U5 with the major spliceosome (Tarn & Steitz 1996a,1996b).
Moreover, the minor spliceosome contains seven unique pro-
teins associated with U11 and U12 snRNA (Will et al., 2004).
To date, the only known diseases associated with germline
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variants in snRNAs affect the minor spliceosome. Specifically,
pathogenic variants in RNU4ATAC (OMIM: 601428) are
linked to microcephalic osteodysplastic primordial dwarfism
type 1 (MOPD1), Roifman syndrome and Lowry-Wood syn-
drome (Edery et al., 2011; Farach et al., 2018; He et al., 2011;
Merico et al., 2015). Moreover, pathogenic variants in RNU12,
which encodes the U12 snRNA, have been linked to early
onset cerebellar ataxia (Elsaid et al., 2017). Finally, variants
in RNPC3 (OMIM: 618016), a minor spliceosome-specific
protein that is part of the U12 small nuclear ribonucleoprotein
(snRNP), have been associated with isolated growth hormone
deficiency IGHD) (Argente et al., 2014). Finally, somatic mu-
tations in ZRSR2, a protein component of both the major and
minor spliceosome, have been shown to predominately affect
minor intron splicing, resulting in myelodysplastic syndrome
(Madan et al., 2015). Moreover, somatic mutations in Ul1
snRNA were recently identified in sonic hedgehog medullo-
blastomas (Suzuki et al., 2019). Despite these examples, over-
all the Mendelian minor spliceosome-related diseases are rare,
which might explain why the minor spliceosome is somewhat
understudied.

The autosomal recessive inheritance pattern of minor
spliceosome-related diseases suggests that these pathogenic
variants result in a loss-of-function (Argente et al., 2014;
Edery et al., 2011; Elsaid et al., 2017; Farach et al., 2018;
He et al., 2011; Merico et al., 2015). Consequently, this
would result in the aberrant splicing and expression of
minor intron-containing genes (MIGs). Indeed, these mo-
lecular defects were observed in peripheral blood mono-
nuclear cells (PBMCs) from individuals with Roifman
syndrome and cerebellar ataxia (Elsaid et al., 2017; Merico
et al., 2015). However, not all MIGs were affected in these
individuals, suggesting that aberrant splicing of only a
subset of MIGs underlies the symptoms associated with
these diseases. Here we analyzed previous reports to de-
termine shared symptoms among individuals with minor
spliceosome-related diseases. We then identify a subset of
MIGs that, when disrupted, result in similar phenotypes
and therefore may underlie the pathogenesis of minor spli-
ceosome-related diseases. Finally, we identify pathogenic
variants in minor introns that are predicted to result in dis-
rupted minor intron splicing and result in diseases com-
monly affecting the nervous system.

2 | MATERIALS AND METHODS
2.1 | Editorial policies and ethical
considerations

This study does not contain any studies with human partici-
pants or animals performed by the authors, and therefore no
ethical compliance is required.

2.2 | Curation of variants and associated
clinical manifestations in MIGs

All human MIGs from the Minor Intron DataBase (MIDB)
(hg38, Ensembl version 95) were queried in ClinVar to iden-
tify associated variants listed as “pathogenic,” “likely patho-
genic,” “uncertain significance,” and “conflicting results of
pathogenicity.” Variants labeled as “uncertain significance”
or “conflicting results of pathogenicity” were cross-referenced
with gnomAD to ensure the allelic frequency was < 0.01%
(Karczewski et al., 2019). Clinical manifestations associated
with each variant were then curated, and filtered to create a
list of unique clinical manifestations associated with patho-
genic variants in each MIG (Landrum et al., 2014; Olthof
et al., 2019). Clinical manifestations linked to variants found
in MIGs and overlapping non-MIGs were excluded. The
Human Phenotype Ontology (HPO) database was then used
to curate symptoms associated with each clinical manifesta-
tion (Kohler et al., 2019). Here, the ORPHA code was used
to extract symptoms listed as very frequent (>80%). If no
ORPHA code was available, an OMIM code was used to ex-
tract the symptoms for the corresponding disease. Since these
codes are not associated with a frequency, all phenotypes
listed on HPO were included, regardless of their prevalence.
Few variants were associated with diseases and ORPHA
codes that were “in progress” or not recognized at all. These
were excluded from further analysis.

2.3 | Curation of symptoms

The Human Phenotype Ontology (HPO) database was used
to curate symptoms associated with minor spliceosome-
related diseases (Kohler et al., 2019). Here, both the symp-
toms associated with the OMIM and ORPHA code were
extracted. The frequency of these symptoms in minor spli-
ceosome-related disorders was then determined by manual
curation of the primary literature. Only primary literature
describing individuals for which the pathogenic variants
were known, were included. Symptoms reported in at least
two individuals were included in Figure 1. Some of the iso-
lated symptoms were part of the same root but indicated
different degrees of severity (e.g. Intellectual disability,
mild (HP: 0001256) and Intellectual disability, moderate
(HP: 0002342)). For these terms, we condensed the symp-
toms to the shared root (e.g. Intellectual disability (HP:
0001249)) in Figure 1.

2.4 | Identification of SNVs in minor introns

Minor intron coordinates from MIDB (hg38, Ensembl ver-
sion 95) were cross-referenced with all variants reported by
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FIGURE 1 Pathogenic variants in disparate components of the minor spliceosome result in overlapping symptoms affecting many different
tissues. Network of phenotypes associated with minor spliceosome-related diseases according to HPO. Color of symptom outline corresponds to the
affected organ system. Only symptoms reported in at least two individuals were linked to a disease
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ClinVar (both pathogenic and benign) (Landrum et al., 2014;
Olthof et al., 2019). Variants within the first nine nucleotides
of the intron were considered part of the 5'SS and variants
within the last three nucleotides of the intron were classi-
fied as 3'SS. Finally, variants located within the BPS coor-
dinates listed at MIDB were recorded as BPS, whereas the
remainder was classified as “elsewhere in intron.” Three
variants absent in ClinVar, but previously published in peer-
reviewed journals have also been included in Table S4. The
allelic frequency and homozygosity of variants was deter-
mined by cross-referencing of the coordinates with gnomAD
(Karczewski et al., 2019). The associated clinical manifesta-
tions and symptoms were curated the same way as was done
for MIGs.

2.5 | Impact of variant on splice
site strength

The strength of minor intron splice sites was based on their
score against minor intron-type PWMs and previously re-
ported on MIDB (Olthof et al., 2019; Sheth et al., 2006). The
splice sites including the variant were rescored against the
same AT-AC type PWM or GT-AG type PWM as listed in
(Sheth et al., 2006). LOD scores were then rescaled to be
on a scale from 0 to 100 as described previously (Olthof
et al., 2019).

3 | RESULTS

3.1 | Pathogenic variants in disparate
components of the minor spliceosome result in
overlapping symptoms affecting many different
tissues

Pathogenic variants in different minor spliceosome com-
ponents have all been shown to inhibit minor spliceosome
activity and affect the splicing and/or expression of its tar-
gets, the MIGs. Since both the minor spliceosome and MIGs
are ubiquitously expressed, these pathogenic variants were
predicted to affect all tissues. To determine the footprint
of disrupted minor intron splicing on tissue development,
we curated all symptoms that have been associated with
MOPDI, Roifman syndrome, Lowry-Wood syndrome, early
onset cerebellar ataxia and IGHD, using the HPO database
(Kohler et al., 2019). The use of generalized nomenclature to
describe all symptoms allowed us to compare the phenotypes
associated with each disease, which is usually complicated
by the varying terminology used in primary literature. The
frequency of each symptom was then determined by manual
curation of the primary literature to ensure it was reported
in at least two individuals (Table S1). This resulted in a list

of 64 symptoms associated with MOPDI, 41 symptoms
for Roifman syndrome, and 17 for Lowry-Wood syndrome
(Figure 1). Moreover, we identified 11 symptoms in cere-
bellar ataxia, and 7 symptoms characteristic of individuals
with IGHD (Figure 1). No symptoms were shared between
all five diseases. However, microcephaly (HP: 0000252),
short stature (HP: 0004322) and delayed skeletal matura-
tion (HP: 0002750) were observed in four of the five minor
spliceosome-related diseases (Figure 1). Additionally, seven
symptoms were shared in all three of the RNU4ATA C-related
disorders, but not reported for individuals with IGHD or cer-
ebellar ataxia. These included brachydactyly (HP: 0001156),
aplasia/hypoplasia involving bones of the hand (HP:
0005927), clinodactyly of the 5th finger (HP: 0004209), a
premature birth (HP: 0001622), and retinal dystrophy (HP:
0000556). Moreover, muscular hypotonia (HP: 0001252)
and seizures (HP: 0001250) were reported in individuals
with MOPD1, Roifman syndrome and cerebellar ataxia, but
not in individuals with Lowry-Wood syndrome (Figure 1).
Relating these commonly observed symptoms to the affected
organ system revealed the pleiotropic nature of the minor
spliceosome-related diseases. For example, the aforemen-
tioned phenotypes were indicative of defects in limbs, head
and neck, eye, musculature, growth, nervous system, as well
as the skeletal system.

Given that MOPD1, Roifman syndrome and Lowry-Wood
syndrome all result from pathogenic variants in RNU4ATAC,
we expected the most overlap of phenotypes between these
diseases. Indeed, several symptoms were shared between in-
dividuals with MOPD1 and Roifman syndrome, such as ab-
normal bone ossification (HP: 0011849), intrauterine growth
retardation (HP: 0001511), and an abnormal form of the ver-
tebral bodies (HP: 0003312) (Figure 1). Moreover, symptoms
such as flexion contracture (HP: 0001371) and a sloping fore-
head (HP: 0000340) were commonly observed in MOPD1
as well as Lowry-Wood patients. However, the majority of
the phenotypes were unique to one condition. Specifically,
symptoms associated with the integumentary system like
dry skin (HP: 0000958), hyperkeratosis (HP: 0000962), and
sparse hair (HP: 0008070), were prevalent in individuals with
MOPD1 (Figure 1). Similarly, several facial dysmorphisms
were characteristic of individuals with MOPDI1, such as ab-
normalities of the pinna (HP: 0000377) and the mandible
(HP: 0000277) and proptosis (HP: 0000520). On the other
hand, immunological defects like a decreased antibody level
in the blood (HP: 0004313) and recurrent infections (HP:
0002719) were exclusively reported for individuals with
Roifman syndrome (Figure 1). Interestingly, pathogenic vari-
ants in RNUI2 and RNPC3 did not result in any overlapping
symptoms, even though they are both predicted to disrupt
U12 snRNP function. To date, relatively few individuals have
been diagnosed with minor spliceosome-related diseases,
especially with early onset cerebellar ataxia and IGHD.
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Regardless, data from these individuals reveal that variants
in the same minor spliceosome components can result in dis-
eases with disparate phenotypes.

3.2 | Disruption of MIG function
predominantly affects the nervous system

Loss-of function variants in the minor spliceosome com-
ponents result in the aberrant splicing/expression of MIGs,
which ultimately cause the disease (Cologne et al., 2019;
Elsaid et al., 2017; Merico et al., 2015). To identify a subset
of MIGs whose aberrant splicing might underlie the patho-
genesis of minor spliceosome-related diseases, we curated
diseases resulting from independent pathogenic variants in
all known MIGs. The rationale here was that shared symp-
tomology between these diseases could provide insight into
the effect of aberrant splicing/expression of each MIG. We
identified variants in 225 MIGs, of which 211 were associ-
ated with a total of 753 clinical manifestations recorded in the
HPO database (Table S2). These ranged from rare multisys-
tem diseases like Yunis—Varén syndrome (ORPHA: 3472)
and PHACE syndrome (ORPHA: 42775), to more prevalent
clinical manifestations like attention-deficit hyperactivity
disorder (HP: 0007018) or neoplasms (Table S2). Several
of the identified clinical manifestations were associated
with variants in not just one, but multiple MIGs. Therefore,
we curated all known genes linked to each disorder and

TABLE 1

# of
Primary affected
organ system

Condition MIGs

Brugada syndrome Cardiovascular system 4

Long QT syndrome Cardiovascular system 8

Wolff-Parkinson-White Cardiovascular system 4

pattern
Jeune syndrome Skeletal system 4
Epileptic encephalopathy Nervous system 14
Joubert syndrome Nervous system 9
Charcot-Marie-Tooth disease ~ Nervous system 6
Congenital disorder of Nervous system & 8

glycosylation Digestive system

associated # of total

Open Access,

determined whether MIGs were significantly enriched in this
list. We found that there was a significant enrichment of pro-
tein-coding MIGs among all protein-coding genes that have
been correlated with the cardiac diseases Brugada syndrome
(ORPHA: 130), Long QT syndrome (OPRHA: 101016), and
Wolff-Parkinson-White Pattern (OMIM: 194200) (Table 1).
Moreover, a significant enrichment of MIGs was observed
among all known causes of Jeune syndrome (ORPHA: 474)
(Table 1). Finally, several MIGs have been linked to neu-
rological disorders: we identified significant enrichments of
MIGs for epileptic encephalopathy (ORPHA: 1934), Joubert
syndrome (ORPHA: 2754), Charcot-Marie-Tooth disease
(ORPHA: 166), and congenital disorder of glycosylation
(ORPHA: 137) (Table 1). These findings underscore the im-
portance of proper MIG expression for the functioning of the
nervous system.

Next, we established the organ systems that were most
commonly affected upon pathogenic variants in MIGs. Of all
211 MIGs with known symptoms, disruption of the function
of 119 MIGs would result in neurological defects (Figure 2).
This enrichment was driven by global developmental delay
(62 MIGsS), intellectual disability (49 MIGs), and seizures
(40 MIGs) (Figure 2). Many of these symptoms were due to
variants in any of the voltage-gated ion channels or solute
carrier transporters that contain a minor intron. The second
most affected organ system was the head and neck (80 MIGs),
where the symptom microcephaly was prevalent (39 MIGs)
(Figure 2). Finally, variants in 79 MIGs have been linked

Overview of conditions that are associated with genes that contain a significant enrichment of minor introns

Fisher exact

associated genes p-value Affected MIGs
28 p =.0073 CACNAIC; CACNA2DI;
SCNI0A; SCN5A
112 p=.0134 CACNAIC; CACNA2DI1; DNA2;
HNRNPM; INTSS; RALGAPAI;
SCN5A; TCTN3
46 p=.0391 CACNAIC; CACNAIE; MYHI1;
SCN5A
25 p =.0048 C2CD3; IFT74,; IFT80; IFT88
105 p <.00001 ACTL6B; ATP6VIA; CACNAIA;
CACNAIE; CACNA2D2; CAD;
MAPKI10; PLCBI; SCNIA;
SCN2A; SCN3A; SCNSA;
SLC12A5; TRIT1
47 p < .00001 ARMCY; C2CD3; CEP41;
KIAA0556; PDE6D; TCTNI;
TCTN3; TMEM107; TMEM231
87 p=.035 FIG4; GARS; HARS; SCN9A;
SLCI2A6; SPGI11
49 p =.00001 ALGI2; ALG3; ALG6; ALGS;

COG6; HMBS; MAGTI; TUSC3
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to eye-related symptoms such as nystagmus and strabismus
(Figure 2). It is of note that symptoms like microcephaly,
macrocephaly, spasticity, hypotonia, and strabismus, can also
be viewed as a defect in the development of the nervous sys-
tem, thereby increasing the number of phenotypes associated
with that system, even though they are classified as a symp-
tom of another organ system by HPO. In contrast to these
commonly affected organ systems, the respiratory system (29
MIGs) and immune system (26 MIGs) were only affected in
conditions associated with few MIGs.

To test whether the low prevalence of immunological
and respiratory symptoms was specific to MIGs, or whether
these systems are generally less affected in case of patho-
genic variants, we determined the percentage of all genotype—
phenotype relationships listed in HPO that would involve
each organ system. For example, of the 31,039 genotype—
phenotype relationships listed in the HPO database, 2,903
involved genes that affected the nervous system when mu-
tated, which is 9.4% of all relationships documented. Using
a Fisher Exact test, we then compared this percentage to the
percentage of MIGs that would result in a neurological pheno-
type when disrupted. This showed that a significantly higher
proportion of MIG-phenotype relationships affect the nervous
system compared to all known genotype—phenotype relation-
ships (Table 2). Besides the nervous system, we found no

TABLE 2 Distribution of affected

Open Access,

other enrichment of MIGs in genotype—phenotype relation-
ships. However, we did observe a significantly lower number
of MIG-phenotype relationships that affected the digestive
system, cardiovascular system and connective tissue (Table 2).
Thus, this analysis underscores the importance of proper MIG
functioning for nervous system development and function.

3.3 | Identification of candidate MIGs
involved in the pathogenesis of minor
spliceosome-related diseases

Several of the commonly identified symptoms in MIG-
associated diseases were also observed in minor spliceosome-
related diseases, such as microcephaly and seizures (Figures 1
and 2). This suggests that it is indeed the aberrant expression
of a subset of MIGs, that underlies the symptoms observed
in the minor spliceosome-associated diseases. To determine
which MIGs are most likely playing a role in the pathogen-
esis of minor spliceosome-related diseases, we focused on
nine symptoms that were shared between at least three of the
minor spliceosome-related disorders (Figure 1). We found
that variants in 51 MIGs resulted in at least two of these nine
phenotypes (Figure 3). Functional annotation of these MIGs
using DAVID revealed that they significantly enrich for only

. Associated total Fisher exact
organ systems In case ,Of MI_G_ and total Organ system Associated MIGs genes p-value
gene-related pathogenic variants

Nervous system 119 11.6% 2,903 9.4% p =.0168
Head and neck 80 7.8% 2,274 7.3% p=.543

Eye 79 7.7% 2,238 7.2% p =.5397
Growth 66 6.4% 1964 6.3% p = .8451
Musculature 64 6.2% 2031 6.5% p=.7482
Genitourinary system 64 6.2% 1,600 5.2% p=.1322
Limbs 56 5.5% 1,361 4.4% p =.1043
Ear 52 51% 1,600 52% p = 1.000
Skeletal system 50 4.9% 1652 5.3% p=.5715
Skin, hair, and nails 45 4.4% 1,481 4.8% p = .6543
Digestive system 42 4.1% 1827 5.9% p =.0146
Metabolism 42 4.1% 1,422 4.6% p = .5424
Cardiovascular system 33 3.2% 1662 5.4% p =.0017
Respiratory system 29 2.8% 1,111 3.6% p =.2296
Immunology 26 2.5% 882 2.8% p =.6324
Blood and blood-forming 24 2.3% 863 2.8% p =497

tissues

Others 23 2.2% 1,257 4.0% p =.0026
Endocrine 22 2.1% 874 2.8% p = .2465
Neoplasm 20 2.0% 613 2.0% p = 1.000
Connective tissue 18 1.8% 878 2.8% p =.0423
Prenatal and birth 11 1.1% 546 1.8% p=.1133
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one GO-term: cilium morphogenesis (p = 1.5E-03), which
was driven by CEP164 (OMIM: 614848) (Nephronophthisis),
IFT122 (OMIM: 606045) (Cranioectodermal dysplasia),
IFT80 (OMIM: 611177) (Short rib polydactyly syndrome),
TCTNI (OMIM: 609863) (Joubert syndrome and others),
TCTN3 (OMIM: 613847) (Orofaciodigital

OLTHOF ET AL.

TMEM107 (OMIM: 616183) (Joubert syndrome and oth-
ers), TMEM231 (OMIM: 614949) (Joubert syndrome and
others). Cilia have been shown to play a role in cortical and
cerebellar morphogenesis, and have been hypothesized to
participate in the pathogenesis of Roifman syndrome (Gray,
Sillence, & Kakakios, 2011; Guemez-Gamboa, Coufal, &
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AP4E1 Spastic paraplegia
AP4M1 Spastic paraplegia
Cc2CD3 Joubert syndrome and Orofaciodigital syndrome
TCTN1 Joubert syndrome and Meckel-Gruber syndrome
ALG3 Congenital disorder of glycosylation
TBCK Hypotonia with psychomotor retardation
TMEM107 Multiple conditions
TCTN3 Orofaciodigital syndrome
ATP6V1A Cutis Laxa
BRF1 Cerebellofaciodental syndrome
MYSM1 Bone marrow failure syndrome
PTEN Multiple conditions
SLC9A6 Syndromic mental retardation
BRCC3 Moyamoya angiopathy *
CUL4B Mental retardation and others
PEX16 Peroxisome biogenesis disorder
CEP164 Nephronophthisis
PIGB Hyperphosphatasia with mental retardation syndrome
DOCK3 Neurodevelopmental disorder
BRAF Cardiofaciocutaneous syndrome
SMS Smith-Magenis syndrome
COA3 Mitochondrial Complex 1V deficiency
SLC12A6 Andermann syndrome and others
COG6 Congenital disorder of glycosylation
EXOSC9 Pontocerebellar hypoplasia
CDK5 Lissencephaly with cerebellar hypoplasia
MATN4 Holoprosencephaly
MTHFR Homocysteinemia
SCN1A Multiple conditions
SCN3A Familial focal epilepsy with variable foci
SLC12A5 Early infantile epileptic encephalopathy
TRAPPC2L Early onset progressive encephalopathy with episodic rhabdomyolysis
TRIT1 Combined oxidative phosphorylation deficiency
VPS11 Hypomyelinating leukodystrophy
HTT - Lopes-Maciel-Rodan syndrome

FIGURE 3 Pathogenic variants in MIGs result in similar phenotypes as minor spliceosome-related diseases. Chart with MIGs that, when

mutated, result in at least two of the commonly shared minor spliceosome-related disease phenotypes. Diseases that are associated with the listed

phenotypes are shown on the right. * = short stature-facial dysmorphism-hypergonadotropic hypogonadism syndrome
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FIGURE 4 Identification of 51 pathogenic variants in minor intron splice sites. (a) Bar graph with the number of variants observed in each

of the splice site, as well as the number of minor introns and MIGs affected. (b) Frequency logo of 5’SS and 3’SS of all minor introns, generated
using WebLogo. Below is a bar graph of the number of variants observed at each position and the type of variant. (c) Scatterplot with PWM score
for splice sites with associated pathogenic variants. (d) Wordcloud with symptoms resulting from diseases associated with variants in splice sites of

minor introns

Gleeson, 2014). Thus, disrupted ciliogenesis may underlie
some of the phenotypes observed in minor spliceosome-
related diseases. Variants in 23 of the 51 MIGs resulted in
at least three of the phenotypes also commonly observed in
minor spliceosome-diseases, due to the association with a
single disease (Figure 3).

Finally, variants in eight MIGs resulted in four or five of
the nine symptoms also observed in minor spliceosome-re-
lated diseases (Figure 3). These MIGs include DNA2 (OMIM:
601810) (DNA replication helicase/nuclease 2) and TRAIP
(OMIM: 605958) (TRAF interacting protein), which both
have been linked to Seckel syndrome (Harley et al., 2016;
Shaheen et al., 2014), SMC3 (OMIM: 606062) (Structural
maintenance of chromosomes 3) which is linked to Cornelia
de Lange syndrome and TBCE (OMIM: 604934) (Tubulin
folding cofactor E), which has been linked to Sanjad-
sakati syndrome (Figure 3) (Deardorff et al., 2007; Parvari

et al., 1998). While variants in most of these MIGs result in
different diseases, they all share the common symptoms of
microcephaly, short stature, and delayed skeletal maturation
(Figure 3). Interestingly, Seckel syndrome, together with
Meier-Gorlin syndrome, MOPDI and MOPDII, make up a
spectrum of microcephalic primordial dwarfism disorders
(Tarnauskaite et al., 2019). As such, MIGs related to these
diseases are prime candidates to be affected in minor spliceo-
some-related disorders.

3.4 | Pathogenic variants in minor intron
splice sites reduce the splice site strength

Our analysis revealed a subset of MIGs whose disruption
could contribute to the symptoms observed in the minor
spliceosome-related diseases. However, the MIG-associated
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diseases we identified do not necessarily have to be due
to disrupted minor intron splicing, but could also have
been caused by variants in the coding regions of the MIG.
Therefore, we next focused on the diseases that specifically
resulted from variants in the minor introns of MIGs. ClinVar
revealed 186 variants in 63 minor introns, found among 58
MIGs (Figure 4a; Table S3). Of these, 68 variants were found
in one of the three consensus sequences of the minor intron.
Specifically, we identified 33 variants in the 5’SS (+1 to +9
position), 19 variants in the BPS, and 16 variants in the 3’SS
(=1 to =3 position) (Figure 4a). While the remaining vari-
ants were located outside of the splice sites, the majority was
within close proximity (<20 nucleotides) of the 5’ and 3’
ends of the minor intron. For instance, we detected 12 vari-
ants at the —5 position of the 3’ end of the intron, which were
identified in nine different MIGs (Figure 4b). We found that
the most frequently mutated nucleotide within the 5'SS was
the +1 position (Figure 4b). The nucleotide change at this
position was relatively consistent, as all nine identified vari-
ants were either a G > A or A > G conversion (Figure 4b).
Additionally, the variants at the +3 position of the 5'SS
and the —2 position of the 3’SS were all A > G transitions
(Figure 4b).

Of the 68 minor intron splice site-associated variants listed
in ClinVar, 28 were considered pathogenic, 17 were consid-
ered benign, whereas the pathogenicity for the remaining 23
was uncertain. Since pathogenic variants tend to have a lower
allelic frequency in the population due to natural selection,
we cross-referenced the 68 variants with all variants listed in
gnomAD, a database describing allelic frequencies in control
populations (Karczewski, 2019). Most of the variants classi-
fied as pathogenic by ClinVar were indeed not observed in
gnomAD, whereas several benign variants were observed at
a frequency > 0.1% (Table S4). Finally, for the 23 variants
with uncertain pathogenicity, the allelic frequency was either
lower than 0.05%, or they were not listed at all in gnomAD,
suggesting that these may also be pathogenic (Table S4).
Based on these results, we focused on the 51 variants that
were likely pathogenic, of which 39 were associated with a
clinical manifestation (Table S4). Since several variants were
found within the same MIG (e.g., PTEN (OMIM: 601728),
STK11 (OMIM: 602216), SCNIA (OMIM: 182389)), the
overall number of affected MIGs was 25 (Table S4). These
included several well-characterized ion channels and trans-
porters such as members from the CACNA, SCN, and SLC
gene family (Table S4). Next, we assessed the effect of the
51 pathogenic variants on the splice site strength by scor-
ing the sequence against a minor intron-type PWM (resulting
in a score ranging from 0 to 100) (Sheth et al., 2006). We
found that 96% of pathogenic variants resulted in a reduc-
tion of the PWM score (Figure 4c; Table S4). On average,
pathogenic variants in the 5'SS decreased the PWM score by
25.4 points, variants in the BPS lowered the PWM score by

17.5 points, and variants in the 3’SS reduced the PWM score
by 29.5 points. Importantly, 41% of the likely benign vari-
ants in the consensus sequences actually enhanced the PWM
score, suggesting an increased splice site strength and poten-
tially enhanced splicing (Figure 4c). Thus, almost all vari-
ants classified as pathogenic or with uncertain significance
by ClinVar reduced the splice site strength, which would be
expected to affect the recognition of these minor introns and
their splicing.

Finally, we wanted to determine the specific phenotypes
that were observed in diseases associated with variants in
these consensus sequences. We found that the most prom-
inent symptoms included a global developmental delay
(7 MIGs), intellectual disability (7 MIGs), seizures (6 MIGs),
and microcephaly (3 MIGs) (Figure 4d). Thus, variants spe-
cifically identified in the splice sites of minor introns also
heavily affect the nervous system.

4 | DISCUSSION

The moniker, “minor spliceosome” refers to the relatively
few (<0.5%) introns spliced by this machinery and not its
biological significance. Most of the 699 MIGs in the human
genome contain one or two minor introns, whereas the other
introns are major introns (Olthof et al., 2019). Since minor
introns cannot be spliced by the major spliceosome, minor
intron splicing has a disproportionately large regulatory im-
pact on the expression of MIGs. As such, pathogenic variants
in minor spliceosome components that inhibit the function
of the minor spliceosome, wield a large effect on the many
biological processes MIGs execute. This is reflected by the
multisystemic diseases such as MOPD1, Roifman syndrome,
and Lowry-Wood syndrome (Edery et al., 2011; Farach
et al., 2018; He et al., 2011; Merico et al., 2015; Shelihan
etal., 2018). Given that all of the pathogenic variants in these
diseases ultimately inhibit the minor spliceosome function,
it is not surprising that they result in overlapping symptoms
such as short stature and microcephaly. However, these
symptoms are found along a spectrum of severity in patients,
such that the most severe microcephaly and growth retar-
dation is associated with individuals with MOPDI1 and the
least severe with individuals with Lowry-Wood syndrome
(Shelihan et al., 2018). This gradation may be explained
by the level of minor intron mis-splicing that resulted from
the individual variants in RNU4ATAC. It was reported that
MOPD1-associated variants resulted in a 90% loss of minor
spliceosome activity as 100% loss would likely result in
embryonic lethality (He et al., 2011). Moreover, individu-
als with Roifman syndrome and Lowry-Wood syndrome
experience fewer symptoms, as well as less severe growth
retardation and microcephaly than individuals with MOPD1.
Therefore, we hypothesize that minor spliceosome activity
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in Roifman syndrome and Lowry-Wood syndrome might be
affected to a lesser extent (Figure 1). Interestingly, individu-
als with Roifman syndrome are also characterized by sev-
eral immunological phenotypes that are absent in individuals
with MOPDI1 and Lowry-Wood syndrome, which suggests
that different MIGs may be affected upon the different vari-
ants in RNU4ATAC (Figure 1). This is likely not the complete
explanation, as the same g.51G > A pathogenic variant has
been discovered in individuals with Lowry-Wood syndrome,
as well as individuals with Roifman syndrome and MOPD1
(Farach et al., 2018; He et al., 2011; Merico et al., 2015).
These findings suggest that there are modifiers in the ge-
nome to these RNU4ATAC variants that can reduce the sever-
ity and/or penetrance of the phenotype in a tissue-specific
manner. Since most patients are compound heterozygotes,
another explanation may be that the severity of disease is in-
fluenced by the pathogenic variant in the other RNU4ATAC
allele. Indeed, variants uniquely found in individuals with
MOPD1 were found to be more likely deleterious than those
in individuals with Roifman syndrome and Lowry-Wood
syndrome (Shelihan et al., 2018).

Even though the majority of minor spliceosome-related
diseases result in pleiotropic phenotypes, most of the symp-
toms are indicative of defects in the nervous system or skeletal
system (Figure 1). The source of these tissue-enriched symp-
toms might be the tissue-specific expression, splicing, and/
or alternative splicing of MIGs that we reported previously
(Olthof et al., 2019). The tissue-specific regulation of MIGs
is underscored by our findings that variants in MIGs com-
monly affect the nervous system (Figure 2). The most prev-
alent symptoms resulting from pathogenic variants in MIGs
included a global developmental delay, intellectual disability
and microcephaly (Figure 2). This is consistent with some
of the cardinal sympotms observed in minor spliceosome-re-
lated diseases. Together, the overlap of symptoms resulting
from disrupted MIG function and minor spliceosome-related
diseases might shed light onto the molecular mechanism of
pathogenesis underlying these syndromes. However, further
investigation is required to understand how exactly the regu-
lation of minor intron splicing contributes to the pathogenesis
of minor spliceosome-related diseases.

Since all minor spliceosome-related diseases are inher-
ited in an autosomal recessive manner, it is likely that the
pathogenic variants result in a loss-of-function of the minor
spliceosome. This was modeled in two different mouse mod-
els, through knockout of Rnpc3 and Rnull (Baumgartner
et al., 2018; Doggett et al., 2018). Germline ablation of both
Rnpc3 and Rnull resulted in embryonic lethality, again sug-
gesting that the variants observed in minor spliceosome-re-
lated diseases such as IGHD are hypomorphic (Argente
et al., 2014; Baumgartner et al., 2018; Doggett et al., 2018).
Ablation of Rnpc3 in adult mice resulted in severe gastrointes-
tinal defects, as well as a reduction of peripheral lymphocytes

Open Access,

and platelets (Doggett et al., 2018). While the latter pheno-
type resembles some of the immunological symptoms that
individuals with Roifman syndrome experience, gastroin-
testinal defects are generally not found in individuals with
IGHD (Argente et al., 2014). This may be due to a change
in the expression pattern of Rnpc3 from embryonic devel-
opment to adulthood. Therefore, it would be interesting to
determine whether spatially restricted loss of Rnpc3 during
embryonic development would recapitulate more minor spli-
ceosome-related phenotypes. Finally, loss of Rnull in the
dorsal telencephalon resulted in severe microcephaly at birth,
through disrupted splicing of a subset of MIGs (Baumgartner
et al., 2018). As such, this mouse can be used to provide
more insight into the molecular etiology of the microcephaly
phenotype observed in individuals with minor spliceosome-
related diseases.

Of particular interest for the identification of targets af-
fected in minor spliceosome-related diseases are pathogenic
variants in splice sites of minor introns, which are thought to
compromise the splicing process. Variants in splice sites of
major introns that reduce the strength of that splice site gener-
ally abolish splicing and are deemed pathogenic (Caminsky,
Mucaki, & Rogan, 2014). These pathogenic variants are es-
pecially concentrated in the terminal dinucleotides, which are
the only highly conserved nucleotides of these splice sites
(Lord et al., 2019). In agreement with this, we found that
variants classified as pathogenic generally result in a reduc-
tion in the minor intron splice site strength, whereas benign
variants either do not affect or strengthen the splice site of
minor introns (Figure 4c). However, since sequences at minor
intron splice sites are much more conserved than those of
major introns, we also identified many pathogenic variants
outside the terminal dinucleotides of the minor intron. Thus,
these data suggest a potential correlation between the effect
of a variant on the splice site strength of minor introns and
its pathogenicity.

The pathogenic variants in minor intron splice sites re-
veal the regulatory importance of minor intron splicing in
proper MIG expression. Moreover, symptoms observed in
diseases associated with splice site variants in minor in-
trons can reveal the tissue types in which these MIGs per-
form nonredundant functions. These diseases are often
being investigated by researchers who might not be aware
of the fact that the primary defect underlying the disease is
aberrant minor intron splicing. Moreover, variants in splice
sites have been shown to result in alternative splicing of
flanking exons and the use of cryptic splice sites, which
means that variants in minor introns may also result in al-
ternative splicing (Anna & Monika, 2018). Therefore, the
aberrant expression of alternatively spliced isoforms of
MIGs might contribute to the pathogenesis of these disease
through a gain-of-function. To date, only the minor introns
of STK11 and TRAPPC2 (OMIM: 300202) were known to
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contain pathogenic variants resulting in disease (Hastings
et al., 2005; Shaw et al., 2003). Here, we report that at least
another 28 minor introns are also associated with patho-
genic variants in their splice sites (Figure S3). The number
of aberrant minor intron splicing events that can result in
disease might be much larger than this, as most variant de-
tection is done through exome sequencing and advanced
bioinformatics tools are required to detect variants in non-
canonical splice sites (Lewandowska, 2013). Moreover,
variants deeper in the intron, outside of the splice sites
of minor introns, can also induce alternative splicing,
thereby resulting in the production of aberrant isoforms
(Vaz-Drago, Custodio, & Carmo-Fonseca, 2017). We hope
that further studies on the intronic variants that we report
here can reveal the role of aberrant minor intron splicing in
disease pathogenesis. Together these findings expand the
impact of minor intron splicing beyond pathogenic variants
in the minor spliceosome components.

We found that the most common variant in the 5’SS of
minor introns was located at the +1 position and involved a
G > A or A > G change (Figure 4b). Minor introns can be
classified based on their terminal dinucleotides as AT-AC
introns or GT-AG introns and either contain an A or G at
the +1 position, whereas the rest of their splice site se-
quence is the same. The presence of these two nucleotides
normally does not hinder the recognition and splicing ca-
pacity of the minor spliceosome. Instead, the pathogenic-
ity of the G > A and A > G conversion may come from
the fact that the —1 position at the 3’SS is not mutated
alongside these variants, as this combination of terminal
dinucleotides has been shown to reduce canonical splic-
ing using an in vitro splicing assay (Dietrich, Incorvaia, &
Padgett, 1997).

Several pathogenic variants in splice sites of minor in-
trons have been shown to result in alternative splicing. In
the case of STK11, the variants in the 5’SS resulted in the
occasional use of a cryptic 5'SS in conjunction with several
cryptic 3’SS (Hastings et al., 2005). Moreover, pathogenic
variants in the 5'SS of TRAPPC2 were shown to result in
the utilization of a cryptic 5’SS and skipping of the down-
stream exon (Shaw et al., 2003). Several of the 5’'SS vari-
ants listed in ClinVar also had associated manuscripts that
described the effect on splicing. For instance, a + 1G > T
variant in the 5’SS of the minor intron in AP4M1 (OMIM:
602296) has been shown to result in skipping of the up-
stream exon and the minor intron (Verkerk et al., 2009).
Moreover, a + 6delC variant in the 5’SS of the minor in-
tron in DNA?2 resulted in the use of a cryptic 5’SS in com-
bination with several cryptic 3’SS (Shaheen et al., 2014).
Finally, a + 1G > A variant in the 5'SS of the minor intron
in TMEM 107 was shown to result in the inclusion of a sin-
gle base-pair, thereby resulting in a frameshift (Shaheen
et al., 2015). These results highlight the potential of minor

intron splice site variants to affect alternative splicing and
regulate gene expression and/or protein production. While
most of these alternative splicing events are predicted to be
executed by the major spliceosome, the pathogenic variants
in STK11 demonstrate the ability of the minor spliceosome
to utilize cryptic splice sites. Since all evidence has cur-
rently resulted from variants in the 5’SS, it would be import-
ant to determine the effect of variants in the BPS and 3’SS
on alternative splicing around minor introns. This would
require experimental validation using patient samples
and/or in vitro splicing constructs mimicking the human
pathogenic variants. These results will be relevant for the
identification of therapeutic strategies. Recently, antisense
oligonucleotides have been a commonly used method to
target-specific splicing events and have been shown effec-
tive at treating splicing diseases (Daguenet, Dujardin, &
Valcarcel, 2015; Finkel et al., 2016; Rigo, Hua, Krainer, &
Bennett, 2012). Moreover, expression of Ul snRNA with
compensatory mutations has been shown to rescue splic-
ing defects in mutant mice (Balestra et al., 2014; Lee, Lee,
Chen, Byrne, & Hwu, 2016). The rise in splicing-targeted
therapeutics therefore increases the importance of being
cognizant of the splicing pathway that is affected by the
specific splice site variants.

In all, our study was designed to interrogate the true im-
pact of minor intron splicing defects on human diseases from
both perspectives, that is, the minor spliceosome dysfunc-
tion and its targets, the MIGs. Here we report that the com-
bined effect of minor spliceosome-related diseases as well
as MIG-related diseases is significantly larger than has been
appreciated. The field of minor spliceosome research has re-
mained small because most diseases caused by loss of minor
spliceosome function are rare. However, if one considers the
MIGs and the associated diseases, the field of minor intron
splicing expands. This study was aimed to create awareness
among other scientists, that inherent to studying MIG-related
diseases is the understanding of a crucial form of gene regu-
lation, that is, minor intron splicing.
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