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Abstract

DROSHA encodes a ribonuclease that is a subunit of the Microprocessor complex and is involved in the first step of microRNA
(miRNA) biogenesis. To date, DROSHA has not yet been associated with a Mendelian disease. Here, we describe two individuals
with profound intellectual disability, epilepsy, white matter atrophy, microcephaly and dysmorphic features, who carry damaging
de novo heterozygous variants in DROSHA. DROSHA is constrained for missense variants and moderately intolerant to loss-of-function
(o/e =0.24). The loss of the fruit fly ortholog drosha causes developmental arrest and death in third instar larvae, a severe reduction
in brain size and loss of imaginal discs in the larva. Loss of drosha in eye clones causes small and rough eyes in adult flies. One of the
identified DROSHA variants (p.Asp1219Gly) behaves as a strong loss-of-function allele in flies, while another variant (p.Arg1342Trp) is
less damaging in our assays. In worms, a knock-in that mimics the p.Asp1219Gly variant at a worm equivalent residue causes loss of
miRNA expression and heterochronicity, a phenotype characteristic of the loss of miRNA. Together, our data show that the DROSHA
variants found in the individuals presented here are damaging based on functional studies in model organisms and likely underlie

the severe phenotype involving the nervous system.

Introduction

microRNAs (miRNAs) are single-stranded small non-
coding RNAs that inhibit translation and destabi-
lize/deadenylate target mRNAs (1-3). miRNAs have been
shown to control a number of critical developmental
functions in the nervous system, including neuronal
proliferation (4,5). Most miRNAs are transcribed from
the genome as part of primary-miRNAs [pri-miRNAs (6)].
pri-miRNAs are then recognized by the Microprocessor
complex, which cleaves the pri-miRNA to generate
precursor-miRNA (pre-miRNA) within the nucleus (7-9).
DROSHA, a member of the Microprocessor complex, is a
critical regulator of miRNA biogenesis (9,10). DROSHA,
along with its partner DGCR8 (DiGeorge syndrome
Critical Region 8, a.k.a. Pasha) cleaves pri-miRNAs into
pre-miRNAs, which are subsequently exported from the
nucleus to the cytoplasm for further processing (7,11).
pre-miRNAs are then cleaved by DICER1 to generate
mature miRNAs, which are loaded into the RNA-induced
silencing complex (RISC). RISC targets target mRNAs
complementary to the miRNA sequence for repression
(9,10,12).

miRNA defects have only rarely been linked to devel-
opmental diseases in humans, yet their role in the devel-
opment of model organisms is well established (2,4,13-
15). In the nematode worm, Caenorhabditis elegans, a few
miRNA mutants cause embryonic lethality, developmen-
tal arrest and heterochronicity (16,17). In the fruit fly,
Drosophila melanogaster, specific miRNAs have been impli-
cated in a variety of developmental pathways including
development of the ovary, eye and the nervous system
(18-21). In mice, miRNAs have been shown to cooperate
with developmental signaling pathways including bone
morphogenic protein and transforming growth factor-
beta (8). In these three organisms, mutations in genes
responsible for processing miRNAs, like DROSHA, lead
to severe defects because they control a large number
of miRNAs (10,11,13,14,22,23). Neuronal loss of miRNA
processing in mice also leads to neurodegeneration and
anatomical defects (8,22,24,25). miRNAs are also involved
in the silencing of embryonic stem cell renewal during
cell differentiation (26).

The human enzymes affecting miRNA processing
as well as the estimated 2400 human miRNAs (27),
named MIR genes, have been associated with only one
Mendelian disease, Feingold syndrome 2 (MIM#614326),
which is caused by a deletion of the polycistronic cluster,
MIR17HG, containing six MIR genes (28). Individuals with
Feingold syndrome 2 have microcephaly, intellectual
disability, short stature and limb malformation (28).
miRNA copy number variants have also been observed
in a range of cancers as well as some neurodegenerative
diseases, such as Alzheimer’s disease (26,29-31). miRNA
dysregulation has been observed in Rett syndrome,
and preliminary reports suggest that individuals with
somatic variants in the miRNA processing gene DICER1
develop a neurodevelopmental disorder called GLOW
(Global developmental delay, Lung cysts, Overgrowth,
Wilms tumor) syndrome (12,32-35). Somatic mutations
in DROSHA have also been connected to cancer in
humans (12). However, neither DGCR8 nor DROSHA have
been associated with Mendelian diseases, despite the
observation that loss of DROSHA orthologs in model
organisms disrupts the expression of a large number
of miRNAs (10,18,36,37).

High-throughput sequencing has advanced our ability
to identify variants in cases of rare genetic disorders
(38,39). In conjunction with the sequencing databases for
control cohorts, ExAC (Exome Aggregation Consortium)
and gnomAD (genome Aggregation Database) (40,41),
variant prediction algorithms (42), model organism
information (i.e. MARRVEL) (43) and matchmaking
programs such as GeneMatcher (44), we have been able
to make new associations of genes with severe neurode-
velopmental phenotypes (45-47). In the Undiagnosed
Diseases Network (UDN) Model Organisms Screening
Center (46,48,49), we have previously been able to test the
functionality of patient variants and participate in novel
disease gene discovery using model organisms including
D. melanogaster (50-53) and zebrafish (54,55). Here, we
describe the first individuals found to have damaging
variants in the key subunit of the Microprocessor
complex, DROSHA, implicating it as a candidate for
the severe neurodevelopmental phenotypes observed
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in these individuals, which is supported by functional
studies in model organisms.

Results

Two individuals with DROSHA variants share
similar neurological phenotypes

Through the Undiagnosed Diseases Network and Gen-
eMatcher (44), we identified two individuals carrying
variants in the miRNA processing gene DROSHA. DROSHA
has not previously been connected to inherited disease,
although variants in DROSHA have been associated
with cancers (12). The two individuals identified in
this study have postnatal microcephaly (HP:0005484),
epilepsy (HP:0001250), profound developmental delay
and intellectual disability (HP:0012736), generalized
hypotonia (HP:0001290), feeding difficulties (HP:0011968)
and stereotypic motor behaviors (HP:0000733). Both
individuals have dysmorphic features (HP:0001999),
including a broad face (HP:0000283), brachycephaly
(HP:0000248) and short feet (HP:0001773). On brain
magnetic resonance imaging (MRI), both individuals
have white matter atrophy (HP:0012762) with a thin
corpus callosum (HP:00002079) (Fig. 1). Details of clinical
features are included in Table 1, and comprehensive
clinical summaries are provided in the Supplementary
Material.

Individual 1 had trio exome sequencing (ES) and trio
genome sequencing (GS), and Individual 2 had trio ES.
Detailed ES/GS platform and coverage information are
provided in Supplementary Material, Table S1. Initial
ES and GS for Individual 1 were performed through
commercial laboratories and were non-diagnostic and no
candidate genes were reported (Supplementary Material,
Table S2). The ES and GS data from Individual 1 were
reanalyzed as part of the UDN evaluation using a
phenotype-agnostic bioinformatics pipeline, leading to
the identification of a de novo heterozygous variant in
DROSHA, chr5:31410864T>C, NM_013235.4 c.3656A>G
(p.Asp1219Gly). The ES on Individual 2 detected a de
novo heterozygous variant in DROSHA, chr5: 31401640,
NM_013235.4 c.4024C>T (p.Argl342Trp). Both variants
have been confirmed by Sanger sequencing.

DROSHA variants are predicted to be damaging in
silico

To gather information about human DROSHA and its
orthologous genes in genetic model organisms, we
performed searches using the MARRVEL (Model organism
Aggregated Resources for Rare Variant ExpLoration) tool
(43,56,57). DROSHA is moderately intolerant to loss-of-
function and strongly missense constrained [https://
gnomad.broadinstitute.org (41)]. DROSHA’s missense
constraint z score is 3.98 and its observed/expected (o/e)
loss-of-function score is 0.24 (Fig. 2A). Notably, there are
approximately 20 individuals in gnomAD that carry loss-
of-function variants in DROSHA (Fig. 2A). This would
suggest that loss-of-function variants in DROSHA are

not damaging. Previous studies, however, show that
loss-of-function variants have been observed in control
populations for some neurodevelopmental disease genes
like ASXL2 (58). Both DROSHA variants are absent from
gnomAD, EXAC, Geno2MP, HGMD and ClinVar (40,59,60)
and predicted to be damaging/deleterious by multiple
variant function predictive programs including SIFT
(61), PolyPhen (62) and combined annotation-dependent
depletion (63,64). SIFT and Polyphen predict that the
p.Aspl1219Gly variant is ‘deleterious’ and ‘probably
damaging,’ respectively. These programs predict the
p.Arg1342Trp variant to be slightly less damaging with
‘deleterious’ and ‘possibly damaging’ predictions. The
p.Aspl1219Gly variant is located in one of DROSHA'’s
Ribonuclease III domains, which are critical for pri-
miRNA cleavage to make pre-miRNA (Fig. 2B). The
p.Arg1342Trp variant is adjacent to the Double-Stranded
RNA-binding Motif (DSRM) domain that is critical for
RNA binding (Fig. 2B).

DROSHA has been implicated in the pathogenesis of
Rett syndrome since the causative genes MECP2 and
FOXG1 are cofactors of the microprocessor complex reg-
ulating miRNA processing (33-35). Interestingly, Individ-
ual 2 had a clinical diagnosis of Rett spectrum disorder
for several years due to profound intellectual disability,
microcephaly and somatic hypoevolutism, hand wring-
ing and breathing abnormalities. Interestingly, Individ-
ual 1 also showed Rett-like features more overlapping
with FOXG1-related signs, including severe neurological
presentation, protruding tongue and white matter abnor-
malities.

To confirm that the DROSHA variants are damaging,
we tested their effect on miRNA expression in proband-
derived fibroblasts. A previous report found that DROSHA
missense variants in cancer cause a reduction in expres-
sion of several miRNAs including miR98 and the let7 fam-
ily (12). We tested a panel of these DROSHA-dependent
miRNAs and compared their expression from fibroblasts
derived from individual 1 to a control fibroblast popu-
lation. Surprisingly, we found that expression of miR98
was significantly increased in fibroblasts carrying the
DROSHAP'?19G variant (Fig. 11). To determine if miRNA
processing was affected by the DROSHAP?1°C variant, we
assayed the expression of two precursor microRNAs (pre-
miRs), miR98 and let7c. Although we observed a mod-
est decrease in expression of both pre-miRs, it was not
statistically significant (Supplementary Material, Fig. S1).
These data suggest that DROSHA variants may alter the
expression of mature miRNA; however, this is likely not
due to processing errors.

DROSHA variants damage protein function in
flies

To further investigate the impact of the DROSHA
variants, we tested their functionality in fruit flies. The
DROSHA ortholog in D. melanogaster is drosha (FlyBase
ID: FBgn0026722). The fly Drosha and human DROSHA
proteins are highly conserved with a DIOPT (DRSC

220z Joquiaydas |0 U Jasn Aleiqr Jejua) [B2IPSN 9NA AQ 0E¥99S/YEBZ/L L/LE/AI0IE/BuIY/Wod dno-oiwapeoe//:sd)y Wolj papeojumoq


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac085#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac085#supplementary-data
https://gnomad.broadinstitute.org
https://gnomad.broadinstitute.org
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac085#supplementary-data

Human Molecular Genetics, 2022, Vol. 31, No. 17 | 2937

Ho*

1.5

0.5

Relative Expression
1
1
T
]
1
1
1
1
I
1
1
1
1
1
1
1
1
1
1
I
I

2 Fold Change of miRNA expression

miR-98 let-7a

let-7c

let-7d let-7f let-7g

Figure 1. Two individuals with DROSHA variants show facial dysmorphia, microcephaly and white matter atrophy. (A and B) Individual 1 at 3 years,
11 months. (C and D) Individual 2 at 23 years. (E and F) Axial (E) and sagittal (F) T2 weighted MR images from Individual 1 obtained at age 5 weeks show
global atrophy. (G and H) Coronal T2 (G) and axial FLAIR (H) MR images from patient 2 obtained at age 17 years show global atrophy. (I) Expression of
a panel of miRNAs in DROSHAD1219G fibroblasts. miRNA expression was assayed using TagMan assays and compared to control fibroblasts. miR98
expression was significantly upregulated in DROSHAD1219G fibroblasts. *P <0.5.

Integrative Ortholog Prediction Tool) score (65) of 14/16
(DIOPT version 8.0) and show 46% identity and 61%
similarity across the entire protein. The homology
between the two proteins is higher in the most critical
two Ribonuclease III and single DSRM domains where
the identity is greater than 60% in each domain (65,66).

Significantly, the residues that are affected are conserved
in flies (p.Asp1219=p.Asp1084, p.Argl342=p Argl210)
(Fig. 2C and E). The conservation of these amino acids
allowed us to study the functional consequences of
these variants in the context of the human protein as
well as the fly protein. In this study for clarity, we refer
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Table 1. Individuals carrying missense variants in DROSHA display a strikingly similar neurodevelopmental disorder

Individual 1

Individual 2

Age, sex

Variant classification

Variant information (NM_013235.5)
Postnatal microcephaly
Dysmorphisms

Profound IDD/Hypotonia
Seizures

Abnormal movements

3-year 9-month-old male

De novo

€.3656A>G (p.D1219G)

Z=-6SD

Broad face, brachycephaly, large tongue, small
feet

Present

Focal, age 3d (well controlled)

Choreoathetosis of arms

23-year-old female

De novo

€.4024C>T (p.R1342W)

Z=-2.6SD

Broad face, brachycephaly, small hands and
feet

Present

Focal, then generalized, age 7m (partially
controlled)

Midline hand stereotypes, rocking of the trunk
Nasogastric tube feeds, constipation

Urinary retention
Episodes of hyperventilation/apnea

Hip subluxation, delayed bone maturation,
kyphosis
Sinus tachycardia

Gastrointestinal Gastrostomy tube fed since 4 weeks,
constipation

Urogenital Microphallus, undescended testes

Respiratory Tracheostomy dependent since 2 years
10 months

Skeletal Congenital hip dysplasia and knee subluxation,
mild osteopenia, scoliosis

Cardiac PDA, aortic root and ascending aorta dilation at
3 years

Brain MRI White matter atrophy, thin corpus callosum

White matter atrophy, thin corpus callosum

to the human and fly genes as DROSHA and drosha,
respectively.

We first explored the effect of drosha loss-of-function
in flies. It has been previously reported that homozygous
drosha null mutants die during the course of post-
embryonic development with 100% lethality before
reaching adulthood (10). Death is marked at the end
of the third instar larval stage and the beginning of
pupariation due to the lack of imaginal discs (18). This is
a severe and relatively rare developmental phenotype
that prevents pupation (67). In addition, genetically
mosaic animals with drosha mutant eyes are small
eyed (10), whereas viable hypomorphic alleles exhibit
synaptic transmission defects (18), indicating their role
in retinal/neural development and function (68).

To assess the phenotypes associated with the loss
of Drosha, we examined four available null alleles;
drosha®®8#X  drosha®38%  droshaR?X and drosha"1123X
(Fig. 2C). Homozygous mutant flies for each allele
die at the end of the third instar larval stage or the
beginning of pupariation (Supplementary Material, Fig.
S2A), consistent with previously published data (18).
We next looked for the presence of imaginal discs that
surround the larval brain in the four drosha mutants
(Fig. 3A). Loss of drosha causes indeed a lack of imaginal
disc tissue (Fig. 3A). Strikingly, mutant larvae also exhibit
a severely reduced brain size akin to the microcephaly
reported in the individuals documented here (Fig. 3A and
Supplementary Material, Fig. S2B) (13). This reduction
in brain size is restricted to the brain lobes as the
ventral nerve cord (VNC) is unaffected (Fig. 3A), similar
to mutants of fly Ankle2 (69), a gene that is linked
to microcephaly in human (70,71). In our assay, the
droshaW1123X gllele behaved as the most severe allele,
although all alleles have been reported to be null alleles
(10,18) (Fig. 3A, Supplementary Material, Fig. S1B).

Given that the affected amino acids in both individuals
are conserved in flies, we can introduce mutations
that correspond to the individuals’ variants in the
context of the fly protein to test their functionality
(47). To do this, we used a genomic rescue (GR) trans-
gene that carries the wild-type drosha locus and the
surrounding regulatory elements (72). We mutated
the GR construct to carry the individuals’ variant at
the corresponding residues within the Drosha protein
(human p.Asp1219Gly=fly p.Aspl084Gly and human
p.Arg1342Trp=fly p.Argl210Trp). If the individuals’
variants operate as loss-of-function alleles, we expect
that GR constructs carrying those variants would be
unable to or only partially rescue the drosha null mutant
phenotypes (46,73). To test this hypothesis, we generated
whole eye mutant drosha%!'?3% clones (annotated as
drosha™! in Fig.3) (74-76) and introduced the wild-
type and mutant GR into this background. Consistent
with previous reports, drosha"V!'?3X mutant eyes have
dramatically reduced eye size (Fig. 3B and D) and dis-
organized ommatidia (10) as well as a loss of sensory
bristles that surround the eye. Introduction of the wild-
type GR was able to partially rescue the eye and head
size to approximately 75%-80% of wild-type eye/head
size (Fig. 3B and D). However, the ommatidia remained
somewhat disorganized in the rescue experiment
(Fig. 3B and D). Nevertheless, introduction of the GR with
the p.Asp1084Gly mutation, which mimics individual 1’s
variant, only rescues eye/head size to ~50% of the wild-
type GR, suggesting that the variant behaves as a partial
loss-of-function allele in this assay. Introduction of the
GR containing p.Argl210Trp mutation, corresponding
to the individual 2’s variant, however, was able to
rescue the eye phenotype to a similar extent as the
wild-type GR construct (Fig. 3B and D). Similar to the
wild-type GR construct, the p.R1210W variant exhibited
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Figure 2. DROSHA is variant constrained and its protein structure is highly conserved. (A) Bioinformatics analysis of DROSHA genetic variants from
the gnomAD (59). DROSHA has an observed/expected (o/e) score of 0.24, which suggests that is not tolerant to loss-of-function variants. It also has a
high missense constraint score of 3.98 and is predicted to be very likely dominant by DOMINO (106). (B-D) Protein structure of human (B), fruit fly (C)
and C. elegans (D). DROSHA proteins are highly conserved in the three species, with all proteins containing two Ribonuclease III domains (RIII) and a
single DSRM domain. The residues affected by the patient variants are shown in red in (B) and their corresponding residues are shown in (C-E). Drosha
truncation mutations that have been annotated as null alleles are labeled in black in (C). (E) Conservation of affected patient residues. Both Individual
1 (left) and 2’s (right) variants affect residues that are conserved between humans and flies but only Individual 1's residue is conserved in all three

species.

disorganized ommatidia (Fig. 3B), suggesting that the
p.R1210W variant is not damaging to the function of
fly Drosha in this assay.

To determine whether the reduction in eye size in the
variant GRs was due to a change in expression of drosha,

we assayed drosha expression levels in wild-type and
variant GR flies. We found no significant difference in
expression of drosha between wild-type and the p.D1084G
GR (Supplementary Material, Fig. S2C). This suggests that
the phenotypes we observed with the variant GRs are due
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Figure 3. DROSHA variants damage protein function and are partially able to rescue fly eye/head size defects. (A) Third instar larval brains stained
with DAPI to show nuclei. Control fly larvae (first panel) display a wild-type brain and attached imaginal discs (first panel). Drosha null allele mutants
show dramatically reduced brains as well as a loss of the attached imaginal discs (second-fourth panels). The VNC that can be seen posterior to the
two brain lobes is unaffected. (B) Eye-specific droshaW1123X clones were generated using the ey-GAL4 UAS-FLP/FRT system (74). A fly with clones
of the isogenized FRT42D chromosome (control, first panel) displays wild-type eye size. droshaW1123X (referred to as droshanull in the images for
simplicity, second panel) clones cause both the eye and head size to be reduced. Introduction of a wild-type GR (drosha GR-WT, third panel) construct is
able to partially rescue eye and head size defect. Introduction of a GR construct carrying a mutation that corresponds to Individual 1's variant (drosha
GR-D1084G, fourth panel) has about half of the activity of the wild-type construct in this assay, whereas a GR construct carrying the mutation that
corresponds to Individual 2's variant (drosha GRR1210W, fifth panel) has activity that is similar to the wild-type construct. Results are quantified in
(D). (C) Expression of DROSHA in the drosha mutant eye clones. Droshanull mutant clones (first panel) have reduced eye size as was shown in (A) and
Figure 2D. Expression of wild-type DROSHA (second panel) partially rescues this eye size defect, whereas expression of p.D1219G variant (third panel)
again only has about half of the activity of the reference protein. Expression of p.R1342W variant rescues eye size to 75% of the effect of the reference
protein (fifth panel). Results are quantified in (E). *P < 0.05,**P < 0.001, ***P < 0.0001.
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to a change in the Drosha function as opposed to the
expression level.

To test the molecular impact of the DROSHA variants,
we assayed the expression of three mature miRNAs in
third instar larvae. We measured two mature miRs that
have been shown to be downregulated by Drosha (miR-
8 and miR-14) (20), and one that is upregulated (miR-
289) (20). When we compared the expression of all three
miRs in wild-type GR and Asp1084Gly larvae to wild-type
larvae, we saw no significant change in expression (Sup-
plementary Material, Fig. S2D). These results suggest that
the DROSHA variants in this context may not regulate the
miRNAs tested.

Considering that some variants may have an impact
when tested in the context of the human protein (77,78),
we decided to assess whether we can ‘humanize’ the
drosha gene (46,49,79). To test this, we expressed DROSHA
reference cDNA using the GAL4/UAS system (80) in drosha
mutant eye clones. The reference DROSHA cDNA in oth-
erwise drosha"V!1?3% (null) mutant eye clones partially
rescued the size defect in the eye but not the disor-
ganized ommatidia (Fig. 3C and E), similar to the wild-
type fly drosha GR construct. Expression of p.Asp1219Gly
(individual 1) variant showed a significantly weaker res-
cue effect than the reference protein (~50% function
of the reference protein in this assay) (Fig. 3C and E),
again suggesting that this variant is a partial loss-of
-function. We next expressed the p.Arg1342Trp (individ-
ual 2) variant in drosha™! mutant eyes and found that
this variant is only able to partially suppress the eye size
defect (Fig. 3C and E). Together, we conclude that in the
context of the human DROSHA protein, the p.Asp1219Gly
variant behaves as a partial loss-of-function allele, and
the p.R1342W variant is a weaker loss-of-function allele
than the p.Asp1219Gly variant.

Both affected individuals display progressive white
matter atrophy, suggesting that loss of DROSHA causes
worsening effects over time. To test whether a progres-
sive neural phenotype is associated with these variants,
we generated eye-specific drosha mutant clones using
eyeless-flippase (FLP)/Flippase recognition target (FRT)
(eyFLP) system to investigate the function of drosha in
the aging adult eye (81). This system expresses FLP in ey-
positive cells (eye-antenna imaginal disc cells as well as
about half the brain) and induces mitotic recombination
at transgenic FRT sites located on sister chromosomes in
trans to create clones that are homozygous for the drosha
mutations that are surrounded by wild-type cells (81).
We then conducted electroretinogram (ERG) recordings
(82,83) to measure the ability of the eye to respond to
light. We observed a similar eye/head size defect in
drosha mutants and GRs to what we observed in whole
eye clones (Fig. 4A). ERGs have three characteristic parts,
the on and off transients and the amplitude (82,83). The
on and off transients represent postsynaptic potentials
and the amplitude represents the depolarization of the
photoreceptors (84). To test for progressive defects, we
measured ERGs in 7- and 20-day-old flies (Fig. 4B-E). At
day 7, drosha™! mutants display almost no response to
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light (Fig. 4B and D), probably due to the lack of proper
eye development corresponding to the small eye size in
these mutants (Fig. 4A). The wild-type GR fully rescues
ERG responses at both days 7 and 20 (Fig.4B-E). In
contrast, the Asp1084Gly variant has significant ampli-
tude and off transient defects at day 7 (Fig. 4B and D).
At day 20, these flies also had a significant transient
defect but had no progression in amplitude or off-
transient defects (Fig.4C and E). Consistent with the
rescue of eye size, the Argl210Trp variant was less
severe, showing no statistically significant defects at day
7 (Fig. 4B and D). However, the Argl210Trp flies at day
20 display an ERG defect, with a significant amplitude
defect (Fig. 4C and E). Arg1210Trp flies also have an off
transient defect that approaches significance (P=0.0515).
These defects were still not as severe as the Asp1084Gly
defects at day 20 again, suggesting that the p.Arg1342Trp
variant is less severe than the p.Asp1219Gly variant.
These data suggest that variants in DROSHA can lead
to progressive neuronal dysfunction.

A knock-in of a DROSHA variant in worms
disrupts miRNA expression and causes
heterochronicity

In parallel to the Drosophila studies, we investigated
the impact of the p.Asp1219Gly (Individual 1) muta-
tion on development in C. elegans, as worms have
been extensively used to study miRNA biology (85—
88). We employed the CRISPR/Cas9 genome editing
strategy to knock-in a mutation that is analogous to the
p.Asp1219Gly variant based on homology directed repair
(89). p.Asp1219 is conserved in C. elegans DROSHA (gene
symbol: drsh-1) and corresponds to p.Asp943. Similar to
the human and fly protein, this amino acid lies within
the second Ribonuclease III family domain of DRSH-1
(Supplementary Material, Fig. S3). We introduced the
p.Asp943Gly variant in drsh-1 using CRISPR and animals
were sequence verified and backcrossed five times before
performing any phenotypic analysis (Supplementary
Material, Fig. S4). The p.Asp943Gly substitution, drsh-
1(viz43), is deleterious to C. elegans development as
homozygous animals are inviable at larval stages and
display a unique heterochronic phenotype (Fig.5 and
Supplementary Material, Fig. S5) wherein the animals
display disparate timing of development. This phenotype
is consistent with the phenotypes observed upon loss of
several miRNAs, such aslin-4 and let-7 in C. elegans (16,17).
The drsh-1(viz43) animals do not molt after larval stage
2/3, yet adult structures such as the vulva and gonad
develop in the younger body (Fig. 5B and D, dotted line
and arrowhead), leading to asynchronous development
of the organism as a whole.

To determine whether miRNA processing was affected
in drsh-1(viz43) mutant animals, we assayed for the
generation of two candidate miRNAs, miR-35 and let-
7. miR-35 is a member of the highly conserved miR-35
family of miRNAs that is expressed during worm devel-
opment (15,19,90) and in adulthood (36), and let-7 is a
well-characterized miRNA that regulates developmental
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Figure 4. DROSHA variants can cause progressive neural defects in the fly eye (A) drosha eye-specific mutant clones generated by the eyeless (ey)-
Flippase (FLP) system cause a significant reduction in the size of the eye and head and GR constructs produce similar rescue effects to Figure 3B-E.
(B, C) Representative ERG traces from control (iso) and drosha mutant and GR flies at day 7 (B) and day 20 (C). Quantification in (D) and (E). Drosha
null mutants show effectively no response to light, whereas wild-type GR flies fully respond compared to iso flies (B-E). Droshanull responses were not
quantified at day 20 because no progressive effect could be seen due to the lack of response at day 7. Only D1084G flies show ERG defects at day 7 (B, D)
but both D1084G and R1210W flies show statistically significant defects at day 20 particularly in amplitude (C, E) suggesting that the R1210W variants
lead to a progressive neural defect. Off transient defects in R1210W flies approach significance (P=0.0515). *P < 0.05, **P < 0.001, ***P < 0.0001.

timing (17,88). Using a TagMan assay (91), we assessed
the drsh-1(viz43) heterochronic larvae, wild-type adult
animals and drsh-1(0k369) null adult animals (36,92) for
miR-35 and let-7 expression (Fig. 5E). miR-35 is generated
in wild-type animals, but its expression is not observed

in homozygous drsh-1(ok369) null animals (36) (Fig. S5E).
We observed a complete loss of miR-35 miRNA and a
reduction of let-7 miRNA in the drsh-1(viz43) patient
variant animal, similar to drsh-1(0k369) animals (Fig. SE).
Expression of let-7 was not completely abrogated in
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Figure 5. p.Asp943Gly variant of drsh-1 in C. elegans disrupts miRNA expression and causes heterochronicity. (A, C) Wild-type adult worm with vulva
(dotted line) and gonad (arrowhead) highlighted. (B, D) Age-matched drsh-1(viz43) homozygous mutants that carry Individual 1's variant (p.D943G in
worm Drosha) show a heterochronic phenotype. At adulthood, drsh-1(viz43) mutants are reduced in size due to a failure to molt, yet they display the
adult germline structure (dashed white line) and vulva (arrowhead) similar to wild type (C, D insets). Scale bars =100 um. (E) TagMan assays measure
the expression of miR-35 and let-7, known regulators of C. elegans development (19,107). Homozygous drsh-1(viz43) mutants as well as a null allele
drsh-1(0k369) show reduced let-7 expression and no detectable miR-35 expression. Heterozygote data are presented as the drsh-1 allele over hT2G, a

balancer chromosome.

drsh-1(0k369) mutants and drsh-1(viz43) animals are
‘arrested’ in a molt stage where let-7 would normally
be downregulated (88). Together, these data demonstrate
that the Aspartate to Glycine substitution in the RNase
[Ilb domain of drsh-1 that corresponds to Individual
1’s variant is deleterious to Drosha’s ability to process
miRNAs and impairs development in C. elegans.

Discussion

DROSHA is a key regulator of miRNA biogenesis as a
member of the Microprocessor complex with its partner
DGCR8 (9,26). Neither DROSHA nor DGCR8 have been
connected to Mendelian disease, although somatic vari-
ants in DROSHA have been shown to contribute to the
development of certain cancers (12). Due to the key
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role of DROSHA in initiating miRNA processing (93) and
the clear involvement of miRNAs in many brain-related
functions (94-97), variants disrupting the DROSHA func-
tion are anticipated to be deleterious to the nervous
system. Our findings suggest that de novo missense vari-
ants that impact DROSHA function may cause a severe
progressive neurological disorder. Identification of addi-
tional patients in the future may provide further clinical
and human genetics support for the involvement of these
DROSHA variants in disease.

We tested the expression of a panel of six miRNAs in
patient-derived fibroblasts to determine the impact of
DROSHA variants on miRNA expression in these cells.
To our surprise, we observed that miR98 expression
was increased in DROSHAP!219 fibroblasts, in contrast
to DROSHA variants in cancer, which decrease miRNA
expression (12). We also tested the effect of the DROSHA
variants on miRNA processing by assaying the expression
precursor miRNAs (pre-miRs). While both pre-miRs
tested showed a modest decrease in expression, it was
not significant. This may be due to the low expression
of pre-miRs in the fibroblasts. We similarly observed no
change in expression of a small set of miRNAs in flies.
More sensitive assays that cover a larger set of miRs
and pre-miRs may be required to determine the full
effect of these variants on miRNA processing. In addition,
there is some evidence that DROSHA can regulate gene
expression in a miRNA-independent manner. Drosha has
been shown to bind and cleave some mRNAs (23,98,99).
It is possible that the variants we identified affect the
non-canonical function of DROSHA. Nevertheless, our
results suggest that the variants we identified disrupt the
molecular function of DROSHA but further investigation
is needed to understand the molecular impact of these
variants on both miRNAs and mRNAs.

Our results in model organisms are consistent with
the DROSHA variants acting as partial loss-of-function
alleles, yet in gnomAD (59) there are 20 individuals who
carry loss-of-function variants in DROSHA, suggesting
that loss-of-function may be insufficient to describe the
nature of the variants we identify. A previous report
suggests that missense variants in DROSHA, identified
in mosaic individuals with Wilms tumors, act as
dominant negatives (12). Consistent with the possibility
of antimorphic effect, expression of the human proteins
in drosha mutant background led to a more severe eye
size defect than the same mutations in the fly GR. We
also observe a heterochronic phenotype in worms, not
seen with other alleles of drsh-1 (9). This phenotype is
recessive however, not dominant, suggesting that it may
be an antimorphic recessive allele. It is possible that
these variants behave differently in a context-dependent
manner as has been observed in NOTCH1-4 variants (100).
Further analysis of the molecular impact of DROSHA
variants will be necessary to understand the etiology
of this disease. Regardless, our data clearly show that
the variants we identify are damaging to the function of
DROSHA.

Previously, we have successfully employed different
strategies to assess the function of variants identified in
undiagnosed disease patients (46,49). In these studies, we
typically observed that variants behave similarly when
tested in the context of the human or fly protein. Yet,
in this study, we show that the p.Arg1342Trp variant
behaves as a loss-of-function in the human protein but
in the fly context only has an impact on ERG response
and not eye size (101). This discrepancy highlights the
importance of analyzing the functionality of variants
using multiple strategies and organisms in order to fully
understand the full spectrum of the functional conse-
quence of a human variant. Our results also highlight the
importance of the ‘humanization’ strategy. Identification
of more affected individuals will, in the future, establish
the association with DROSHA, as well as any relationship
between the variants and the phenotype.

It is worth noting that the drsh-1(viz43) worm allele is
the first description of a drsh-1 mutant causing a het-
erochronic phenotype. Previous reports have described
only modest phenotypes associated with zygotic loss of
drsh-1 and have suggested that this is due to the maternal
contribution of drsh-1 (9). It remains unclear how the
drsh-1(viz43) allele produces a more severe phenotype
than a null allele, particularly in light of the fact that the
heterochronic phenotype only appears in drsh-1(viz43)
homozygotes, eliminating the possibility of a strong dom-
inant effect. Regardless of the underlying mechanism,
this data suggests that the affected amino acid plays a
critical role in the function of DROSHA in worms, flies
and humans. Future studies should explore differences
between the alleles we report here and other alleles of
drsh-1 to determine the molecular mechanisms behind
the heterochronic phenotypes caused by the Individual 1
variant in worms.

In summary, we present two individuals with novel
de novo heterozygous missense variants in DROSHA, a
member of the miRNA Microprocessor complex that has
previously not been associated with a human disease.
Animal modeling in Drosophila and C. elegans shows that
both variants damage protein function and suggest the
identification of second Mendelian disease caused by
variants in MIR genes or miRNA processing genes.

Materials and Methods
Contact for reagent and resource sharing

Further information and requests for resources and
reagents should be directed to and will be fulfilled by
the Lead Contact, Hugo J. Bellen (hbellen@bcm.edu).

Demographics, Ascertainment and Diagnoses

Individual 1 is a 3-year 11-month-old Caucasian male
who was evaluated as a participant in the UDN (Fig. 1).
Individual 2 is an unrelated 23-year-old Caucasian
female (Fig. 1) identified through GeneMatcher (44).
Consent for publication was obtained from the parents
of both subjects, and procedures were followed in
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accordance with guidelines specified by Institutional
Review Boards and Ethnic Committees of the respective
institutions.

Experimental model and subject details
Drosophila melanogaster

The following fly lines were used: y w; FRT42Disgenized
(81), drosha®®# (13), drosha®3®¥X (10), drosha™!?3%X (10),
droshaR®®?% (18), drosha-myc GR (18), eyFLP (102), FRT42D
w+GMR-hid cl(2R)* (random recessive cell lethal mutation
on 2R, abbreviated as cl below) (75,103), ey-GAL4 (104),
UAS-FLP (105), droshaP'%4G GR (this study, see below),
drosha®?1%W GR (this study, see below), UAS-DROSHAWT
(this study, see below), UAS-DROSHAP??1%C (this study, see
below) and UAS-DROSHARI3#2W (this study, see below).
All flies were cultured at 22°C, unless otherwise noted,
on standard cornmeal and molasses medium in plastic
vials. Both male and female flies were used in all func-
tional experiments.

Generation of fly stocks

All fly strains used in this study were generated in house,
obtained from the Bloomington Drosophila Stock Center
(BDSC) or are gifts from peer Drosophila researchers.

All transgenic constructs were generated by classical
cloning into the pUAST.attB (106) plasmid. The human
DROSHA cDNA clone (AddGene) corresponding to the
GenBank: NM_013235.5 transcript was used as a refer-
ence. Notl and Xbal sites were added onto the 5 and 3
end of DROSHA, respectively, via PCR with the Q5 enzyme
(NEB), using the following primers: ATATATGCGGCCG-
CACAAAATGATGCAGGGAAACAC, GAGACTGAAGACAT-
CAAGAAATAATCTAGACTCTCT. Variants were generated
by Q5 site-directed mutagenesis (NEB) in the pUAST.attB
vector, and the coding regions were fully sequenced
by Sanger (Genewiz). All expression constructs were
inserted into the VK33 (PBac{y[+]-attP}VK00033) (72)
docking site by ¢C31-mediated transgenesis. FRT42D
drosha®*X and FRT42D drosha"W!'?3%X fly strains were
gifts from Dr Richard Carthew. FRT42D drosha®®®#* and
FRT42D droshaR!3% fly strains were gifts from Dr Nick
Sokol. FRT42D droshaR%?X fly strain and attP2 BDP-drosha-
myc plasmid (drosha GR construct) were gifts from Dr
Eric Lai. The myc tag was removed from the drosha-myc
GR construct. Variants were then generated by Q5 site-
directed mutagenesis of the attP2 BDP-drosha plasmid,
(NEB), fully sequenced in the genomic region of drosha
(Sanger) and subcloned into the pBDP plasmid (107). The
reference and variant drosha GR constructs were injected
into VK33 (PBac{y[+]-attP}VK00033) (72) docking site by
$C31-mediated transgenesis.

Genotypes of Figure 3A: FRT42D iso, drosha®®#,
drosha®@38X | drosha"123X | droshak®0?X; drosha-myc GR.

Genotypes of Figure 3B: FRT42D w + GMR-hid cl(2R)*/
FRT42D iso; ey-GAL4 UAS-FLP/+, FRT42D w + GMR-hid
cl(2R)*/FRT42D droshaW!123%; ey-GAL4 UAS-FLP/+, FRT42D
w + GMR-hid cl(2R)*/FRT42D drosha™W!1?3X; ey-GAL4 UAS-
FLP/drosha’T GR, FRT42D w+ GMR-hid cl(2R)*/FRT42D
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droshaW1123X; ey-GAL4 UAS-FLP/droshaPl%®%G GR, FRT42D
w+ GMR-hid cl(2R)*/FRT42D drosha™'1?3X; ey-GAL4 UAS-
FLP/droshaR'?1%W GR.

Genotypes of Figure 3C: FRT42D w + GMR-hid cl(2R)*/

FRT42D drosha%1123X; ey-GAL4 UAS-FLP/+, FRT42D w + GMR-

hid cl(2R)*/FRT42D droshaV1'?3X; ey-GAL4 UAS-FLP/UAS-
Drosha™T, FRT42D w + GMR-hid cl(2R)*/FRT42D drosha"*123X;
ey-GAL4 UAS-FLP/UAS-DroshaP*?196.

Figure 4A—C: eyFLP/+; FRT42D w+cl/FRT42D iso,
eyFLP/+; FRT42D w +cl/FRT42D drosha"11?3X, eyFLP/+;
FRT42D w+cl/FRT42D dDrosha%1123X;  drosha%T-GR/+,
eyFLP/+; FRT42D w + cl/FRT42D drosha"11?*%; droshaP?0846
GR/+, eyFLP/+; FRT42D w+cl/FRT42D drosha"!123%;
droshaRt?!oW GR/+.

Note that in Figures 3 and 4 drosha"V123% is referred to
as drosha™! for simplicity.

Confocal microscopy for larval brains

Larval brains and imaginal discs of third instar larvae
were dissected in 1x PBS and fixed in 3.7% formaldehyde
in PNS for 20 min at room temperature. The samples were
then washed in 0.2% Triton X-100 and were then stained
with DAPI (Invitrogen, Life Technologies, Grand Island,
NY) for 15 min and mounted in Vectashield (Vector Labs,
Burlingame, CA) and imaged with a Zeiss LSM880 confo-
cal microscope and processed using Image J.

Imaging of fly eyes

Images of the Drosophila eyes were taken using a digital
camera (MicroFire; Olympus) mounted on a stereomicro-
scope (MZ16; Leica) using ImagePro Plus 5.0 acquisition
software (Media Cybernetics). The ‘extended depth of
field’ function of the AxioVision software was used to
obtain stack images by focus stacking.

Quantification of brain lobe and eye area and
statistical analyses

Third instar larval brain and adult eye sizes were mea-
sured using ImageJ (https://imagej.nih.gov/ij/). The area
of both brain lobes was summed from a single slice at the
middle of the brain to produce a brain size measurement.
Adult eyes were measured around the border of the eye.
One eye was selected at random to be measured. At least
five flies were measured for each genotype. Statistical
analysis was conducted using a pairwise Student’s T-test.

C. elegans strains and details

C. elegans were cultured using standard conditions of
20°C. The following alleles were used in this study:
N2 (wild-type), AUM1296 drsh-1(ok369)/balancer I, drsh-
1(0k369) I derived from AUM1296 balanced parents,
AUM1529b drsh-1(viz43)/balancer I and drsh-1(viz43) I
derived from AUM1529b balanced parents. hT,GFP[bli-
4(e937)let-7(q782)qls48)] L;III was used as the balancer.

CRISPR/Cas9-mediated genome editing

The drsh-1(viz43) mutation was generated via CRISPR/
Cas9-based genome editing utilizing the Co-CRISPR
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method developed by (89). A mix containing 10 ug/ul
Cas9 protein (PNA Bio inc.), 0.17 mM universal tractrRNA
(AACAGCAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAU-
CAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU,
Dharmacon), 0.6 mmol dpy-10 ctRNA (GCUACCAUAG-
GCACCACGAGGUUUUAGAGCUAUGCUGUUUUG, Dhar-
macon), 16 um dpy-10 ssODN (CACTTGAACTTCAATACG-
GCAAGATGAGAATGACTGGAAACCGTACCGCATGCGGT-
GCCTATGGTAGCGGAGCTTCACATGGCTTCAGACCAACA
GCCTAT, Sigma-Aldrich), 0.6 mmol custom target gene
gRNAs (UCUUGUCGAAGCAUUUAUGUUUUAGAGCUAUG
CUGUUUUG and CACCAGAGUUGAAACUAAGUUUUA-
GAGCUAUGCUGUUUUG, Dharmacon), 10 pmol ssODN
gene repair template (AAAAGCACCTTATAAAACACCAGA
GTTGAAGCTGAAAGATAAAGCAGGTCTTGTCGAGGCGT
TCATAGGAGCTCTTTATGTAGATCGTGGAATCGAG,
Sigma-Aldrich), 1 M KCl and 200 mm HEPES pH 7.4
was injected into N2 young adults. The ssODN gene
repair template was designed to carry the aspartate to
glycine edit (red underlined letter in ssODN sequence). In
addition, to facilitate screening of the mutant animals,
a restriction enzyme site for Bglll was removed in the
ssODN gene repair template (the same mutation as
aspartate to glycine edit, red letter in ssODN sequence).
Additional silent mutations were added to the repair
template (bold letters in ssODN sequence) to prevent
recutting by the Cas9 enzyme. Injected PO animals were
allowed to lay progeny and F1 animals that displayed a
rolling or dumpy phenotype [due to Co-CRISPR edit of
dpy-10 as described previously (89)] were individually
cloned to fresh plates. The F1 animals were then
allowed to mature and lay F2 progeny. The F1 parents
were then analyzed by PCR and overnight restriction
digestion to identify animals that carried the Aspartate
to Glycine edit and removal of the Bglll restriction site.
F1 heterozygous parents were identified based on the
restriction digestion banding patterns (Supplementary
Material, Fig. S2A). F2 progeny was then balanced over
a balancer chromosome, sequenced verified for the edit
(Supplementary Material, Fig. S2B) and backcrossed five
times to wild-type (N2) worms prior to analysis.

drsh-1(viz43) heterochronic mutant
characterization

Differences in development were observed by allowing
five wild-type adult hermaphrodites and five heterozy-
gous drsh-1(viz43)/balancer adult hermaphrodites to lay
embryos on an NGM (Normal Growth Medium) plate with
OP50 bacteria for 3 h. The mothers were removed from
the plate and progeny development was observed and
recorded at various time points at 20°C. Wild-type and
drsh-1(viz43) homozygous animals were imaged using
DIC (Zeiss Axio Imager.M?2) at 29 h post lay, 41 h post
lay, 50 h post lay and 73 h post lay, corresponding to the
developmental stages of early L2, mid L3, early L4 and
adulthood in wild-type worms. Additional live images
of animals that were >96 h post lay were taken on a
dissecting microscope (Nikon AZ100).

TagMan analysis for detection of mature miRNAs
and pre-miRs

100 animals or a confluent 10 cm plate of cells for each
indicated genotype was collected into TRIZOL Reagent
(Invitrogen) for C. elegans, and human fibroblasts were
grown in six-well plates and collected with TRIZOL. Three
biological replicates were performed for each genotype,
and each biological replicate had four technical repli-
cates. Total RNA was purified from TRIZOL extraction
using the miRNAeasy Mini Kit (Qiagen). Complemen-
tary DNA was generated using custom TagMan assay
primers for cel-miR-35-3p, cel-let-7-3p, aae-miR-8, dme-
miR-14-5p, dme-miR-289, hsa-miR-98-5p, hsa-let-7a-5p,
hsa-let-7c-5p, hsa-let-7d-5p, hsa-let-7f-5p, hsa-let-7g-5p,
Hs04231436_s1 (pre-miR-98), Hs04231412_s1 (pre-let7c),
U18 and U6 snRNA (Applied Biosystems) from 10 ng of
total RNA. gRT-PCR analysis was performed using spe-
cific TagMan assays for each RNA using manufacturer
protocols (Applied Biosystems). Expression levels were
standardized to the U6 or U18 snRNA positive control and
then to wild type using the AAC; method for standard-
ization.

qRT-PCR for expression of drosha in flies

Three larvae were collected per genotype and placed in
TRIZOL reagent. Larvae were ground with a mortar and
pestle and homogenized with QIAShredder kit (Qiagen).
Total RNA was extracted using the miRNAeasy Mini Kit
(Qiagen). cDNA was generated using a Superscript IV
Reverse Transcription Kit (Fisher). RT-PCR was performed
using SYBR™ Green PCR Master Mix (Fisher). Primers
were as follows: Act5c-F GGCGCAGAGCAAGCGTGGTA,
Act5c-R GGGTGCCACACGCAGCTCAT, drosha-F CCCAA-
GAGTCCAACAATGCC and drosha-R TCTTTAATCG-
GCGCTTGCAC. Expression levels were standardized to
the expression of Act5c positive control using the AAC;
method for standardization.

Generation and culturing of fibroblasts

The 3 mm skin punch was used to biopsy three pieces of
skin from the anterior thigh. The cells were cultured and
stored frozen in liquid nitrogen. A culture was thawed,
expanded and DNA was extracted for RNA sequencing.

Fibroblasts were cultured in DMEM + GlutaMax
(Gibco), 10% FBS and Penicillin/Streptinomycin (Gibco)
at 37°C with 5% CO,. Total RNA was extracted at passage
9 from control and DROSHAP?1%C fibroblasts.

Quantification and statistical analysis for miRNA
expression analysis

Statistics for eye size assay were conducted using pair-
wise Student’s T-test, *P < 0.05, **P < 0.001, ***P < 0.0001.
Statistics for the TagMan assay were run using Prism 7.
Statistical details for each experiment can be found in
the figure legends. Significance was defined as P <0.05
for each analysis used.
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