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Abstract

The Polycomb group (PcG) gene RNF2 (RING2) encodes a catalytic subunit of the Polycomb repressive complex 1 (PRC1), an
evolutionarily conserved machinery that post-translationally modifies chromatin to maintain epigenetic transcriptional
repressive states of target genes including Hox genes. Here, we describe two individuals, each with rare de novo missense
variants in RNF2. Their phenotypes include intrauterine growth retardation, severe intellectual disabilities, behavioral
problems, seizures, feeding difficulties and dysmorphic features. Population genomics data suggest that RNF2 is highly
constrained for loss-of-function (LoF) and missense variants, and both p.R70H and p.S82R variants have not been reported to
date. Structural analyses of the two alleles indicate that these changes likely impact the interaction between RNF2 and
BMI1, another PRC1 subunit or its substrate Histone H2A, respectively. Finally, we provide functional data in Drosophila that
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these two missense variants behave as LoF alleles in vivo. The evidence provide support for deleterious alleles in RNF2 being
associated with a new and recognizable genetic disorder. This tentative gene-disease association in addition to the 12
previously identified disorders caused by PcG genes attests to the importance of these chromatin regulators in Mendelian

disorders.

Introduction

The Polycomb Group (PcG) genes were originally identified
in the fruit fly Drosophila melanogaster as a set of genes
that cause subtle homeotic transformation phenotypes when
mutated (1). Mechanistic studies in this model organism as well
as identification of orthologous genes in vertebrate species
revealed that PcG genes encode evolutionarily conserved
chromatin regulators that play many roles developmentally
and post-developmentally. PcG can be further subdivided into
genes that encode proteins that form Polycomb repressive
complex 1 (PRC1) or PRC2 (Table1 and Fig. S1). First, PRC2
complex is recruited to PcG target sites through the help of Pho
repressive complex (Pho-RC), which recognizes DNA sequences
that contain Polycomb response elements. Upon recruitment,
PRC2 catalyzes H3K27 tri-methylation, a post-translational
histone modification that further recruits PRC1 to interact with
chromatin (2). The core component of the PRC1 complex is a
RNF [RING (Really Interesting New Gene) Finger| protein that is
encoded by a single gene [Sex comb extra (Sce)] in Drosophila and
two genes (RNF1 and RNF2, also referred to as RING1/RING1A
and RING2/RINGIB, respectively) in human (3,4). These RNF
proteins are E3 ubiquitin ligases that monoubiquitinate K119
of Histone H2A (5), an epigenetic mark that further facilitates
transcriptional repression of PcG targets such as Hox genes that
play critical roles in development.

There are currently no reports of RNF2-associated disorders
in humans, but a de novo missense (p.Arg95GIn) variant in RNF1
has been reported in a child with a syndromic neurodevelop-
mental phenotype including microcephaly, intellectual disability
and adolescent-onset psychosis (6). In vitro experiments demon-
strated that the resulting protein was defective in its ability to
ubiquitylate histone H2A in nucleosomes, and studies in patient
cells similarly showed decreased monoubiquitylation of Histone
H2A. By mutating the equivalent residue in the orthologous
gene in Caenorhabditis elegans (C. elegans), the authors of this
study further demonstrated that this allele can cause a neuronal
migration defect in a dominant fashion, indicating a critical role
of RNF1/RING1 in neurodevelopment in worms and potentially
in humans.

Histone ubiquitination mediated by PRC1 can be removed
by Polycomb repressive deubiquitinases (PR-Dub), which con-
sists of a catalytically active ubiquitin hydrolase (e.g. BAP1 in
human) and adaptor proteins (e.g. ASXL1-3 in human) (Fig. S1)
(7). Interestingly, 12 out of 28 PcG-related genes are linked to
rare Mendelian disorders, 11 of which affect the nervous system
(Table 1). Eleven PcG-related genes including Rnf2 have been
reported to display neurodevelopmental or neurological pheno-
types when knocked out in mice (Table S1), suggesting that PcG
play critical roles in nervous system development and function
in mammals. Through the Undiagnosed Diseases Network (UDN)
(8), we previously reported patients with rare de novo variants in
ASXL2 that are associated with a series of neurodevelopmen-
tal phenotypes including delayed psychomotor development,
intellectual disability, hypotonia and macrocephaly (9). Here, we

describe a proband identified in the UDN with a rare damag-
ing de novo variant in RNF2, and a second individual with an
overlapping phenotype identified through matchmaking efforts.

Results

Individual 1 was referred to the UDN (https://undiagnosed.hms.
harvard.edu) at 11 years of age because of distinctive facial
features, pilomatrixoma on the cheek, failure to thrive requiring
gastrostomy, global developmental delays, intellectual disabil-
ity, microcephaly, hypotonia, epilepsy and abnormal behaviors
(breath holding, stereotypic hand movements/flapping, severe
anxiety) (Fig. 1 and Table 2). The family history was unremark-
able.

On examination at age 11 years, she had microcephaly
(50.4 cm, 1st percentile) and height and weight were between
the 25th-50th percentile (Table 2). Distinctive facial features
included a depressed nasal bridge, arched eyebrows, deep
set and hyperteloric eyes, upturned and broad nose, short
philtrum, prominent lips, prominent and wide mouth, and wide-
spaced incisors (Fig. 1). Her hands appeared small with tapered
fingers (6th percentile), and the feet were short as well (<1st
percentile). Hypotonia in the upper extremities, increased tone
in the hamstrings, generalized hyperreflexia with multi-beat
clonus and lordotic posture while walking were noted. A brain
magnetic resonance imaging revealed significantly delayed
myelination at ages 4 years and 9 months. Muscle biopsy at
11 years of age showed type 1 fiber predominance in the context
of increased variation in fiber diameter, indicating a chronic
neuromuscular insult. Additional clinical details are provided in
the Supplementary Data.

Gene sequencing and deletion/duplication analysis for Rett
syndrome (MECP2, CDKL5), Cornelia de Lange syndrome (NIPBL),
Pitt-Hopkins syndrome (TCF4, NRXN1), gene sequencing for
Kleefstra syndrome (EHMT1) and Angelman syndrome (UBE3A)
and gene methylation and fluorescence in situ hybridization
(FISH) testing for Prader-Willi and Angelman syndromes had
been negative. Metabolic screening was normal. Research-based
trio exome sequencing (ES) in 2014 and trio genome sequencing
(GS) at a commercial laboratory in 2016 were non-diagnostic
(Table S2). The de novo missense variant in RNF2 [Chr1:185060832
G>A, NM_007212.3:¢c.209G>A, p.Arg70His (p.R70H)] identified on
reanalysis of GS data through the UDN was absent from gnomAD
(10) and predicted to be damaging (PolyPhen2: 0.99, CADD: 26.5,
REVEL: 0.77). RNF2 is likely to be a haploinsufficient gene since it
is intolerant to loss-of-function (LoF) mutations [pLI score of 1,
and o/e score of 0 (LoF observed/expected upper bound fraction:
0.17) in gnomAD]. In addition, missense alleles in this gene are
constrained with a z score of 2.52 (o/e for missense alleles: 0.48)
in gnomAD, suggesting that deleterious variants in this gene
may be under selective pressure in the population.

To identify additional patients with rare de novo variants in
RNF2, we utilized GeneMatcher (11) and identified a 2-year-old
female (Individual 2) with overlapping clinical features (Table 2).
Similar to Individual 1, she has global developmental delays,
intellectual disability, hypotonia, epilepsy, feeding difficulty and
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Table 1. Polycomb group and related genes in Drosophila and human, and their links to Mendelian diseases with neurological presentations
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Protein complex  Drosophila Human DIOPT score Mendelian diseases (OMIM#, Neurologic
gene(s) ortholog(s) (Max =15) inheritance pattern) symptoms?
PRC1 Pc CBX2 5 46XY sex reversal 5 (#613080, No
AR...Single case)
CBX4 6 - -
CBX6 8 — —
CBX7 5 - -
CBX8 8 — —
ph-d/ph-p PHC1 6 (ph-d) 7 (ph-p) Autosomal Recessive Primary Yes
Microcephaly 11 (#615414, AR)
PHC2 8 (ph-d) 8 (ph-p) - -
PHC3 7 (ph-d) 9 (ph-p) - —
Psc BMI1 7 - -
PCGF2 6 Turnpenny-Fry syndrome (#618371, Yes
AD)
PCGF5 3 — —
Sce RNF1 13 Syndromic neurodevelopmental Yes
disabilities (N/A, AD... Single case)
RNF2 14 This study Yes
PRC2 Caf1-55 RBBP4 13 — —
RBBP7 10 - -
E(2) EZH1 12 - -
EZH2 15 Weaver syndrome (#277590, AD) Yes
esc EED 13 Cohen-Gibson syndrome (#617561, Yes
AD)
Su(z)12 SUZ12 15 Imagawa-Matsumoto syndrome Yes
(#618786, AD)
Pho-RC pho/phol YY1 10 (pho) 5 (phol) Gabriele-de Vries syndrome (#617557, Yes
AD)
YY2 8 (pho) 5 (phol) - -
ZFP42 6 (pho) 4 (phol) - -
Sfmbt L3MBTL2 10 — —
MBTD1 13 - -
PR-Dub Asx ASXL1 9 Bohring-Opitz syndrome (#605039, Yes
AD)
ASXL2 9 Shashi-Pena syndrome (#617190, AD) Yes
ASXL3 9 Bainbridge-Ropers syndrome Yes
(#615485, AD)
calypso BAP1 13 Tumor predisposition syndrome Yes

(#614327, AD)

abnormal behaviors (hand stereotypies). On examination at
3.5 years, growth parameters were within normal limits (10-25th
percentile). Distinctive facial features included almond shape
eyes with everted lower eyelid, long eyelashes, hypertelorism,
smallmouth and dysplastic ears (Fig.1). Brain imaging at
3 months demonstrated significantly delayed myelination but
at 12 months was considered normal. Additional clinical details
are provided in the Supplementary Data.

Previous genetic testing for Individual 2 included a panel
of 90 genes for epilepsy (negative result, see Supplementary
Data) and a karyotype which revealed a t(8;11) translocation
without genomic rearrangement that was inherited from the
patient’s mother according to a single nucleotide polymor-
phism array. A de novo variant in RNF2 [Chr1:185060869 T>G,
NM_007212.3:¢c.246T>G p.Ser82Arg (p.S82R)] identified through
ES (Table S2) was absent from internal controls (3227 exomes,
Genetics department, Pitié-Salpétriere Hospital) and gnomAD
(10). This variant was also predicted to be damaging (PolyPhen2:
0.92, CADD: 23.3, REVEL: 0.595) with slightly weaker damage
prediction scores compared with the variant found in Individual

1. It is important to note that a p.S82N variant (Chr1:185060868
G>A) affecting the same residue as p.S82R was reported in
three out of ~120000 individuals in gnomAD. Because the
pathogenicity prediction score of this variant seen in the control
population (PolyPhen2: 0.36, CADD: 24.0, REVEL: 0.389) was
similar as the variants found in Individuals 1 and 2, we decided
to functionally characterize it in this study along with the two
de novo missense variants identified in our cohort.

RNF2 and RNF1 share two highly conserved domains; N-
terminal RING domain and C-terminal Ring finger And WD40
Ubiquitin-Like (RAWUL) domain (Fig. 2A) (12). The RING domain
is stabilized by chelation of Zn?* that involves conserved cys-
teine and histidine residues within the zinc finger motif, which
has the consensus sequence of ‘C-X2-C-X[9-39]-C-X[1-3]-H-X[2-
3-C-X2-C-X[4-48]-C-X2-C’. The RING domain also helps RNF2 to
interact with BMI1, another essential component of PRC1 that is
required for its E3 ubiquitin ligase activity (13). Both p.R70H and
p-S82R variants affect residues within the zinc finger motif that
are highly conserved across vertebrate and invertebrate species
(Fig. 2B).
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Figure 1. Facial photographs of two individuals with de novo missense variants in RNF2. The two probands demonstrate hypertelorism, upturned nose and short
philtrum. Individual 1 also has arched eyebrows, prominent and wide mouth and wide-spaced incisors. Individual 2 has almond-shaped eyes and dysplastic ears. (A
and B) Individual 1 at 11 years, 8 months. (C) Individual 1 at 14 years, 8 months. (D) Individual 2 at 2 years. (E and F) Individual 2 at 3 years, 6 months.

The structural basis by which RNF2 recognizes its substrate
Histone H2A and residues that participate in key inter-/intra-
molecular interactions of this molecular complex have been
elucidated based on a crystal structure of the entire PRC1 (14). In
this structural model, p.R70 mutated in Individual 1 is a crucial
residue that contributes to RNF2-BMI1 interaction that stabilizes
PRC1 (Fig. 2C and D). p.R70 interacts with four other residues by a
set of hydrogen bonding and salt bridges, involving the backbone
of p.L68 and side chain of p.D103 on RNF2, as well as p.D72
and p.T74 on BMI1 (Fig. 2D). Interestingly, a mutant allele of Sce
(Sex combs extra), the Drosophila gene orthologous to both RNF1
and RNF2, isolated from a random chemical mutagenesis screen
using ethyl methanesulfonate was found to carry a missense
mutation in the homologous residue in the fly Sce protein (3).
This allele, Sce®*™?, carries a p.R65C variant that corresponds to
p-R70C in human RNF2 and behaves as a strong LoF allele. Bio-
chemical studies have revealed that this variant affects ubiquitin
ligase activity of PRC1 without affecting the stability of fly Sce as
well as human RNF2 (5), demonstrating the importance of this
specific residue.

p-S82 mutated in Individual 2 is located at the distal end of
a crucial o-helix (a.a. 72-82) that contributes to both Zn?* inter-
action and substrate binding (14). The hydroxy group of p.S582
interacts with the backbones of p.T78 and p.S82 by hydrogen
bonds to stabilize this «-helix structure as a capping residue
(Fig. 2E). Moreover, through in vitro mutagenesis-based structure—
function studies, the adjacent p.R81 residue was identified as
a critical amino acid for RNF2’s ability to ubiquitinate Histone
H2A (5). On the crystal structure, p.R81 directly interacts with
p.D72 of H2A and p.T78 of RNF2 by hydrogen bonds (Fig. 2E). The
p-S82R variant identified in Individual 2 introduces an additional

Arginine immediately next to the critical p.R81, which is pre-
dicted to destabilize the a-helix structure and further disrupt the
interaction between RNF2-H2A.

To assess whether the de novo missense variants seen in
our two patients affect RNF2 function, we performed functional
assays in Drosophila using a number of genetic tools illustrated
in Figure 3A. First, we generated genomic rescue (GR) transgenic
lines that express wild-type (GR-WT), p.R65H (GR-R65H, anal-
ogous to p.R70H variant in Individual 1) or p.S77R (GR-S77R,
analogous to p.S82R in Individual 2) under the control of Sce
regulatory elements (15). We also generated a GR transgene
that expresses Sce with a p.S77N variant (GR-S77N), which is
analogous to the p.S82N variant observed in gnomAD affecting
the same residue as the variant identified in Individual 2. We
introduced these transgenes into an identical genomic location
using phiC31-mediated transgenesis system in the same genetic
background to avoid positional effects (16). In contrast to the GR-
WT that rescues the recessive lethality associated with loss of Sce
[homozygous SceX (null allele) flies (17) as well as transheterozy-
gous SceX0/Sce® M2 flies (3)] with an efficiency close to Mendelian
ratio, the GR-R65H and GR-S77R transgenes failed to produce any
viable progeny, demonstrating that variants in fly Sce analogous
to the two RNF2 alleles found in the two patients are strong
LoF allele (Fig. 3B). Interestingly, the GR-S77N transgene was able
to rescue the lethality of both SceX° and SceX®/Sce**™? animals
(Fig. 3B), suggesting that this rare variant found in a control
population is unlikely to be affecting an essential function of
RNF2.

To further investigate whether our variants of interest in
RNF2 affect a phenotype that relates to the epigenetic regulatory
function of PRC1, we assessed the ability of the reference and
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Table 2. Clinical features for subjects with de novo RNF2 missense variants

Individual 1

Individual 2

Age
Gender
RNF?2 variant

Prenatal
Birth parameters

Dysmorphic features

Current growth parameters

Developmental delay/intellectual
disability

Neurological

Abnormal behaviors

Brain imaging

Ophthalmologic
Gl/Feeding

Other

11 years

F

NM_007212.3:c.209G>A
Chr1(GRCh37):g:185060832 G>A p.(Arg70His)
IUGR, oligohydramnios

Length: 48.3 cm (50%)

Weight: 2381 g (50%)

OFC: 29 cm (<1%)

(36 weeks GA)

Depressed nasal bridge, arched eyebrows,
deep set and hyperteloric eyes, upturned and
broad nose, short philtrum, prominent lips,
prominent and wide mouth, wide-spaced
incisors, very small hands and feet

Height: 141.8 cm (25th percentile)

Weight: 36.3 kg (25-50th percentile)

OFC: 50.4 cm (1st percentile)

Severe

Seizures, hypotonia, hyperreflexia

Episodic irritability, self-injurious behaviors,
severe sleep disturbance

Diffuse loss of white matter with normal
myelination at 15 months; Abnormal white
matter signal and diminished subcortical WM
volume, focal T2 hypointense, T1 isointense
right frontal lobe subcortical WM at 10 years
Strabismus, exotropia, astigmatism

Feeding difficulties and failure to thrive
requiring gastrostomy at 21 months,
omphalomesenteric duct cyst

Very small ear canals, frequent ear infections,
mild tricuspid regurgitation, pilomatrixomas

3.5 years

F

NM_007212.3:c.246T>G
Chr1(GRCh37):g.185060869T>G p.(Ser82Arg)
IUGR

Length: 44.5 cm

Weight: 2330 g

OFC: 31.5cm

(39 weeks GA)

Almond shaped eyes with everted lower
eyelid, long eyelashes, hypertelorism,
smallmouth, dysplastic ears

Height: 93 cm (10-25th percentile)
Weight: 13.4 kg (25th percentile)
OFC: 48 cm (10-25th percentile)
Severe

Seizures, axial and limb hypotonia
Hand stereotypies

Possible delayed myelination at 3 months;
normal at 12 months

Strabismus, exotropia
Feeding difficulties with persistent dysphagia,
gastrointestinal dysmotility and reflux

Umbilical hernia

on cheek and ear

variant GR constructs to suppress a homeotic transformation
phenotype in the fly thorax caused by reduction of Sce function.
A previous study has shown that an antimorphic (dominant-
negative) allele of Sce (Sce') that carries a C-terminal 113 a.a.
deletion (3) genetically interacts with LoF alleles of grainy head
(grh, orthologous to GRHLI-3 in human) to cause a homeotic
transformation phenotype in thoracic segments. In flies that
are double heterozygous for these two mutations, some cells
in their second and third thoracic segments acquire the fate
of the first thoracic segment because of the misregulation of
Hox genes (18). This phenotype can be easily visualized and
quantified by counting the number of legs that carry sex combs,
a male-specific anatomical structure used for copulation that
is only present on the first pair of legs in WT animals (Fig. 3C).
We confirmed that upon reduction of PcG function as seen in a
grhMios134/ 4+ Scel/+ double heterozygous mutants [grhiM%13 is a
gene trap LoF allele of grh generated using the MiMIC technology
(19,20)], second (L2) and third legs (L3) of these flies acquire
morphological characters of the first leg (L1) that are evident
by ectopic formation of additional sex combs. Similar to results
obtained from functional studies based on rescue of lethality,
we found that the GR-WT transgene of Sce fully suppresses
the homeotic transformation phenotype in grhM%134/4; Scel/+
flies, whereas GR-R65H failed to do so (Fig. 3D). Interestingly,
GR-S77R was able to partially suppress this defect, suggesting
that the RNF2 variant found in Individual 2 (p.S82R) behaves

as a hypomorph in this assay while the variant in Individual 1
(p.R70H) behaves as an amorph. Importantly, GR-S77N identified
in gnomAD behaves as a WT allele (isomorph), similar to what
we observed in rescue assays of lethality. This suggests that
the gain of Arginine rather than the loss of Serine is likely to
be responsible for the partial loss of RNF2 function caused by
the p.S82R variant in Individual 2. It is important to note that
unlike the antimorphic Sce! mutant, LoF alleles of Sce (Sce*° and
Sce33M2) do not display any homeotic transformation defects in
a grhMi05134/4 background (Fig. 3D). Because further introduction
of GR-R65H or GR-S77R transgenes into this genetic background
also do not cause any homeotic transformation defects, these
data indicate that the two patient variants do not behave as
antimorphic alleles, providing further evidence that the two
patient variants are LoF rather than dominant negative alleles.

Discussion

Here, we present preliminary evidence for a new PRC1 gene,
RNF2, to be implicated in a Mendelian disorder with a rec-
ognizable clinical phenotype. We report two probands with
concordant features of severe intellectual disabilities, epilepsy,
feeding difficulties, dysmorphic features, delayed myelination
on brain imaging and multiple behavioral symptoms (Fig.1
and Table 2). In addition to the cases, we report here and a
patient recently described to carry a deleterious RNF1 variant
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A R70H Zn interacting motif

RNF2

(Human)  s82R RING domain RAWUL domain
R65
) S77R
B The RING finger domain Zn interacting motif:
Gene Species C-X2-C-X[9-39]-C-X[1-3]-H-X[2-3]-C-X2-C-X[4-48]-C-X2-C
RNF2 Human CPICLDMLKNTMTTKECLHRFCADCIITA-LRSGNKECPTC
Rnf2 Mouse CPICLDMLKNTMTTKECLHRFCADCIITA-LRSGNKECPTC
rnf2 Zebrafish | CPICLDMLKNTMTTKECLHRFCADCIITA-LRSGNKECPTC
Sce Fly CPICLDMLKKTMTTKECLHRFCSDCIVTA-LRSGNKECPTC
spat-3 Worm CDVCQELIQGSIMTKKCGHRFCDQCILVAFMRSGN-TCPTC
p.R70HT 1p.S82R

Figure 2. p.R70H and p.S82R variants affect evolutionarily conserved amino acids within the RING finger domain Zn interacting motif that is crucial for molecular
interactions in PRC1. (A) Domain structure of human RNF2 and Drosophila Sce proteins. Variants identified in the Patients (p.R70H and p.S82R) and their corresponding
amino acids in the fly protein are shown with a star. (B) Sequence alignments of the RING finger domain Zn2™ interacting motif of RNF2 orthologs in human (Homo
sapiens), mouse (Mus musculus), zebrafish (Danio rerio), fruit fly (Drosophila melanogaster) and worm (Caenorhabditis elegans). (C) Structural model of the Polycomb repressive
complex 1 (PRC1, PDB ID: 4R8P) highlighting RNF2 in blue, BMI1 in purple, Histone H2A in pink and DNA in orange. The backbone of DNA is shown orange. (D) Arginine
70 (p.R70) interaction network at RNF2 and BMI1 interface with key residues shown in sticks presentation. The hydrogen bonds and salt bridges are shown as green
dotted lines connecting to p.R70. (E) Serine 82 (p.S82) which forms hydrogen bonds to stabilize the «-helix as a capping residue and Arginine 81 (p.S81) interaction
network at RNF2 and Histone H2A interface with key residues shown in sticks presentation. The hydrogen bonds and salt bridges are shown as green dotted lines.
RING, really interesting new gene; RAWUL, ring finger and WD40 ubiquitin-like).

with a novel neurodevelopmental disorder (6), two Mendelian
disorders with neurological presentation have been previously
described in association with genes that encode subunits of the
PRC1 complex (Table 1). Autosomal dominant Turnpenny-Fry
syndrome (MIM #618371) is caused by de novo variants in PCGF2,
and affected individuals have global developmental delays, intel-
lectual disability, impaired growth, and recognizable dysmorphic
features (21). Autosomal recessive primary microcephaly 11

(MIM #615414) is associated with biallelic variants in PHC1 in
a single family, and affected individuals have microcephaly, low
normal cognition and short stature (22). In addition in mice,
knockout of two PRC1 genes (Cbx4 and Bmil) that have yet to be
linked to Mendelian diseases in human have been reported to
exhibit neurological phenotypes (Table S1). This indicates PRC1
genes play critical roles in nervous system development and/or
function in human.
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No GR | GR-WT | GR-R65H | GR-S77R | GR-S77N
mutant
grh/+; Sce'/+ 5.7 2 5.8
grh/+; Sceko/+ 2 2 2 2
grh/+; Sce33M2/+ 2 2 2

Figure 3. Drosophila lethality and homeotic transformation phenotype rescue experiments demonstrate that mutations in Sce corresponding to patient variants in RNF2
are LoF alleles. (A) A schematic diagram of the Drosophila Sce locus [third chromosome right arm (3R)] and the genomic rescue (GR) constructs inserted on chromosome
2 (VK37) of the fly. The relative locations of the mutations/variants used/studied in this work are shown using the Sce gene or GR constructs, respectively. (B) Lethality
rescue experiments in Drosophila of recessive lethal Sce alleles using GR-WT or variant (GR-R65H, GR-S77R, GR-S77N) Sce protein. GR-WT and GR-S77N (gnomAD variant)
are able to rescue the lethality caused by loss of Sce function, whereas GR-R65H and GR-S77R variants fail to do so. (C) A diagram and photographs of Drosophila legs
from WT and grhMI05134/,: Scel /1 male flies. Endogenous or ectopic sex combs are shown using blue or red arrows, respectively. A WT fly always has two sex combs
(one on each L1), whereas grhM05134/1: Scel/+ male flies develop ectopic sex combs in L2 and L3 legs at high frequency. (D) Average number of legs with sex combs
per animal in grhMI05134/+ 5cel/+ male flies with or without WT or variant genomic transgenes. We scored all six legs per fly for the presence of sex combs. GR-WT
and GR-S77N (gnomAD variant) are able to rescue the ectopic sex comb phenotype in grhMI05134/+; scel/+ double heterozygous flies, whereas GR-R65H fail to do so.

GR-S77R has weak activity in this assay. Note that while the antimorphic Sce! genetically interacts with grhM95134 to induce ectopic sex combs in most legs, LoF Sce

alleles (SceK© and Sce33M2) do not show this defect. Further introduction of genomic rescue transgenes that express WT or variant Sce also do not modify this phenotype
in grhMI05134/ 1 - 5ceKO/y and grhMI05134 /. 5ce33M2/4 animals.

To study the functional consequence of the two candidate
de novo missense variants in RNF2 that were prioritized in our
two probands, we performed functional assays in Drosophila. By
taking advantage of previously reported mutant strains and GR
constructs in the orthologous fly gene (Sce), we were able to
conclude that two disease-linked variants (p.R70H and p.S82R)

did not have any functional effects. Because in silico variant
pathogenicity prediction scores for p.S82R and p.S82N were
comparable, this highlights the necessity of performing experi-
mental studies to interpret functional consequence of specific
amino acid alterations. Functional data obtained through

behave as LoF alleles (Fig.3). Interestingly, a rare missense
variant (p.S82N) reported in the control population affecting the
same residue mutated in one of the two disease-linked variants

genetic experiments are complemented with the detailed
structural biological information available for PRC1 to begin

to understand pathogenetic mechanisms at the atomic scale
(Fig. 2).
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Drosophila studies suggest LoF effect for the variants found
in the two individuals, suggesting a potential haploinsufficiency
mechanism which is consistent with this gene being intolerant
to LoF mutations. Moving forward, the identification of addi-
tional patients with rare damaging variants in RNF2 will provide
the opportunity to more firmly establish a disease association
and define the clinical spectrum of this condition and the under-
lying pathogenesis. Based on the functional data obtained from
the ‘sex comb assay’ in flies, we propose that the variant found in
the first proband (p.R70H) is a stronger LoF allele compared with
the variant in the second proband (p.S82R) (Fig. 3D). Considering
that both variants behaved as strong LoF alleles that were indis-
tinguishable based on the ‘lethality rescue assay’ (Fig. 3B), this
highlights the value of performing multiple phenotypic assays
when possible. There are many reasons why one assay may
reveal a functional difference that is not detected in another
assay. For example, some phenotypes may be more sensitive
to gene/protein dosage, whereas others may reflect a specific
molecular function of the protein of interest. Regardless, by iden-
tifying additional patients with potentially damaging variants
in RNF2 and systematically assessing their allelic strength in
flies or other experimental systems, one may be able to reveal
a genotype—phenotype correlation for this disease.

Finally, in addition to genes that encode subunits of PRC1,
three genes in PRC2 have been associated with syndromic disor-
ders with neurologic presentation including EZH2 with Weaver
syndrome (MIM #277590) (23), EED with Cohen-Gibson syndrome
(MIM #617561) (24), and SUZ12 with Imagawa-Matsumoto syn-
drome (MIM #618786) (25) (Table 1). Furthermore, pathogenic
variants in YY1 that is part of Pho-RC (26) and ASXL1-3 that
are part of PR-Dub (9,27,28) are also linked to syndromic dis-
eases that affect the nervous system and many other organs
(Table 1). Although this is consistent with our biological knowl-
edge that PcG proteins and complexes play important roles in
many organ systems including the nervous system in various
species, underling disease mechanisms for these syndromes are
not well understood and there are no effective treatments. Mech-
anistic studies of PcG-related genes that are linked to Mendelian
diseases, functional understanding of pathogenic alleles, and
further identification of novel disease-associated genes will be
help identify shared mechanisms that underlie this group of
disorders that are caused by dysfunctions in PcG function, or
‘Polycombopathies’.

Materials and Methods
Human subjects

Consent for publication was obtained from parents of all sub-
jects, and procedures were followed in accordance with guide-
lines specified by Institutional Review Boards and Ethics Com-
mittees of each institution. Experienced pediatricians, geneti-
cists and neurologists clinically assessed the individuals.

DNA sequencing and variant pathogenicity predictions

Trio ES and trio genome sequencing were performed for Indi-
vidual 1, both non-diagnostic (details in Table S2). Trio ES was
performed through a research study, which identified a het-
erozygous de novo RNF2 variant, but it was not considered a
candidate at that time. As part of the UDN evaluation, GS FASTQ
files were obtained and realigned, variant calling was performed

with GATK v3.6, and our previously described innovative bioin-
formatic approach was applied (29), highlighting the same het-
erozygous de novo RNF2 variant in the genome data. For Individ-
ual 2, trio ES was performed (details in Table S2), also identify-
ing a heterozygous de novo RNF2 variant. Both platforms were
designed to highlight rare, functional variants, including candi-
date genes with no known connection to human disease. Sanger
confirmation was performed for both cases. GeneMatcher (11)
was used to connect these individuals’ providers.

To predict the likelihood of the missense variants identified
being deleterious bioinformatically, we obtained pathogenicity
prediction scores from PolyPhen-2 (http://genetics.bwh.harva
rd.edu/pph2/) (30), CADD (https://cadd.gs.washington.edu/) (31)
and REVEL (https://sites.google.com/site/revelgenomics/) (32).

Informatics analysis of gene homology and protein
structure

We identified the genes that are orthologous to human RNF2 and
assessed whether the variants affected conserved amino acids
using DIOPT (DRSC Integrative Ortholog Prediction Tool ver-
sion 6, https://www.flyrnai.org/cgi-bin/DRSC_orthologs.pl) (33).
We further gathered known functional and structural informa-
tion on human RNF2 as well as its model organism orthologs
using MARRVEL (Model organism Aggregated Resources for Rare
Variant ExpLoration, http://marrvel.org/) (34). A structural dia-
gram of RNF2 bound to PRC1 complex protein BMI1 (also known
as PCGF4) and Histone H2A was generated based on protein
structure information in the Protein Data Bank (PBD, ID: 4R8P)
using PyMOL (https://pymol.org/) (35).

Drosophila experiments

Cloning, mutagenesis and transgenesis. The Sce GR construct
was a kind gift from Dr Jirg Miiller at the Max Planck Institute of
Biochemistry in Germany (15). This construct contains a ~3.5 kb
Sce genomic fragment corresponding to 3R chromosome
sequences 27, 680, 208-27, 683, 747 [Drosophila melanogaster
reference genome, release 6, FlyBase (http:/flybase.org/)]. We
generated variant forms of this construct (GR-WT, GR-R65H,
GR-S77R and GR-S77N) by Q5 site-directed mutagenesis (NEB)
and confirmed by Sanger sequencing. All constructs were
inserted into the VK37 [PBac{y™-attP}VK00037, FlyBase transgene
ID: FBti0076455)] docking site on the second chromosome by
phiC31-mediated transgenesis (16).

Drosophila genetics. Full genotypes of the animals used for this
study can be found in the Supplementary Data.

Fly strains carrying Sce® (FlyBase allele ID: FBal0015263, BDSC
stock #24618) (36), Sce®3M? (FlyBase allele ID: FBal0152227, BDSC
stock #80158) (3) and grh%13* (FlyBase allele ID: FBal0277169,
BDSC stock #41398) (19,20) were obtained from the Bloomington
Drosophila Stock Center (BDSC). Fly strains carrying Scek® (FlyBase
allele ID: FBal0268443) was a generous gift from Dr Jiirg Miiller
at Max Planck Institute of Biochemistry in Germany (17). All
stocks were maintained at room temperature (21-22°C), and
experiments were performed at 25°C.

Experiments to assess rescue of lethality were performed by
establishing stocks that carry homozygous or transheterozygous
SceX® and/or Sce®M2 alleles on the third chromosome and a GR
transgene (GR-WT, GR-R65H, GR-S77R, GR-S77N) on the second
chromosome. The genotypes generated to perform rescue exper-
iments can be found in the Supplementary Data. At least 100
flies from each cross were counted to determine whether the


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab110#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab110#supplementary-data
http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
https://cadd.gs.washington.edu/
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GR transgenes are able to rescue the lethality caused by loss of
Sce function in vivo.

Experiments to assess homeotic transformation phenotype
were performed by establishing stocks that carry a Sce?, SceX®
or Sce**™2 gllele (3,17,36) on the second chromosome, grhM05134
mutant (19,20) on the third chromosome, and a GR transgene
(GR-WT, GR-R65H, GR-S77R, GR-S77N) on the third chromosome.
Full genotypes of these flies can be found in the Supplementary
Data. We counted the number of sex combs per male fly in 11-13
animals per genotype.

Supplementary Data

Supplementary Material is available at HMG online.
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