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RING1 is an E3-ubiquitin ligase that is involved in epigenetic control of
transcription during development. It is a component of the polycomb
repressive complex 1, and its role in that complex is to ubiquitylate
histone H2A. In a 13-year-old girl with syndromic neurodevelopmental
disabilities, we identified a de novo mutation, RING1 p.R95Q, which
alters a conserved arginine residue in the catalytic RING domain. In
vitro assays demonstrated that the mutant RING1 retains capacity to
catalyze ubiquitin chain formation, but is defective in its ability to
ubiquitylate histone H2A in nucleosomes. Consistent with this in vitro
effect, cells of the patient showed decreased monoubiquitylation of
histone H2A. We modeled the mutant RING1 in Caenorhabditis ele-
gans by editing the comparable amino acid change into spat-3,
the suggested RING1 ortholog. Animals with either the missense
mutation or complete knockout of spat-3 were defective in mono-
ubiquitylation of histone H2A and had defects in neuronal migration
and axon guidance. Relevant to our patient, animals heterozygous
for either the missense or knockout allele also showed neuronal
defects. Our results support three conclusions: mutation of RING1
is the likely cause of a human neurodevelopmental syndrome,
mutation of RING1 can disrupt histone H2A ubiquitylation with-
out disrupting RING1 catalytic activity, and the comparable mu-
tation in C. elegans spat-3 both recapitulates the effects on
histone H2A ubiquitylation and leads to neurodevelopmental
abnormalities. This role for RING1 adds to our understanding of
the importance of aberrant epigenetic effects as causes of human
neurodevelopmental disorders.
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Development of the mammalian nervous system requires
precise temporal and spatial control of gene expression. Epi-

genetic mechanisms, including histone modifications and chromatin
remodeling, maintain chromatin in active, repressed, or poised
states and cooperate with transcriptional regulatory mechanisms to
control gene expression during development. Mutations that disrupt
the function of genes involved in these processes are increasingly
being identified as the causes of neurodevelopmental disorders in
humans (1).
Among the most critical epigenetic regulators are polycomb

group proteins, which combine in polycomb repressive com-
plexes (PRCs) to initiate and maintain transcriptional repres-
sion during normal development (2). Loss of PRC1 function in
either vertebrates or invertebrates leads to axial patterning de-
fects. Mutations in the genes encoding PRC1 subunits PHC1
(polyhomeotic homolog 1) and PCGF2 (polycomb group ring
finger 2) lead to human neurodevelopmental disorders char-
acterized by microcephaly, learning disabilities, and dysmor-
phic features (3, 4). PRC1 complexes each include one of the
E3 ubiquitin ligases RING1 or RING2, which catalyze mono-
ubiquitylation of histone H2A. In this report, we examine the
consequences for transcriptional repression in neurodevelopment
of a damaging mutation in RING1, detected in a 13-year-old girl
with neuropsychiatric and other developmental abnormalities.

Results
Clinical Characterization. The patient was born at 40 wk gestation
with mild intrauterine growth retardation and microcephaly. Her
early motor and language development were normal, but after
the first year of life, she showed delayed acquisition of additional
language and cognitive skills and delayed adaptive social skills.
At age 13 y, she developed a skin vasculitis and mild scoliosis.
Psychotic symptoms also began at approximately age 13, in-
cluding hearing multiple voices, belief she was being poisoned,
and confused disorganized thinking. Cognitive testing showed a
verbal IQ of 55 and a visual performance IQ of 63. Electroen-
cephalography, brain magnetic resonance imaging, and brain
computed tomography scans were normal. Chromosome analysis
at the 550-band level was normal. Additional details of the pa-
tient’s clinical profile are provided in SI Appendix.

Identification of a de Novo Missense Mutation in RING1. Genomic
DNA extracted from peripheral blood from the patient and
her parents was evaluated by whole exome sequencing. Vari-
ants were filtered to identify homozygous, compound heterozy-
gous, or de novo alleles potentially damaging to gene function.
The only candidate allele fulfilling these criteria was RING1
c.284G > A, p.R95Q (NM_002931.3) at chr6:33,177,736 (hg19).
The mutation was heterozygous in the patient and absent from
both parents, both by exome sequencing and by Sanger se-
quencing (Fig. 1A); hence, de novo in the patient. The mutation
was not present in >120,000 exomes in the reference public
database gnomAD (5), nor had we ever encountered it in any
other exome or whole genome sequences in our laboratory. The

Significance

As part of the polycomb repressive complex 1, RING1 contributes to
epigenetic regulation of gene expression during development. We
identified a de novo mutation in RING1 in a patient with neuro-
logical, skeletal, and immunological abnormalities. The mutation
disrupts the ability of RING1 to ubiquitylate histone H2A in nucle-
osomes, without disrupting its ability to catalyze ubiquitin chain
formation. The comparable mutation in Caenorhabditis elegans
causes defects in neuronal development that are as severe as de-
fects caused by a complete loss of gene function. These results
identify RING1 as critical to neurodevelopment via its involvement
in chromatin modification and epigenetic transcriptional regulation.

Author contributions: S.B.P., M.D.S., S.G., T.W., J.M.M., R.E.K., and M.-C.K. designed re-
search; S.B.P., M.D.S., S.G., T.W., A.D., J.M.M., R.E.K., and M.-C.K. performed research; A.D.
contributed new reagents/analytic tools; S.B.P., M.D.S., S.G., T.W., A.D., J.M.M., R.E.K., and
M.-C.K. analyzed data; and S.B.P., M.D.S., J.M.M., R.E.K., and M.-C.K. wrote the paper.

Reviewers: H.R.H., Massachusetts Institute of Technology; and M.S., University of California,
San Francisco.

The authors declare no conflict of interest.

Published under the PNAS license.
1To whom correspondence should be addressed. Email: mcking@uw.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1721290115/-/DCSupplemental.

1558–1563 | PNAS | February 13, 2018 | vol. 115 | no. 7 www.pnas.org/cgi/doi/10.1073/pnas.1721290115

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721290115/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1721290115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:mcking@uw.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721290115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721290115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1721290115


mutation was predicted by in silico tools to be damaging to
RING1 protein function (Polyphen-2 score 0.999; SIFT P =
0.00). RING1 (also known as RING1A) is highly intolerant to
truncating mutations (pLI = 0.92) and to missense mutations
(Z = 3.42) (5). RING1 encodes an E3 ubiquitin ligase that acts
in PRC1 complexes to monoubiquitylate histone H2A (6). The
patient’s mutation alters an arginine residue in the catalytic
RING domain that is conserved from worms through humans
(Fig. 1B).

RING1 p.R95Q Disrupts Histone H2A Ubiquitylation in Nucleosomes.
RING1 is known to ubiquitylate histone H2A. To determine
whether the patient’s mutation alters this activity, we evaluated
RING1 activity in vitro using recombinant enzymes and purified
mononucleosomes. Ubiquitin transfer is accomplished by an
enzymatic cascade in which ubiquitin is first activated by an
E1 enzyme, in an ATP-dependent reaction, then transferred to
the active site of an E2 enzyme. The E3 enzyme, in this case
RING1, then binds to an E2∼ubiquitin conjugate and activates it
to transfer ubiquitin onto a substrate. RING1 must form a het-
erodimer with one of six partners from the polycomb group ring
finger (PCGF) family to display full catalytic activity. For our assay,
RING domains of RING1 and a PCGF were coexpressed and
copurified and combined with purified, recombinant ubiquitin, E1,
E2, mononucleosomes, and ATP. Formation of ubiquitylated his-
tone H2A was followed by Western blot analysis. When partnered
with either BMI1 (the canonical PCGF) or PCGF1 (the most active
PCGF) (7), wild-type RING1 ubiquitylated histone H2A. In con-
trast, RING1 p.R95Q failed to ubiquitylate histone H2A when
partnered with either BMI1 or PCGF1 (Fig. 2A).
To determine whether the failure of RING1 p.R95Q to ubiq-

uitylate nucleosomal histone H2A resulted from a defect in catalytic
activity, we compared the ability of wild-type RING1 and RING1
p.R95Q to catalyze the formation of ubiquitin chains. RING1/
PCGF heterodimers were combined with all components needed to
transfer ubiquitin in the absence of a nucleosome substrate. When
partnered with either BMI1 or PCGF1, both wild-type and mutant
RING1 catalyzed formation of polyubiquitin chains (SI Appendix,

Fig. S1), indicating that R95Q does not disrupt the ability of
RING1 to bind to or activate the E2∼ubiquitin conjugate. We
conclude that regardless of the PCGF partner, RING1 p.R95Q
perturbs ubiquitylation of nucleosomal histone H2A in vitro without
disrupting RING1 catalytic activity. That is, the H2A ubiquitylation
and catalytic activities of RING domains can be separated and
mutation may affect one function but not the other.
Given that RING1 p.R95Q specifically disrupts ubiquitylation

of histone H2A in nucleosomes, we hypothesized that the mu-
tation disrupts RING1 interaction with the nucleosomes them-
selves. RING2 (also known as RING1B or RNF2) is a paralog of
RING1, for which a structure has been determined in complex
with BMI1, nucleosomes, and E2 enzyme (Fig. 2C) (8). The
RING domains of RING1 and RING2 are virtually identical,
including at RING2 positions shown to contact the nucleosome
(Fig. 1B), and are therefore likely to form comparable structures.
In the RING2/BMI1 complex, RING2 p.R98, homologous to
RING1 p.R95, interacts with the acidic patch on nucleosomes
and is distant from the PCGF and E2 interaction interfaces (Fig.
2B and SI Appendix, Fig. S2). Mutation of arginine to alanine at
residue 98 in RING2 results in a loss of nucleosome ubiquitylation
and binding in vitro (8). Together, these results suggest that argi-
nines at residue 95 of RING1 and at residue 98 of RING2 play
similar roles in nucleosome interaction and that substitution of
glutamine for arginine at RING1 residue 95 is likely responsible for
disruption of nucleosome interaction.

Ubiquitylated Histone H2A Is Reduced in Cells of the Patient. To
determine whether RING1 p.R95Q affects histone H2A ubiq-
uitylation in vivo, we measured the levels of ubiquitylated histone
H2A in lymphoblast cell lines from the patient and from control
individuals (Fig. 3A). Ubiquitylated histone H2A was signifi-
cantly reduced in cells of the patient (P = 0.0002). Similar levels
of RING1 protein were detected in patient and control cells,
suggesting that the reduction in ubiquitylated histone H2A was
due to a change in protein function and not in protein level (Fig.
3B). Because changes in the amount of RING2 protein could
potentially compensate for loss of RING1 protein function, we
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Species Protein Residues . . . . . . .
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H. sapiens RING2 51-104 C P I C L D M L K N T M T T K E C L H R F C A D C I I T A - L R S G N K E C P T C R K K L V S K R S L R P D P
G. galus RING2 51-104 C P I C L D M L K N T M T T K E C L H R F C A D C I I T A - L R S G N K E C P T C R K K L V S K R S L R P D P
D. rerio RING2 53-106 C P I C L D M L K N T M T T K E C L H R F C A D C I I T A - L R S G N K E C P T C R K K L V S K R S L R P D P
D. melanogaster ESC 46-99 C P I C L D M L K K T M T T K E C L H R F C S D C I V T A - L R S G N K E C P T C R K K L V S K R S L R A D P
C. elegans SPAT-3 162-215 C D V C Q E L I Q G S I M T K K C G H R F C D Q C I L V A F M R S G N T - C P T C R Q N L G S K R E L Q Q D P

Fig. 1. Identification of a de novo RING1 missense mutation. (A) Sanger sequence traces indicate that RING1 c.284G > A (p.R95Q) is heterozygous in the
patient and absent from the father and mother. (B) Protein sequence alignments of the RING domains of RING1 orthologs. The altered arginine residue is
indicated in red. Conserved zinc-coordinating residues are highlighted in yellow. Residues that contact the nucleosome in the RING2 3D structure (PDB ID code
4R8P) are indicated by dots above the alignment.
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also measured levels of RING2 protein. Similar levels of RING2
protein were detected in cells from the patient and controls (Fig. 3C).

Neuronal Migration and Axon Guidance Are Disrupted in a C. elegans
Model of RING1 p.R95Q.To investigate the impact of RING1 p.R95Q
on development, we studied the effect of the mutation on protein
function in C. elegans. spat-3 has been suggested as the C. elegans
ortholog of RING1 and RING2 (9). Amino acid sequences of the
RING domains of SPAT-3 and RING1 are 50% identical and 72%

similar (Fig. 1B). The residue equivalent to R95 of RING1 is
R209 of SPAT-3. Using CRISPR/Cas9 gene editing technology,
we engineered the SPAT-3(R209Q) mutation, designated as
spat-3(mgw14[R209Q]) (SI Appendix, Fig. S3). To characterize
the null phenotype of spat-3, we also engineered an allele in
which the entire 9,698 bp spat-3 coding region is deleted, des-
ignated as spat-3(mgw27[KO]). SPAT-3(R209Q) and SPAT-3
null animals had no obvious morphological or behavioral phenotypes,
although adult hermaphrodites appeared somewhat bloated, con-
sistent with an egg-laying defect.
SPAT-3 is known to be important for neuronal migration and

axon guidance (9). We investigated the effects of SPAT-3(R209Q)
and the SPAT-3 null mutation on neuronal migration and axon
guidance. During C. elegans embryogenesis, the two HSN neu-
rons, which innervate the egg-laying muscles, migrate from the tail to
their final midbody positions near the vulva (Fig. 4A) (10). However,
in more than 80% of SPAT-3(R209Q) animals, HSN neurons did
not reach the correct midbody position (Fig. 4 B and G). Notably,
HSN neurons failed to reach the correct position in a similar fraction
of SPAT-3 null animals (Fig. 4 C andG). Furthermore, in more than
20% of animals with either mutation, both HSN neurons completely
failed to migrate and remained in the tail. In contrast, in all wild-type
animals, at least one HSN migrated to the correct position, with the
second HSN failing to fully migrate in only 3% of animals.
To investigate whether SPAT-3(R209Q) or SPAT-3 null mu-

tations affected axon guidance, we examined the outgrowth of
axons from two different neurons, HSN and PVQ. In wild-type
animals, axons of the HSN neurons extend ventrally from the cell
bodies near the vulva to the ventral nerve cord and then grow
anteriorly to the head (Fig. 4A) (10). In ∼30% of animals with
either the SPAT-3(R209Q) or null mutation, the HSN axons
failed to reach the head, whereas in all wild-type animals, the
HSN axons reached the head (Fig. 4 B, C, and H). Defects in
HSN axon morphology are known to be associated with defects
in HSN migration and therefore may not reflect a specific effect
on axon outgrowth (11). We therefore also evaluated PVQ
neurons, whose axon outgrowth requires MIG-32, the hetero-
dimer partner of SPAT-3 (9). The two PVQ interneurons in the
tail extend processes anteriorly to the head in the parallel left
and right tracts of the ventral nerve cord (Fig. 4D) (12). In all
animals, the PVQ cell bodies were properly positioned in the tail.
In ∼30% of animals with either the SPAT-3(R209Q) or null
mutation, the PVQ axons failed to remain in their parallel tracts
and exhibited inappropriate crossing of the midline (Fig. 4 E, F,
and H). In contrast, in only 10% of wild-type animals was in-
appropriate midline crossing of the PVQ axons observed.
Our patient is heterozygous for RING1 p.R95Q, so we tested

whether animals heterozygous for SPAT-3(R209Q) exhibited
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Fig. 3. Reduced histone H2A ubiquitylation in patient-derived lymphoblasts. Whole-cell lysates from lymphoblasts of the patient (P) and three unrelated
female controls (C1, C2, C3) and from HEK293T cells were analyzed by immunoblotting. Upper are representative immunoblots; Lower are means ± SD of
three independent experiments. (A) Levels of ubiquitylated histone H2A (H2A-Ub1) relative to H2A. (B) Levels of RING1 relative to HPRT. (C) Levels of
RING2 relative to HPRT.

Fig. 2. RING 1 p.R95Q causes a defect in ubiquitylation of histone H2A
specifically on nucleosomes. (A) In vitro nucleosome ubiquitylation assay of
wild-type RING1 or RING1 p.R95Q heterodimers with BMI1 or PCGF1. All
proteins and nucleosomes were expressed and purified, and protein con-
centrations in samples were matched using UV absorbance at 280 nm. His-
tone H2A was detected by immunoblotting. The RING1 p.R95Q mutant is
deficient at ubiquitylating H2A in nucleosomes. (B) Structure of the RING2/
BMI1 complex, showing BMI1 (tan), RING2 (green), and E2 (gold) bound to a
nucleosome (gray) (PDB ID code 4R8P). The structure highlights the contact
between the conserved positive arginine residue (blue spheres) and the
nucleosome acidic patch (shown in red).
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neuronal abnormalities. We crossed wild-type hermaphrodites or
homozygous spat-3 mutant hermaphrodites with wild-type males.
To identify progeny unambiguously, we crossed to males carrying
an unrelated fluorescent reporter and scored migration of the
HSN neurons in the heterozygous fluorescent progeny. In more
than 35% of animals heterozygous for either the SPAT-3(R209Q)
or the null mutation, at least one HSN neuron failed to migrate to
the correct position (Fig. 4I). In contrast, in fewer than 8% of wild-
type animals did an HSN neuron fail to reach the correct position.
These results indicate that heterozygosity for the mutant allele is
sufficient to cause a neuronal migration defect.

Ubiquitylated Histone H2A Is Reduced in C. elegans Model of RING1
p.R95Q. The in vitro nucleosome ubiquitylation assay indicated
that RING1 p.R95Q disrupts the ability of RING1 to ubiq-
uitylate histone H2A on nucleosomes. The reduction of ubiq-
uitylated H2A in the patient’s cells further suggests that RING1
p.R95Q disrupts the ubiquitylation of histone H2A in vivo. To
further evaluate this effect, we investigated whether in C. ele-
gans SPAT-3(R209Q) disrupted the ubiquitylation of histone
H2A. We extracted histones from wild-type and spat-3 mutant
larvae and analyzed the ubiquitylation of histone H2A by
Western blot. Using an antibody specific for the C-terminal tail
of human histone H2A that is monoubiquitylated on lysine 119,
we detected a band in wild-type animals that is the appropriate
size for ubiquitylated histone H2A (Fig. 5 and SI Appendix, Fig.
S4, band H2Aub1). In contrast, in either SPAT-3(R209Q) or

SPAT-3 knockout animals, the H2Aub1 band was far weaker.
Levels of unmodified histone H2A were similar in all samples.
These results indicate that mutation of the SPAT-3 residue
comparable to RING1 p.R95 is sufficient to eliminate ubiq-
uitylation of the histone H2A C-terminal tail.
A previously characterized allele of spat-3, spat-3(gk22), harbors a

2,318-bp deletion that is predicted to cause a frame shift and termi-
nation (9, 13). The predicted truncated protein produced in
spat-3(gk22) animals, if stable, would retain 1,625 amino acids
of the 2,476-amino acid full-length protein, including the cat-
alytic RING domain. Animals with the spat-3(gk22) allele have
detectable but somewhat lower levels of H2Aub1 compared

full 
migration 

partial 
migration 

no 
migration 

100 

80 

60 

40 

20 

0 

%
 o

f a
ni

m
al

s 

HSN PVQ 

50 

40 

30 

20 

10 

0 

an
im

al
s 

w
ith

 a
xo

n 
de

fe
ct

 (%
) 

full 
migration 

partial 
migration 

no 
migration 

100 

80 

60 

40 

20 

0 

%
 o

f a
ni

m
al

s 

control 
SPAT-3(R209Q) 
SPAT-3(KO) 

G H I 

co
nt

ro
l 

S
PA

T-
3(

K
O

) 
S

PA
T-

3(
R

20
9Q

) 
B 

D 

25 µm 

Psra-6::GFP 

E 

25 µm 

Psra-6::GFP 

F 

25 µm 

vulva HSNs Ptph-1::GFP 

A 

100µm 

HSNs vulva 

100µm 

HSNs 

vulva 

Ptph-1::GFP 

C 

100µm 

Ptph-1::GFP 

Psra-6::GFP 
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Fig. 5. Defective ubiquitylation of histone H2A in C. elegans model of
RING1 p.R95Q. (Left) Immunoblot analysis of acid-extracted histones from wild-
type larvae (WT) or larvae carrying the SPAT-3 (R209Q), knockout (KO) or partial
deletion (DEL) mutations. (Right) Levels of ubiquitylated histone H2A (H2A-Ub1)
relative to H2A were quantified from two independent experiments.

Pierce et al. PNAS | February 13, 2018 | vol. 115 | no. 7 | 1561

G
EN

ET
IC
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721290115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721290115/-/DCSupplemental


with wild-type animals (Fig. 5 and SI Appendix, Fig. S4). This
observation is consistent with a previous report of this allele
(9) and with the suggestion that spat-3(gk22) animals produce
a truncated SPAT-3 protein with reduced stability and/or
reduced ubiquitylation activity.

Discussion
We suggest that de novo mutation RING1 p.R95Q is the cause of
the neurodevelopmental phenotype of our patient. Our evidence
for this causal relationship is based on genomic analysis and
functional studies. RING1 p.R95Q was the only candidate allele
revealed by genomic analysis of the patient and her parents. This
analysis included whole exome sequencing (including all coding
sequences, UTRs, and noncoding RNAs genome-wide) and a
genome-wide screen of gene disrupting copy number variants
(CNVs). Genomic analysis yielded no damaging homozygous or
compound heterozygous genotypes, no damaging CNVs, and only
one de novo mutation, RING1 p.R95Q. De novo mutations, both
point mutations and CNVs, have been established as causes of
neurodevelopmental disorders including autism, developmental
delay, and schizophrenia (14–17). No mutations of RING1 have
been associated with human disorders by any mode of inheritance,
and RING1 p.R95Q has never been previously observed. Having
thus established this allele as a unique candidate by genetic cri-
teria, we then tested the biological link between the patient’s
RING1 genotype and her phenotype with experiments based on
biochemistry and on C. elegans biology.
The RING1 site that is altered in our patient is conserved as

arginine in all sequenced species. The defects in neuronal mi-
gration and axon guidance of C. elegans SPAT-3(R209Q) mu-
tants demonstrate that arginine at this site is essential in vivo for
neuronal cell behavior. Indeed, the effects of SPAT-3(R209Q)
on neuronal migration and axon guidance were equivalent to
removing the entire SPAT-3 gene. The neurological phenotypes
and decreased ubiquitylated histone H2A in mutant animals
suggest that ubiquitylation of nucleosomes contributes to the
role of PRC1 in neuronal development.
Identification of RING1 p.R95Q in a patient with a neuro-

developmental disorder provides a glimpse into the role of
RING1 in human neuronal development. The consequences of
mutation of RING1 are similar to the consequences of mutations
in PHC1, a component of the polycomb repressor complex, and
in ASXL3, a component of the polycomb-repressive deubiquiti-
nation complex, which also disrupt ubiquitylation of histone H2A
and result in neurodevelopmental disorders (3, 18).
PRC1 components RING1, RING2, and BMI1 promote self-

renewal and prevent premature differentiation of neural stem
cells (19–21). RING2 and BMI1 are also involved in neuronal
subtype specification, and RING2 is involved in the transition
from neuron to astrocyte production (22–24), but the role of
RING1 has remained unclear. RING1 and RING2 are catalyti-
cally equivalent (2) and are similarly intolerant to loss of function
mutations (5). However, RING1 and RING2 are not fully re-
dundant during development. Mice lacking Ring1 exhibit skeletal
patterning and eye defects, whereas complete loss of Ring2
causes embryonic lethality (25–27). RING1 and RING2 may
carry out specific activities in addition to their shared enzymatic
activity. It is also possible that their combined activity is critical

to ensure adequate precursor proliferation and proper neuronal
differentiation, and that tissue-specific requirements stem from
temporal and spatial differences in their expression (2, 28).
Studies of schizophrenia, autism, and intellectual disability have

led to identification of critical de novo mutations in genes involved
in chromatin remodeling and histone modification (14, 29–31). Of
particular relevance to RING1, de novo mutations in AUTS2 have
been identified in all these disorders (32). AUTS2 is part of a
noncanonical PRC1 that activates, rather than represses, transcrip-
tion during development (33). AUTS2 and RING2 colocalize at
promoters of neuronal genes in mouse brain. In mouse, brain-specific
loss of Auts2 leads to developmental phenotypes consistent with
AUTS2 disruption in humans. Disruption of RING1 may impact
AUTS2-dependent transcriptional activation, which could contribute
to the patient’s neurodevelopmental anomalies.
Our patient developed mild scoliosis, but the consequences of

mutation in RING1 and other genes encoding PRC1 subunits are
primarily neurological, with minor or no skeletal manifestations
(3, 4). In contrast, loss-of-function mutations in the corre-
sponding mouse genes have prominent skeletal phenotypes (25,
34, 35). The difference in phenotypes may be explained by the
fact that the human RING1, PHC1, and PCGF2mutations are all
missense substitutions, in contrast to the mouse null mutations.
Alternatively, the degree of functional redundancy among the
PRC1 paralogs may differ between human and mouse.
Our patient also developed vasculitis, often observed in autoim-

mune or immunodeficiency syndromes (36). PRC1 activity is im-
portant for immune system homeostasis. PRC1 proteins regulate
hematopoietic stem cell self-renewal and differentiation (37) as well
as T-cell proliferation and survival. T cell-specific deletion of Ring1
and Ring2 converts T cell precursors to B cells (38, 39). Silencing of
PCGF6 enhances dendritic cell activation, suggesting a role for
PRC1 in inflammatory processes (40). The vasculitis phenotype of
the patient may reflect dysregulation of the immune system induced
by disruption of RING1 activity.
Neurodevelopmental disorders are highly heterogeneous both

phenotypically and genetically. Many critical mutations in genes
leading to these disorders, including the RING1 mutation of our
patient, are de novo. Among the clinical features of our patient
are those characteristic of intellectual disability and schizo-
phrenia. RING1 provides an additional example of a gene in-
volved in chromatin modification and epigenetic transcriptional
regulation for which damaging mutations are implicated in
neurodevelopmental disorders.

Materials and Methods
Detailed methods, including genomics, cloning and protein purification,
ubiquitylation assays, protein structure visualization, preparation and im-
munoblotting of human cell extracts, C. elegans strains, CRISPR/Cas9 gene
editing, microscopy, and histone extraction and analysis are provided in SI
Appendix. The study was approved by the institutional review boards of the
University of Washington (protocol 29501) and Seattle Children’s Hospital
(protocol 11106). All subjects provided written informed consent.
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