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GENETICS

Linkage-specific deubiquitylation by OTUD5 defines
an embryonic pathway intolerant to genomic variation
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Reversible modification of proteins with linkage-specific ubiquitin chains is critical for intracellular signaling.
Information on physiological roles and underlying mechanisms of particular ubiquitin linkages during human
development are limited. Here, relying on genomic constraint scores, we identify 10 patients with multiple con-
genital anomalies caused by hemizygous variants in OTUD5, encoding a K48/K63 linkage-specific deubiquitylase.
By studying these mutations, we find that OTUD5 controls neuroectodermal differentiation through cleaving
K48-linked ubiquitin chains to counteract degradation of select chromatin regulators (e.g., ARID1A/B, histone
deacetylase 2, and HCF1), mutations of which underlie diseases that exhibit phenotypic overlap with OTUD5
patients. Loss of OTUDS5 during differentiation leads to less accessible chromatin at neuroectodermal enhancers
and aberrant gene expression. Our study describes a previously unidentified disorder we name LINKED (LINKage-
specific deubiquitylation deficiency-induced Embryonic Defects) syndrome and reveals linkage-specific ubiquitin
cleavage from chromatin remodelers as an essential signaling mode that coordinates chromatin remodeling
during embryogenesis.

INTRODUCTION synthesize topologically unique ubiquitin signals that differentially affect

Determining genetic causes of diseases is a powerful approach to
discover and study physiologic pathways critical for human health.
Exome and genome sequencing have facilitated the rapid increase
in genetic diagnoses, especially in pediatric populations with devel-
opmental disorders (I). Identifying and studying disease-causing
variants in patients presenting with multiple congenital anomalies
at birth not only allows for more accurate clinical management (2)
but also enables discovery of important regulatory processes during
embryonic development.

Cell fate decisions during human embryogenesis rely on signaling
information encoded with ubiquitin, an essential posttranslational
modifier that is typically attached to lysine residues of substrates (3-8).
During ubiquitin signaling, cells use intricate enzymatic cascades to

substrate fates (3). Transfer of a single ubiquitin to one or multiple
substrate sites often results in changes in the interaction landscape of
the modified protein (9, 10). Ubiquitin itself is a target of ubiquitylation
and can be modified at its N terminus or at one of its seven lysine
residues, thus enabling the formation of uniquely linked ubiquitin
chains that can adopt distinct structures and functions (11). Examples
include K11- and K48-linked chains that mediate degradation via the
26S proteasome (12, 13), M1- and K63-linked chains that allow for
formation of signaling complexes during nuclear factor kB activation
and DNA repair (14, 15), K11/K48-branched chains that serve as prior-
ity signal for proteasomal degradation during the cell cycle and pro-
tein quality control (16, 17), and M1/K63- and K48/K63-branched
chains that play important roles during immune signaling (18, 19).
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Ubiquitylation is highly specific and reversible, two features that
empower ubiquitin signaling to regulate cellular behavior and deci-
sion-making during human development (8). Specificity is ensured
by more than 600 human E3 ligase enzymes that cooperate with 2
El enzymes and ~40 E2 enzymes to catalyze ubiquitin conjugation
to particular substrates. Reversibility is provided by ~100 human
deubiquitylases (DUBs), a family of enzymes that edits chain archi-
tecture or cleaves off ubiquitin signals from substrates to modulate
and terminate signaling, respectively (8, 20, 21). There are six struc-
turally distinct subclasses of DUBs, which have been well studied in
terms of their mechanism of ubiquitin cleavage (22), regulatory
principles governing their catalytic activity (23), and mechanisms of
functional diversification through, e.g., differential isoform expres-
sion or localization (24). However, how the relatively small number
of ~100 human DUBs can regulate thousands of cellular ubiquitin
modifications to ensure proper signaling during human development
is still an active area of investigation, and specific physiological ex-
amples of how such regulation occurs in space and time are limited.

The subfamily of ovarian tumor (OTU) DUBs have been impli-
cated in many essential cellular processes and have emerged as
crucial regulators of human physiology and development (25-27).
OTU DUBs elicit their functions by hydrolyzing specific linkage
types within polyubiquitin to modulate the stability, activity, or
interaction landscapes of their substrates (28, 29). In particular,
cleavage of K48-linked ubiquitin chains protects substrates from
proteasomal degradation, and cleavage of M1- and K63-linked
ubiquitin chains alters intracellular signaling. Five of the 16 OTU
DUBs have been linked to human disease: Mutations in OTULIN
and TNFAIP3 (encoding A20) cause autoinflammatory disorders
(27, 30, 31), mutations in OTUD7A and ALG13 cause neurodevelop-
mental disorders (32-35), and mutations in OTUDG6B cause multi-
ple congenital anomalies (36). However, with the exception of
OTULIN and A20, the underlying mechanisms and cognate sub-
strates for these disease-associated enzymes are ill-defined, and
the physiological functions for other OTU DUB members have
remained largely unknown.

To help provide genetic diagnoses, recent bioinformatics efforts
have leveraged the availability of large datasets from sequencing
studies to determine the mutational constraint spectrum of human
genes (37-40). By sequencing and comparing a large number of
healthy individuals, genomic constraint quantifies the depletion of
variation in every gene within control populations. These metrics
allow for identification of genes intolerant to variation that, when
mutated, have a high likelihood of causing embryonic lethality or
disease. Such scores can thus help overcome limitations in current
variant interpretation workflows and have the potential to uncover
novel developmental pathways.

Here, by coupling human genetics and molecular studies, we
identify a male-specific developmental disease caused by hypomor-
phic variants in OTUDS, an X-linked OTU DUB gene highly intol-
erant to genomic variation. This disorder is characterized by central
nervous system (CNS), craniofacial, cardiac, skeletal, and genitouri-
nary anomalies. We find that a subset of severe disease-causing
mutations affect K48- but not K63-ubiquitin chain cleavage activity
of OTUDS. By leveraging these variants as a mechanistic tool, we
show that OTUDS elicits its function through its K48 linkage-
specific deubiquitylation activity and prevents the degradation of
multiple chromatin remodelers to coordinate enhancer activation
during neuroectodermal differentiation. Mutations in these same
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chromatin remodelers are the cause of distinct yet clinically over-
lapping developmental diseases. Together, our study describes a
previously unidentified developmental disorder we name LINKED
(LINKage-specific deubiquitylation deficiency-induced Embryonic
Defects) syndrome, identifies a mechanistic connection between pheno-
typically overlapping diseases, and reveals K48-ubiquitin chain
cleavage of functionally related substrates as an essential signaling
mode coordinating chromatin remodeling during embryogenesis.

RESULTS

Identification of a developmental disease caused by
mutations in OTUDS5 by leveraging genomic constraint

We identified an index family (F1) with three affected sons (P1 to
P3), all with severe multiple congenital anomalies, who had exome
sequencing performed with no known pathogenic variant identi-
fied. By filtering coding variants based on inheritance and allele fre-
quency, we found a novel, maternally inherited missense mutation
in the gene OTUDS, which encodes a DUB (41), at p.Gly494Ser
(Fig. 1A and Table 1). Although ubiquitin-dependent processes are
known to control embryonic cell fate decisions (5, 42-46), predic-
tive algorithms, such as SIFT (47) and REVEL (48), yielded contra-
dicting results for OTUD5 p.Gly494Ser pathogenicity. Thus, we
determined the likelihood of OTUD5 and other OTU DUB family
members to be disease-causing by querying how often they are lost
or subject to change in the exome of healthy individuals (Fig. 1B)
(38). As expected, this genomic constraint approach captured genes
already known to cause autosomal dominant developmental disor-
ders [ALG13, TNFAIP3, and OTUD7A (31-35)]. Notably, we found
that among all OTU DUBs, OTUD5 was the most restricted in
heterozygous or hemizygous loss-of-function [pLI (probability of being
loss-of-function intolerant) = 1, o/e (observed/expected) = 0] and
missense mutations (Z = 3.99, o/e = 0.21) in healthy individuals,
strongly supporting that mutations in OTUD5 could cause severe
early-onset disease in our index family. Through combined resources
at the National Institutes of Health and external collaborations, we
identified 7 additional male patients, 10 total from seven families, all
with novel variants in OTUD5 segregating with disease (Fig. 1, C
to E; Table 1; and table S1). These mutations were not present in
gnomAD databases (38, 40, 49). P4, who carried a novel variant,
inherited de novo, at p.Leu352Pro, exhibited clinical features highly
overlapping with our index patients P1 to P3, including brain mal-
formations, congenital heart disease, distinctive facial features, po-
staxial polydactyly, and genitourinary anomalies (Fig. 1C). These
patients have a unique identifiable phenotype, with partially over-
lapping features with chromatinopathies such as Coffin-Siris and
Cornelia de Lange syndromes. The remaining patients (P5 to P10)
exhibited attenuated phenotypes with conserved features (Fig. 1,
A and B; Table 1; and table S1). All patients displayed global devel-
opmental delay with brain malformations, with a range of clinical
characteristics from neonatal lethality and multiple congenital
anomalies in severe cases to developmental delay, brain malformations,
hirsutism, and genitourinary defects in mild cases (Fig. 1, A and C;
fig. S1, A to D; Table 1; and table S1), strongly suggesting that
OTUDS variants were disease-causing. Corroborating this notion,
we found that carrier mothers, although being heterozygous for the
mutant allele, were unaffected and presented evidence of skewed X
inactivation both by methylation-specific restriction enzyme testing
(fig. S1E) and by RNA sequencing (RNA-seq) (see below). Further
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Fig. 1. Hemizygous variants in OTUD5 cause multiple congenital anomaly disorder. (A) Clinical photos showing craniofacial (retrognathia, midface hypoplasia,
hypertelorism, low-set posteriorly rotated ears, and craniosynostosis) and digital anomalies (bilateral postaxial polydactyly of the hands and feet) of patient P2 carrying
the p.Gly494Ser variant of OTUDS5. Photo credit: With permission of the subjects’ legal guardian. (B) Among several OTU DUBs, OTUDS5 is the strongest candidate for
hypomorphic mutations leading to disease given high loss-of-function and missense intolerance scores. Loss-of-function intolerance (pLI) and missense intolerance (2) were
determined for all OTU DUBs using gnomAD. (C) Clinical photos showing craniofacial (retrognathia, midface hypoplasia, hypertelorism, low-set posteriorly rotated ears,
and craniosynostosis) and digital anomalies (bilateral postaxial polydactyly of the hands and feet) of patient P4 carrying the p.Leu352Pro variant of OTUDS5. (D) Genetic
pedigrees of 10 patients from seven families with hemizygous variants in OTUDS5, all with overlapping phenotypes. (E) Domain structure of OTUD5 indicating the location
of the patient mutations. Variants associated with the most severe phenotypes, p.Gly494Ser and p.Leu352Pro, are highlighted in blue colors. NLS, nuclear localization se-
quence. (F) CRISPR-mediated knockout of OTUD5 or knock-in of the p.Gly494Ser or p.Leu352Pro patient variants results in embryonic lethality. Left: Mouse zygotes were
injected with Cas9 complexed with gRNAs and respective repair oligos and transferred into pseudo-pregnant recipient mice. Percentage of live-born pups with edited
alleles (knockout or knock-in) for a nonessential gene (control), OTUD5L352P, or OTUD5%% is shown (n > 70 injected embryos per condition). Right: Mouse embryos were
injected with gRNA-loaded Cas9 and respective repair oligos and implanted into mice. Pregnant mice were euthanized and embryos were isolated at E12.5. Percentage of
pups with edited alleles (knockout or knock-in) for OTUD5"*2” or OTUD5%*** injections are shown (n > 70 injected embryos per condition). Sanger sequencing depicting
examples of E12.5 knock-in embryos is shown.

demonstrating that these OTUD5 missense variants are pathogenic ~ Patient mutations are hypomorphic and alter OTUDS5 levels,
and consistent with previous large-scale knockout screens (50), we  localization, and activity

found that CRISPR-mediated knockout of OTUD5 or knock-in ~ Previous reports had demonstrated that OTUDS5 is a nuclear (fig.
of p.Gly494Ser or p.Leu352Pro patient alleles was lethal in mice  S2, A and B), phospho-activated DUB that prefers cleavage of
(Fig. 1F). In these experiments, while we detected heterozygous degradative K48- and non-degradative K63-ubiquitin chains over
knock-in females when isolating embryos at E12.5 (embryonic day  other linkage types (29, 41, 51, 52). To determine how the patient
12.5), we were unable to recover them as live-born pups. Whether mutations affect OTUDS5 function, we used cell-based and bio-
this might be due to preferential CRIPSR targeting of the X chro-  chemical assays. These studies revealed three distinct loss-of-function
mosome that escapes inactivation or differences in phenotypes mechanisms. First, the OTUD5 p.Gly494Ser (c.1480 G>A) found in
associated with female carriers between mice and humans remains  one of the most severe cases is located at an exon-intron splice junction
unclear and will require further investigation. Together, our ge- and caused a reduction in OTUD5 mRNA expression with intron
nomic constraint-driven approach and mouse genetic datareveal retention in affected patient cells but not in those of the unaffected
that OTUDS is required for embryonic development and, if mutated, carrier mother or controls (Fig. 2, A and B). This reduction in
leads to developmental disease. mRNA resulted in a decrease in protein levels (Fig. 2C). Second,
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Table 1. Clinical table highlighting multiple congenital anomalies in patients with OTUD5 mutations. Detailed manifestations for each category are listed

in table S1. mo, months old; yo, years old.

Global Anomalies
Variant Inheritance Gender  Status d:‘.‘:‘lgr Hirsutism Central . o Postaxial Cranio-
nervous Cardiac Genitourinary Ivdactyl facial
delay system polydactyly acia
P1-F1 No t|§sue ? Male D.eceaSEd + + + + + + +
available in utero
N p.Gly494Ser, Deceased
P2-F1 1480 G>A Maternal Male 1 mo + + + + + + +
¥ p.Gly494Ser, Deceased
P3-F1 1480 G>A Maternal Male 4 mo + + + + + + +
¥ p.Leu352Pro, Deceased
P4-F2 1055T>C De novo Male 1yo + + + + + + +
p.161_164del,
P5-F3 c.482_490 Maternal Male Alive 5 yo + - + + + - -
del
g p.Arg274Trp, . _ _
P6-F4 €820C>T Maternal Male  Alive 14yo + + + + +
u p-Asp256ASn, . B 5 _ B
P7-F5 C766GSA De novo Male Alive 4 yo + + ? +
" p.Arg404Trp, . _ _ _
P8-F6 c12100>T Maternal Male Alive 2 yo + + + +
N p.Arg404Trp, . _ _
P9-F6 c1210CsT Maternal Male Alive 8 yo + + + + +
N p.Arg520Trp, . _ _ _
P10-F7 € 1558C>T De novo Male  Alive 13yo + + + +

p-Arg274Trp, present in a conserved putative nuclear localization
sequence (fig. S2C), caused a partial mis-localization of OTUDS5 to
the cytoplasm at steady-state expression in human embryonic stem
cells (hESCs) (fig. S2, D and E). Third, most of the patient variants
were located near or in the catalytic domain of OTUD5 and exhib-
ited lower cleavage activity toward ubiquitin chains in vitro
(Fig. 2, D and E, and fig. $3, A to E), without substantially affecting
OTUDS’s activating phosphorylation (fig. S3F). In these experi-
ments, we used the catalytically inactive C224S OTUDS5 as control
(41). Notably, p.Leu352Pro, associated with a severe phenotype,
specifically impaired cleavage of K48- but not K63-ubiquitin chains
(Fig. 2, D and E, and fig. S3, D and E), highlighting an important
contribution of loss of degradative chain cleavage to the disease. To-
gether, these results suggest an inverse correlation between residual
biochemical activity and phenotype severity. We conclude that
proper levels, nuclear localization, and specifically K48-ubiquitin
chain cleavage activity of OTUDS5 are critical for its role during
development.

OTUDS5 controls neuroectodermal differentiation through

its K48-ubiquitin cleavage activity

OTUDS had been predominantly investigated as a regulator of
innate and adaptive immune signaling (41, 53). However, our
discovery that hypomorphic mutations in OTUD5 cause a severe
developmental disease, without any detectable immune manifesta-
tions, gave us the unique opportunity to study the role of OTUDS,
in particular its K48-deubiquitylation activity, during early cell fate
decisions of human embryogenesis. We focused on the splice site-
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altering p.Gly494Ser and K48 cleavage—-deficient p.Leu352Ser vari-
ants, both associated with severe phenotypes. First, we established
patient-derived induced pluripotent stem cells (iPSCs) and performed
teratoma formation assays. Since affected patients had craniofacial
and structural brain malformations, we concentrated on neuro-
ectoderm differentiation and found defects in patient cells expressing
the p.Gly494Ser allele (fig. S4A). On the basis of these observations,
we subjected these iPSC lines to dual-SMAD inhibition (neural
conversion), which directs differentiation toward CNS precursor
and neural crest cells (54) (Fig. 3A). We observed a marked up-
regulation of OTUD5 mRNA and protein levels during differentia-
tion of iPSCs of the carrier mother, suggesting a functional role for
OTUDS5 during this process (Fig. 3B and fig. S4, B and C). While we
observed no substantial differences in the expression of pluripotency
markers OCT4 and NANOG, there was a notable defect in the
neural differentiation capacity when comparing iPSCs of affected
OTUDS5-deficient patients to carrier mother (Fig. 3B). This was
apparent by the loss of neural crest markers, including SOX10 and
SNAIL2, and the aberrant expression of CNS markers, including
increases in the forebrain marker FOXG1 and decreases in neural
stem cell marker PAX6, as evidenced by immunoblotting and quan-
titative polymerase chain reaction (QPCR) (Fig. 3, B and C) or at
single-cell resolution by immunofluorescence (Fig. 3D). To cor-
roborate these results and exclude any off-target effects originating
from clonal selection during iPSC reprogramming (55), we next
generated control or OTUD5-depleted hES H1 cells and subjected
them to neural conversion. These experiments revealed that short
hairpin RNA (shRNA)- or small interfering RNA (siRNA)-mediated
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Fig. 2. OTUD5 patient mutations are hypomorphic and reduce OTUDS levels or K48-ubiugitin cleavage activity. (A) The c.1480 G>A, p.Gly494Ser mutation is located
in a 5' splice site and leads to intron retention and reduction of OTUD5 mRNA levels as revealed by RNA-seq of patient-derived fibroblasts. RNA-seq reads were differentially
scaled to visualize intron retention. m Ctrl, male control; f Ctrl, female control; mother carrier, mother F1. (B) The c.1480 G>A p.Gly494Ser mutation results in a decrease
in OTUD5 mRNA levels in patient-derived fibroblasts as determined by qRT-PCR (n = 3 biological replicates, error bars denote SD). (C) The p.Gly494Ser mutation results in
a decrease in OTUD5 protein levels as revealed by immunoblotting of lysates of patient-derived fibroblasts using indicated antibodies. (D) The Leu352Pro mutation
specifically reduces OTUDS5's K48-ubiquitin chain cleavage activity. WT FLAGHAQTUDS (WT), catalytically inactive FLAGHAGTUDS (C224S), and patient variant FLAGRAGTUDS
(G494S and L352P) were purified from HEK 293T cells and incubated with K48- or K63-tetra ubiquitin chains for the indicated time periods and analyzed by colloidal
Coomassie-stained SDS—-polyacrylamide gel electrophoresis gels. (E) Quantification of three independent in vitro deubiquitylation experiments as shown in (D) (error bars
denote SEM). Intensity of Ub4 band is relative to the sum of intensity of Ub3, Ub2, and Ub bands. RPKM, reads per kilobase per million mapped reads.

depletion of OTUDS5 resulted in a similar reduction of neural crest OTUDS5 regulates neuroectodermal cell fate decisions by

cell progeny and aberrant formation of CNS precursor cells as  stabilizing a select group of chromatin remodelers

observed in our patient-derived iPSC model (fig. 4, D to G). These ~ during differentiation

effects could be rescued by shRNA-resistant wild-type (WT) To identify substrates through which OTUDS5 controls embryonic
OTUDS5, but not by catalytically inactive C224S or K48 cleavage- development, we devised an experimental strategy that builds upon
deficient p.Leu352Ser OTUDS5 (Fig. 3, E and F, and fig. S4H), our observation that OTUD?5 activity controls differentiation but is
demonstrating that it is OTUDS5’s ability to cleave K48-ubiquitin  less important for self-renewal of hESCs (Fig. 3). We reasoned that
chains that is required to support differentiation. We therefore any substrates through which OTUDS5 regulates neural differentia-
conclude that during embryonic development, OTUD5 regulates  tion should be (i) more ubiquitylated in the absence of OTUD5
cell fate decisions by cleaving degradative K48-ubiquitin linkages  during neural conversion and (ii) found in a physical complex with
on substrates, and reduction of this activity through mutation OTUDS5. To identify these essential substrates, we performed a
leads to a multiple congenital anomaly disease we name LINKED  series of proteomic experiments (Fig. 4A). First, we used Tandem
syndrome. Ubiquitin-Binding Entity (TUBE)-based mass spectrometry to
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Fig. 3. OTUD5 regulates CNS precursor and neural crest cell differentiation via its K48-ubiquitin chain-specific deubiquitylation activity. (A) Schematic overview
of the neural conversion paradigm. (B) Reduction of OTUD5 levels causes aberrant neural conversion. iPSCs derived from OTUD5 p.Gly494Ser patients or the maternal
carrier were subjected to neural conversion for 6 days. Differentiation was monitored by immunoblotting using indicated antibodies against hESC, CNS precursor, and
neural crest markers. (C) Same experimental approach as described in (B), but cells were analyzed by qRT-PCR for expression of CNS precursor markers (green) and neural
crest markers (orange). Marker expression was normalized to carrier control followed by hierarchical clustering. RPL27, endogenous control. (D) Same experimental
approach as described in (B), but cells were subjected to neural conversion for 9 days and analyzed by immunofluorescence microscopy using antibodies against indicated
CNS precursor and neuronal markers (green) or neural crest markers (orange). Scale bars, 20 um. (E) K48-ubiquitin chain-specific deubiquitylation activity of OTUD5 is
required for proper CNS precursor and neural crest differentiation. hES H1 cells stably expressing shRNA-resistant and doxycycline-inducible WT, catalytically inactive
(C2245), or K48 chain cleavage-deficient (L352P) "AOTUD5 were generated. Cells were depleted of endogenous OTUDS5 using shRNA as indicated, treated with or without
doxycycline (DOX), and subjected to neural conversion (NC) for 6 days. This was followed by immunoblotting using the indicated antibodies against hESC, CNS precursor,
and neural crest markers. (F) Same experimental approach as described in (E), but cells were analyzed by qRT-PCR analysis for expression of CNS precursor markers (green)
and neural crest markers (orange). Marker expression was normalized to shcontrol followed by hierarchical cluster analysis. RPL27, endogenous control.

capture high-confidence ubiquitylated proteins during neural
conversion of control and OTUDS5-depleted hESCs. Consistent with
arole of OTUD5 during cell fate determination, these experiments
revealed that OTUD?5 regulates ubiquitylation networks preferen-
tially during neural conversion and less in self-renewing hESCs
(Fig. 4B and table S2). Second, we used mass spectrometry to iden-
tify proteins that bound to WT or catalytically inactive C224S

Beck et al., Sci. Adv. 2021; 7 : eabe2116 20 January 2021

OTUD5 during hESC differentiation (table S3). Combining these
two datasets, we found ~40 candidate OTUD5 substrates that were
more ubiquitylated in OTUDS5-depleted differentiating hESCs and
were OTUDS interactors (Fig. 4B, fig. S5A, and table S4). While we
detected some regulators of mRNA metabolism, transcription, and
nucleocytoplasmic transport among these candidate substrates, Gene
Ontology (GO) term analysis revealed that chromatin remodelers
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Fig. 4. Identification of chromatin remodelers as candidate substrates of OTUD5. (A) Strategy used to isolate high-probability substrates of OTUD5. Two independent
proteomic experiments were performed. First, control or OTUD5-depleted hESCs or hESCs undergoing neural conversion were lysed. Ubiquitylated proteins were isolated
by TUBE pull down and identified by mass spectrometry. Second, self-renewing or differentiating control hESCs or hESCs expressing WT or catalytically inactive (C224S)
FLAGOTUDS were lysed, subjected to anti-FLAG immunoprecipitation, and interacting proteins were identified by mass spectrometry. Candidate OTUDS5 substrates were
defined as proteins that are more ubiquitylated upon OTUD5 depletion and specifically interact with OTUD5 WT or C224S. (B) OTUDS preferentially controls ubiquitylation
dynamics during neural conversion, and many OTUD5 candidate substrates are chromatin regulators. Relative iBAQ values of high-probability ubiquitylated proteins of
control or OTUD5-depleted hESCs were plotted for each differentiation state (hESC, NC day 1, and NC day 3). More than fivefold regulated proteins are highlighted by
larger circles. Total numbers of up-regulated (1) or down-regulated (|) proteins are indicated for each differentiation state. More than fivefold up-regulated proteins also
found in "A°OTUDS IPs (i.e., candidate OTUDS5 substrates) are highlighted in different colors according to their molecular function (bottom table). Note that candidate
OTUDS substrates are found specifically during differentiation. (C) OTUD5 endogenously interacts with chromatin regulators. hESCs were lysed and subjected
to anti-OTUD5 immunoprecipitation followed by immunoblot analysis using indicated antibodies. Rabbit immunoglobulin G (r IgG), control. (D) OTUDS5 interacts with
chromatin regulators via its C terminus. HEK 293T cells expressing "*A°0TUD5 WT and indicated mutants were lysed and subjected to anti-FLAG immunoprecipitation
followed by immunoblot analysis using indicated antibodies.
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were the most enriched class of proteins (Fig. 4B and fig. S5B).
These included the BAF complex components ARID1A/B, the
histone deacetylase HDAC2, the transcriptional regulator HCF1, and
the ubiquitin E3 ligase UBRS5, the only previously identified OTUD5
substrate among our candidates (53). Intriguingly, most of these
chromatin regulators had previously been shown to control neural
cell fate decisions and had been implicated in neurodevelopmental
diseases that exhibit phenotypic overlap with LINKED syndrome
(fig. S5A) (45, 56-61). Notably, mutations in none of the other
candidate substrates had been shown to cause similar developmen-
tal diseases. Thus, while we cannot exclude contributions of other
candidate substrates, the GO enrichment of chromatin remodelers
and their apparent genetic link to OTUD5 provided us with a strong
rationale to focus on this group of proteins. We could confirm the
interactions between OTUD5 and ARID1A/B, HDAC2, HCFI, and
UBR5 by immunoblotting at the endogenous level in hES H1 cells
(Fig. 4C). In addition, we expressed and immunoprecipitated flag-
tagged OTUDD5 truncation variants in human embryonic kidney
(HEK) 293T cells and found that the C terminus of OTUD?5 includ-
ing the ubiquitin-interacting motif (UIM) is necessary and, with the
exception of UBRS, sufficient for these binding events (Fig. 4D).
OTUDS5 controls neuroectodermal differentiation via its K48-
cleavage activity (Fig. 3, E and F), and K48-ubiquitin chains are a
common targeting signal for proteasomal degradation (3, 12). Thus,
if the interacting chromatin regulators were substrates of OTUDS5,
we expected to see changes in their stability in the absence of
OTUDS. To test this hypothesis, we performed cycloheximide
(CHX) chases in self-renewing and differentiating control or
OTUD5-depleted hESCs. While reduction of OTUDS5 had no
substantial impact on the half-life of the chromatin regulators in
self-renewing hESCs, it markedly decreased their stability during
neural conversion (Fig. 5, A and B), a process that was dependent
on the proteasome (Fig. 5C). Notably, OTUDS5 depletion did not
result in obvious changes in the protein levels of a subset of other
tested candidate substrates that we had identified in our mass spec-
trometry approach (fig. S5C). To investigate whether OTUD5 regu-
lates neuroectodermal differentiation through targeting chromatin
regulator substrates, we next performed rescue experiments using a
version of OTUD5 that lacked its C terminus (OTUD5*¢*™) and
thus was deficient in chromatin remodeler binding (Fig. 4D) yet
retained K48-specific deubiquitylation activity (fig. S6A). Intrigu-
ingly, this separation-of-function mutant (OTUD5*™) failed to
support neural crest differentiation and showed aberrant CNS
precursor formation (Fig. 5D and fig. S6B), suggesting that OTUD5
needs to interact with and stabilize chromatin remodelers to exert
its functions during cell fate determination. In line with this obser-
vation, individual depletion of interacting chromatin regulators
resulted in a similar yet less pronounced dysregulation of the neural
conversion program as the one observed upon loss of OTUD5
(Fig. 5E and fig. S6C). In contrast, we found that TRIM25 and
TRAF3, two previously described K63-ubiquitin chain-modified
substrates of OTUDS5 (41, 62), are dispensable for neural conver-
sion (Fig. 5E and fig. S6D). Further corroborating that the K48- but
not K63-specific deubiquitylation activity is essential for the func-
tion of OTUD5 during embryonic development, we were able to
purify K48- but not K63-ubiquitin chain-modified His-HDAC2
from HEK 293T cells (fig. S7A). These K48-linked chains on
HDAC2 were reduced and shortened in length in the presence of
WT but less by catalytically inactive OTUDS5 (fig. S7A). In addition,
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we found that OTUDS5 depletion in differentiating hESCs resulted
in increases in endogenous UBR5 that was modified with K48 but
not with K63 chains (fig. S7B). Together, these results suggest that
during early differentiation, OTUD5 cleaves K48-ubiquitin chains
deposited on a subset of chromatin regulators to prevent their deg-
radation, thus coordinating their function in chromatin remodeling
events required for neural cell fate commitment. Consistent with
this notion, loss-of-function mutations in ARID1A/B, HDAC2, and
HCEF1 lead to different chromatinopathies (56, 57, 60, 61) that affect
neuroectodermal differentiation and exhibit phenotypic overlap
with patients with LINKED syndrome such as developmental delay
and intellectual disability (Fig. 1 and fig. S8).

OTUDS controls chromatin remodeling at enhancers driving
ectodermal cell fate decisions

Given that OTUDS5 uses its K48-specific deubiquitylation activity to
control the stability of several chromatin regulators such as ARID1A
and ARID1B during early ectodermal cell fate commitment, we hy-
pothesized that the observed clinical and differentiation phenotypes
underlie impaired chromatin dynamics. In line with this, ATAC-
seq (Assay for Transposase-Accessible Chromatin using sequencing)
revealed that OTUDS5 depletion caused loss of accessible chromatin
at early stages of neural conversion, while accessibility was largely
unaffected in self-renewing hESCs (Fig. 6, A and B, and fig. S9, A
and B). This was accompanied by modest transcriptional changes (fig.
S9, C and D), suggesting that differences in ATAC signal are not a
consequence of failed differentiation but rather its initiating cause.
Genes associated with chromatin regions exhibiting reduced accessibility
at day 3 of neural conversion were enriched for GO terms involved
in specification of CNS precursor and neural crest cells (Fig. 6C).
Notably, more than half of the regions displaying lower accessibility
were located at enhancers (Fig. 6D) and were enriched for neural and
neural crest fate-promoting transcription factor motifs such as OTX2,
SOX2, SOX3, SOX9, and SOX10 (fig. S10). Further supporting
the idea that OTUDD5 regulates cell fate commitment through sta-
bilizing chromatin remodelers, we observed that OTUD5-regulated
neural enhancers were often bound by SMARCAA4 (63), a component
of the BAF complex recruited by ARID1A/B (64) in neural pro-
genitor cells (Fig. 6B). Among the ~600 genes associated with less
accessible enhancers was the neuroectoderm cell fate—-promoting
transcription factor PAX6 and the neural crest and neuronal spec-
ification factor SEMA3A. These two cell fate regulators exhibited
reduced mRNA expression upon OTUD5 depletion at these early stages
of differentiation (Fig. 6E). Thus, OTUDS5 controls neural cell fate
commitment by regulating chromatin accessibility at neural- and
neural crest-specific enhancers to enable activation of transcrip-
tional networks that drive the differentiation program.

DISCUSSION

In this study, guided by the application of genomic constraint
scores, we discover LINKED syndrome, a multiple congenital anom-
aly disorder caused by hypomorphic variants in OTUD5. By using
rare disease genetics and studying associated mutations, we iden-
tify an important physiological role for linkage-specific ubiquitin
chain cleavage during embryonic development and aberrant deg-
radation of chromatin regulators as a major disease mechanism
underlying LINKED syndrome (Fig. 7). The K48 chain-specific
cleavage activity of OTUDS is required to stabilize the levels of a
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Fig. 5. OTUD5 controls early embryonic differentiation through regulating the stability of chromatin remodelers. (A) OTUDS5 stabilizes chromatin regulators in
differentiating hESCs. Control or OTUD5-depleted hESCs or hESC subjected to neural conversion for 3 days were treated with CHX for indicated time periods. Protein
stability of chromatin regulators was determined by immunoblotting using indicated antibodies. (B) Quantification of three biological replicates of the experiment shown
in (A) (error bars denote SD, normalized to actin, 0 hours = 1). (C) OTUD5 protects chromatin regulators from proteasomal degradation in differentiating hESCs. Control or
OTUDS5-depleted hESCs or hESC subjected to neural conversion for 3 days were treated with the proteasome inhibitor MG132 for 4 hours followed by immunoblotting
with indicated antibodies. (D) Chromatin regulator binding-deficient OTUD5“"®™ does not support neural conversion. hESC cells expressing shRNA-resistant and
doxycycline-inducible WT or chromatin regulator binding-deficient (ACterm) F*AS*AOTUD5 were generated. Cells were depleted of endogenous OTUDS5 using shRNA as
indicated, treated with or without doxycycline (DOX), and subjected to neural conversion for 6 days. Differentiation was monitored by immunoblotting using the indicated
antibodies against hESC, CNS precursor, and neural crest markers. Note that anti-OTUDS5 antibodies were raised against the C terminus of OTUD5 and do not recognize
OTUD52“™_(E) Individual depletion of chromatin regulators, but not previously described OTUD5 substrates TRIM25 and TRAF3, partially phenocopies the aberrant
neural conversion program observed upon OTUD5 reduction. hESCs were depleted of endogenous OTUD5 or indicated proteins using shRNAs, subjected to neural
conversion for 6 days, and analyzed by qRT-PCR for CNS precursor markers (green) or neural crest markers (orange). Marker expression was normalized to shcontrol
followed by hierarchical clustering. RPL27, endogenous control.

group of substrates (i.e., chromatin remodelers) during early stages
of differentiation. We propose that in this manner, OTUD5 coor-
dinates chromatin remodeling networks that promote the accessi-
bility of enhancers to ensure transcriptional changes required for
neuroectodermal cell fate commitment. Our study has important
implications for and raises exciting questions concerning ubiquitin-
dependent signaling during embryonic development, molecular
mechanisms underlying chromatinopathies, and the use of genomic
constraint metrics as a means to dissect molecular pathways critical
for human health.
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Signaling through linkage-specific ubiquitin chain cleavage
of substrate groups during human development

Two E1 enzymes, ~40 E2 enzymes, and ~600 E3 ligases cooperate to
generate a variety of ubiquitin signals on thousands of substrates to
control virtually all cellular processes (3). The fact that the human
genome only encodes ~100 DUBs is therefore unexpected, and it
remains an outstanding question how this relatively small number
of enzymes can control such a staggering complexity of ubiquitin
signals. Our in vitro deubiquitylation and immunoprecipitation
data (Figs. 2 and 4 and fig. S3) suggest that OTUDS5 can recognize
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Fig. 6. OTUDS is required for chromatin remodeling at enhancers driving neural and neural crest differentiation. (A) Loss of OTUDS5 leads to changes in chromatin
accessibility specifically during differentiation. Changes in chromatin accessibility resulting from OTUD5 depletion in hESC and neural converted cells (NC, d3) are depicted
as log, fold change in ATAC-seq signal intensities at stringently identified peaks (IDR, 0.05). Numbers of statistically significant ATAC peaks (adjusted P value < 0.0001; pink
dots) gained (up) or lost (down) upon OTUD5 depletion are indicated. In hESCs, there is a modest loss of ATAC signal upon shOTUD5 treatment compared to control,
which is exacerbated during neural conversion of hESCs. (B) Averaged ATAC signal from shCTRL or shOTUD5 neural converted cells is plotted as a heatmap at 2181 peaks
that lose accessibility upon shOTUD5 treatment. Average profile of ATAC signal in shCTRL and shOTUDS cells is shown below. SMARCA4 ChiP-seq in neuronal precursor
cells shows strong binding to regions with OTUD5-mediated reduction in chromatin accessibility, and peaks are centered at the differentially enriched ATAC-seq peaks.
(C) OTUDS is required for chromatin remodeling at genes promoting neural differentiation. ATAC-seq peaks significantly altered by shOTUD5 treatment in NC, day 3 were
associated to genes using GREAT and subjected to GO term analysis. (D) OTUDS is predominantly required for chromatin remodeling at enhancers. ATAC-seq regions with
less enrichment in OTUD5-depleted differentiating cells were classified using ChromHMM genome functional annotation of H1-derived neural precursor cells. TSS, tran-
scriptional start site. (E) Browser snapshots showing differences in transcription and chromatin accessibility between control (gray) and shOTUD5-treated (red) neural
converted cells at two loci, PAX6 (top) and SEMA3A (bottom), which are enriched for H3K27ac and bound by SMARCAA4.

both the chromatin remodeler and the K48-ubiquitin chain,a mode linkage-specific cleavage activities, and while their substrates have
of interaction that would endow OTUDS5 with the ability to targeta remained unknown, these enzymes have recently been linked to
group of functionally related substrates carrying the same ubiquitin  neurodevelopmental diseases (34-36). We hence propose that
modification to drive differentiation. Other OTU DUBs such as  linkage-specific ubiquitin cleavage of substrate groups, as described
OTUD7A and OTUDG6B have or are expected to exhibit similar here for OTUD5 and chromatin remodelers, will be a common
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Fig. 7. OTUD5 controls developmental chromatin dynamics. Model of how linkage-specific ubiquitin chain editing by OTUD5 controls development and is mis-regulated
in disease. During normal early embryogenesis, OTUD5 uses its K48 linkage-specific deubiquitylation activity to target and stabilize several key chromatin regulators to
coordinate chromatin remodeling events at CNS precursor and neural crest enhancers. This allows binding of lineage-promoting transcription factors (TF) to drive tran-
scriptional networks required for neuroectodermal cell fate commitment. Hypomorphic patient mutations in OTUDS5 result in dysregulation of this pathway and lead to
a previously unrecognized multiple congenital anomaly disorder we name LINKED syndrome.

signaling mode to coordinate embryonic differentiation. In addi-
tion to already described mechanisms of functional regulation and
diversification of DUBs (23, 24), our results thus help to explain
how the limited number of deubiquitylation enzymes in the human
genome can efficiently regulate developmental ubiquitin signaling.

Our study shows that loss of OTUD?5 activity results in aberrant
neuroectodermal differentiation but has no obvious effects on
maintenance of hESCs. This suggests that OTUD5-mediated stabi-
lization of chromatin remodelers is subject to regulation at specific
stages of stem cell differentiation. During neural conversion, we
observe increased protein levels as well as the appearance of slower-
migrating bands of OTUDS5 (indicative of phosphorylation; Fig. 3,
B and E). OTUDS5 has previously been shown to be phosphorylated
at multiple sites, including Ser'””, which is essential for its activity
(52). In addition, OTUD4, a related OTU DUB family member, can
be switched from a K48 chain-specific to a K63 chain-specific
enzyme by phosphorylation (65). Thus, determining the changes in
levels and phosphorylation status of OTUD5 during neural conver-
sion might reveal important insights into how OTUDS5-dependent
signaling is temporally regulated and embedded into the develop-
mental program of the embryo.

We find that a select group of chromatin remodelers is degraded
in the absence of OTUDD5 only during differentiation and not in
self-renewing hESCs (Fig. 5, A to C). This implies that both OTUD5
and the ubiquitin E3 ligase(s) it counteracts are activated at the
same time during cell fate commitment. A possible function for
such regulation could be to (i) protect a subpool of chromatin regu-
lator molecules from degradation or (ii) allow for recycling of chro-
matin regulator subunits to ensure local chromatin remodeling at
specific neuroectodermal enhancers. In the latter model, modifica-
tion of the chromatin regulator with K48-ubiquitin chains would
allow recognition by the ubiquitin-dependent ATPase p97/VCP
that could extract it from chromatin (45, 66). OTUD5 would then
protect these ubiquitylated regulators from proteasomal degrada-
tion by chain removal and allow for reuse of the regulator. Future
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experiments that will require identification of the cognate E3 ligas-
e(s) may allow one to distinguish between these different models
and elucidate the function of E3/OTUDS5 co-activation during em-
bryonic differentiation.

Another interesting question that arises from our study is how
OTUDS5 can discriminate between its cognate substrates that are
decorated with either K48- or K63-linked ubiquitin chains. Linkage
specificity in other OTU DUBs has been shown to rely on proper
positioning of the proximal (lysine-donating) ubiquitin, which is
achieved by either additional ubiquitin-binding domains or an S1’
ubiquitin-binding site on the OTU domain itself (29). OTUD5
harbors a UIM domain in its C terminus that has been shown to be
required for K63-ubiquitin chain cleavage off TRAF3 (41), and
here, we show that it is necessary for interaction with chromatin
remodelers (Fig. 4D). It is therefore intriguing to speculate that
OTUDS uses its UIM domain to discriminate between its substrates
by serving both as a ubiquitin-binding domain to position the prox-
imal ubiquitin of K63 chains and as a binding site for chromatin
regulators that carry K48-linked ubiquitin chains. In the latter case,
an S1’ ubiquitin-binding site in or near the OTU domain around
L352 (the residue that, when mutated, results in specific loss of
K48-deubiquitylation activity) could serve to ensure K48-linkage
specificity. Future biochemical and structural studies may allow one
to delineate these different modes of recognition and cleavage and
could provide important mechanistic insights to enable therapeutic
targeting of OTUDS.

Implications for the molecular mechanisms

underlying chromatinopathies

Coffin-Siris and Cornelia de Lange syndromes are genetic disorders
caused by mutations in different chromatin remodelers. While ex-
hibiting considerable phenotypic variability and locus heterogeneity,
these syndromes share disease manifestations (67, 68). Here, we
describe LINKED syndrome, which exhibits aspects both distinct
from, and in common with, these two disorders (fig. S8). Through
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TUBE- and IP-based proteomics, proteasome inhibitor treatments,
and CHX chases during neuroectodermal differentiation (Figs. 4
and 5 and fig. S5), we show that OTUDS5 interacts with and targets
ARID1A/B and HDAC?2, proteins that are mutated in Coffin-Siris
and Cornelia de Lange syndromes, respectively. Our findings link
these proteins to a common neurodevelopmental pathway, thereby
providing a molecular framework to explain the clinically overlapping
features of these genetic disorders. In addition to neuroectodermal
defects characterized in detail in this manuscript, patients with
Coffin-Siris, Cornelia de Lange, and LINKED syndromes also ex-
hibit phenotypes in tissues originating from endoderm and meso-
derm. Thus, determining the cell-autonomous or nonautonomous
functions of OTUDS5 during the differentiation of other germ layers
particularly in relation to the chromatin regulators mutated in
Coftin-Siris and Cornelia de Lange syndromes will be an exciting
area of research.

Conditional knockout studies in mice have revealed an import-
ant role for OTUDD5 regulating both adaptive and innate immune
responses (41, 53). However, none of our identified patients with
LINKED syndrome have had recurrent infections, inflammation, or
detectable hematopoietic defects. We believe that these phenotypes
are likely masked by the severe embryonic and early developmental
defects. Further genetic and biochemical studies may allow identifi-
cation of OTUDS5 alleles eliciting such immune phenotypes (e.g.,
those that would specifically affect K63-specific deubiquitylation
activity and thus could potentially uncouple OTUD5’s functions
during embryonic and hematopoietic development).

Genomic constraint-driven genotype-first approaches

to dissect molecular pathways through human diseases
Identifying genetic causes of diseases is of paramount importance
to understand mechanisms underlying human health. Historically,
genetic studies have focused on sequencing select individuals with
specific phenotypes followed by attempts to identify a genomic
variant to explain their presentation. However, more recently, with
the advent of large databases of exome and genome sequences from
cohorts of healthy individuals, we now have metrics such as genomic
constraint scores that allow for quantification of the tolerance of
genes to loss-of-function and missense mutations in control popu-
lations (1). These tools facilitate not only identification of mutations
in affected individuals but also depletion of mutations in unaffected
individuals, both serving as a critical starting point for mechanistic
investigations into physiologically relevant targets. In our work
presented here, we take advantage of these metrics to delineate the
importance of OTUDS5 in human embryonic development (Fig. 1).
This prioritization allowed for in-depth mechanistic studies to
better characterize the specific biochemical defects associated with
novel OTUDS variants found in disease.

We believe that genomic constraints could be an invaluable first
step for identifying genes critical for health and development in
humans and envision a genotype-first approach of analyzing sequenc-
ing data agnostic to phenotype as a starting point for disease discovery
and molecular characterization. For example, in addition to OTUDS5,
many other OTU DUB genes have highly restricted loss-of-function
variation in healthy individuals that have never been linked to
human disease (Fig. 1B). These encode the DUBs OTUD4, OTUBI,
VCPIP, and ZRANB1/TRABID that exhibit various linkage-specific
cleavage activities (29). We predict that targeted search for missense
mutations in these genes in undiagnosed patients will likely allow
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identification of previously unknown developmental diseases and
identify variants that might be useful in uncovering further func-
tions and mechanisms of particular ubiquitin chain types during
embryonic development.

While pLI and Z scores are powerful for identifying genes that
are sensitive to haploinsufficiency, these tools do not completely
capture intolerance toward other modes of autosomal dominant
disease such as gain of function and dominant-negative and auto-
somal recessive inheritance. Thus, the genomic constraint-based
approach presented here is currently best suited to explore genes
sensitive to loss of a single allele as a means to understand and
mechanistically dissect severe disease. Despite these minor limitations,
current genomic intolerance scores are invaluable for identifying
disease relevance of particular genetic variation, and development
of novel metrics will only broaden this approach.

In summary, our study underscores the utility of genomic
constraint metrics in prioritizing candidate disease variants, thus
enabling the discovery of a developmental disease, LINKED syn-
drome. By studying this disease, we have identified linkage-specific
deubiquitylation of substrate groups by OTUD?5 as an essential sig-
naling mode that coordinates chromatin remodeling during neuroec-
todermal cell fate commitment. We predict that similar genomic
constraint-based approaches will be a common means for disease
gene discovery and molecular dissection of embryonic pathways.

MATERIALS AND METHODS

Human subjects

Written informed consent was obtained from all individuals or
family member legal representatives before exome sequencing.
Consent was obtained for publication of photographs before inclu-
sion in the study. Family 1, individuals 1 to 3, were counseled
regarding the possible outcomes of exome sequencing and signed
a consent form for research-based exome sequencing through the
Johns Hopkins Hospital and the National Institutes of Health,
which was approved by the National Institutes of Health Institu-
tional Review Board. The rest of the participants were recruited
through GeneMatcher (69). Individual 4 was consented for clinical
exome sequencing through the Children’s Hospital of Orange
County. Individual 5 was consented for clinical exome sequencing
through Johns Hopkins Hospital. Individual 6 was consented for
clinical and/or research-based exome sequencing through Shinshu
University, Nagano, Japan. Individual 7 was consented for clinical
and/or research-based exome sequencing through Radboud University,
Nijmegen, The Netherlands. Individuals 8 and 9 were consented for
clinical and/or research-based exome sequencing through Yokohama
City University, Japan. Individual 10 was consented for research
exome at the Tartu University Hospital, Estonia.

Exome and Sanger sequencing

Whole-exome sequencing and data analysis were performed as pre-
viously described. New candidate variants were filtered to remove
those present in the gnomAD, 1000 Genomes Project, dbSNP, and
ClinSeq databases and an in-house database with more than 1200
exomes, and variants were selected on the basis of autosomal reces-
sive or X-linked recessive inheritance. For individual 3, trio-based
exome sequencing was performed on genomic DNA isolated from
amniocytes through Johns Hopkins Hospital and the National Insti-
tutes of Health. Novel variant in OTUDS was identified using standard
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bioinformatics analysis. Sanger sequencing confirmed the pres-
ence of the OTUD?S variants in the trio and their absence in unaf-
fected family members. Individual 4 had standard exome sequenc-
ing performed through the Children’s Hospital of Orange County,
and a novel variant in OTUDS5 was identified and Sanger confirmed.
Individual 5 was consented for clinical exome sequencing through
Johns Hopkins Hospital. Individual 6 was consented for clinical
and/or research-based exome sequencing through Tokyo Medical
and Dental University, Tokyo, Japan. Individual 7 was consented
for clinical and/or research-based exome sequencing through
Radboud University, Nijmegen, The Netherlands. All variants
were confirmed using Sanger sequencing. All patients reported
have no known definitive pathogenic variants identified in other
genes causative for multiple congenital anomalies and develop-
mental delay. All patients provided informed consent for exome
sequencing and identifiable photographs. The approved study
protocol for this work includes 94-HG-0105 and the Undiagnosed
Diseases Network from the National Human Genome Research
Institute.

Fibroblast/induced pluripotent cell lines

Dermal fibroblast cells derived from patients with OTUDS5 or unre-
lated healthy donors were grown in DMEM (Dulbecco’s Modified
Eagle Medium; Life Technologies) supplemented with 10% fetal calf
serum (Gemini Bio-Products) and 1x antibiotics (Life Technologies). iP-
SCs were generated from individuals 2 and 3 and their unaffected
carrier mother using a 3-week Sendai virus protocol previously
described (70). Reprogramming efficiency was measured using
both fluorescence-activated cell sorting analysis for pluripotency
markers and teratoma formation in nude mice. Multiple clones
were generated for each iPSC line and were used in specific experi-
ments. Teratoma formation assays were performed on each clone,
in quadruplicate, using bilateral gastrocnemius muscle injection in
each mouse as described elsewhere (71). Slides were generated and
stained using hematoxylin and eosin stain and quantified for ecto-
dermal components using Adobe Illustrator.

Determination of skewed X-inactivation

The methylation status of the human androgen receptor (AR) gene
at Xq12 was assessed to infer X chromosome inactivation in the
heterozygous mother carrying the OTUDS5 p.R274W mutation.
One hundred nanograms of DNA isolated from peripheral blood
was digested with the methylation-sensitive Hpa II enzyme (NEB,
Ipswich, MA, USA), as originally described (72). Digested and
undigested samples were then amplified by PCR with primers and
protocol as previously described (73). The PCR products were sep-
arated by capillary electrophoresis on an ABI 3730x] DNA analyzer
(Applied Biosystems) with the GeneScan 500 LIZ size standard
(Applied Biosystems). Fragment analysis was performed with
GeneMapper software (Applied Biosystems).

Mouse studies

Transgenic mice (C57BL/6]) were generated using CRISPR-Cas9
injection and electroporation after isolation of early embryos (74).
For generating Otud5 knock-in mutations, we used a guide RNA
(gRNA) p.Gly494Ser 5'-CACCCTGTGCACCAGGTCAG-3’, and
for p.Leu352Pro, we used gRNA 5'-CCCCTGGCTTAAATGACG-
GT-3’ with repair templates including the specific missense mutation.
After failing to identify viable pups with either indels or specific

Beck et al., Sci. Adv. 2021; 7 : eabe2116 20 January 2021

knock-in mutations, we began isolating day 12.5 embryos by micro-
surgery, imaging the embryo, and genotyping a small portion of
the tail. As a control for injections, we either used saline injection
or a nonessential gene used in the laboratory (Tbx21) 5'-CCCACT-
GTGCCCTACTACCG-3'. All mouse work included was ap-
proved by the National Human Genome Research Institute animal
protocol.

Plasmids, shRNAs, and siRNAs

pDEST-FLAG-HA-USP5 and pDEST-FLAG-HA-OTUDS were
gifts from W. Harper (Addgene plasmids #22590 and #22610) (75).
pRK5-HA-Ub-K48only and pRK5-HA-Ub-K630nly were gifts
from T. Dawson (Addgene plasmids #17605 and #1706). OTUD5
patient mutations (G494S, L352P, 161-164del, R274W, and D256N),
point mutations (C224S or C224R), truncation mutations (ACterm =
OTUDS5 1-534, Cterm = OTUD5 534-571), and wobble mutations
to make constructs resistant to shOTUD5#5 were introduced in this
vector using the Q5 site-directed mutagenesis kit (E0554, NEB)
following the manufacturer’s instructions. OTUD5 and OTUD5C224R
were further subcloned into pKmyc using Bam HI and Not I sites
(pKmyc-OTUDS5 WT or C224R). For expression in hESCs, OTUD5
variants were cloned into pENTR1A or pENTR233 and recombined
into pINDUCER20 (76). pLKO1-Puro Mission shRNA constructs
targeting OTUD5 (#2: TRCN0000122275 and #5: TRCN0000233196),
ARID1A (TRCN0000059092), ARID1B (TRCN00000420576),
UBR5 (TRCN0000003411), HDAC2 (TRCN00000004819), HCFC1
(TRCN00000001625), TRAF3 (TRC00000034219), and TRIM25
(TRC0000003499) were purchased from Sigma-Aldrich. siRNA
pools were purchased from Santa Cruz Biotechnology and Thermo
Fisher Scientific.

Antibodies

The following antibodies were commercially purchased for immu-
noblotting and immunofluorescence microscopy: anti-OTUD5
(#20087S, clone D8Y2U, Cell Signaling, 1:1000 in IB), anti-PAX6
(#60433, clone D3A9V, Cell Signaling, 1:1000 in IB and 1:200 in IF),
anti-TFAP2 (#2509, Cell Signaling, 1:1000 in IB and 1:200 in IF), anti-
FOXG1 (ab18259, Abcam, 1:1000 in IB and 1:100 in IF), anti-ARID1A
(#12354, clone D2A8U, Cell Signaling, 1:3000 in IB), anti-ARID1B
(#65747, clone E1U7D, Cell Signaling, 1:1000 in IB), anti-UBR5
(#65344, clone D608Z, Cell Signaling, 1:1000 in IB), anti-HDAC2
(#5113, clone 3F3, Cell Signaling, 1:3000 in IB), anti-HCFCl1
(#50708, Cell Signaling, 1:1000 in IB), anti-actin (#8691001, MP
Biomedicals, 1:10,000 in IB), anti-SOX10 (#89356, Cell Signaling,
1:1000 in IB and 1:100 in IF), anti-TUJ1 (#5568, clone D71G9, Cell
Signaling, 1:1000 in IB and 1:200 in IF), anti-NANOG (#4903, clone
D73G4, Cell Signaling, 1:1000 in IB), anti-OCT4 (ac-8628, Santa
Cruz Biotechnology, 1:1000 in IB), anti-OCT4 (#75463, clone D705G,
Cell Signaling, 1:1000 in IB), anti-SNAIL2 (#9585, clone C19G7,
Cell Signaling, 1:500 in IB), anti-GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) (#5174, clone D16H11, Cell Signaling, 1:10,000 in IB),
anti-HA (hemagglutinin) (clone C29F4; Cell Signaling, 1:3000 in IB
and 1:200 in IF), and anti-Flag (F1804, clone M2, Sigma-Aldrich,
1:2000 in IB). Anti-pOTUD5*"!”7 antibodies were a gift from Ge-
nentech and were described previously (52).

Mammalian cell culture and transfections
HEK 293T cells were maintained in DMEM with 10% fetal bovine
serum. Plasmid transfections of HEK 293T cells were carried out
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using PEI (polyethylenimine) siRNA transfections were carried out
with Lipofectamine RNAIMAX (Invitrogen) according to the man-
ufacturer’s instructions using 10 nM for each siRNA. Cells were
routinely tested for mycoplasma using the MycoAlert Mycoplasma
Detection Kit from Lonza (LT07-118).

Pluripotent stem cell culture, lentiviral infections,

and neural conversion

hES H1 cells were maintained under feeder-free conditions on
Matrigel-coated plates (#354277, BD Biosciences) in mTeSR1
(#05871/05852, STEMCELL Technologies Inc.) and were routinely
passaged with collagenase (#07909, STEMCELL Technologies Inc.).
Cells were routinely tested for mycoplasma using the MycoAlert
Mycoplasma Detection Kit from Lonza (LT07-118).

Lentiviruses were produced in 293T cells by cotransfection of
lentiviral constructs with packaging plasmids (Addgene) for 48 to
72 hours. Transduction was carried out by infecting 2 x 10> hES H1
cells per well of a six-well plate with lentiviruses in the presence of
Polybrene (6 pg/ml; Sigma-Aldrich) and 10 uM Y-27632 ROCK
inhibitor. For transduction of lentiviruses carrying ectopic expression
vectors, cells were centrifuged at 1000g at 30°C for 90 min. Media
were replaced with 2 ml of mTESR1 containing 10 uM Y-27632
ROCK inhibitor. After 4 to 6 days of selection with appropriate an-
tibiotic [puromycin (1 pg/ml) for pLKO1-puro-shRNA constructs
and G418 (200 pug/ml) for pINDUCER20 constructs], hES H1 cells
were analyzed and used in differentiation experiments.

Neural induction of hES H1 cells expressing different siRNA
constructs was performed using STEMdiff Neural Induction Medium
(#05831, STEMCELL Technologies Inc.) in combination with a
monolayer culture method according to the manufacturer’s techni-
cal bulletin (#28044) and as previously described (54). In brief,
single-cell suspensions were prepared by treatment of hES cells
with Accutase, and 1.5 x 10° to 2.0 x 10° cells were seeded per well
of a six-well plate in 4 ml of STEMdiff Neural Induction Medium
supplemented with 10 uM Y-27632 ROCK inhibitor. Neural induc-
tion was performed for indicated time periods with daily medium
change.

hES H1 rescue experiments

To rescue OTUD5-dependent phenotypes, hES H1 cells were stably
transduced with pINDUCER-""*HAQTUD5 constructs (WT, C224S,
L352P, or AC-term, containing wobble mutations that render them
resistant to shOTUD5#5). Cells were selected and maintained with
G418 (200 ug/ml) for 4 to 5 days. Cells were then transduced with
control shRNAs or shRNAs targeting OTUDS5 (shOTUD5#5) and
selected and maintained with puromycin (1 pg/ml). For the rescue
experiments, these cell lines were then treated in the absence or
presence of doxycycline (1 ug/ml) and subjected to neural conver-
sion for the indicated time periods. Cells were harvested for immuno-
blotting and RNA extraction.

Proteasome inhibitor treatment

To inhibit proteasome-mediated degradation of proteins, hES H1
cells and hES H1 cells undergoing neural conversion for 3 days were
treated with the proteasome inhibitor MG132 (N-carbobenzyloxy-
L-leucyl-L-leucyl-1-leucinal) at a concentration of 10 uM for 4 hours.
After treatment, the cells were harvested by scraping in 1x phosphate-
buffered saline (PBS) and centrifuged at 300g for 5 min. Cells were
lysed in 2x urea sample buffer [150 mM tris (pH 6.5), 6 M urea,
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6% SDS, 25% glycerol, and a few grains of bromophenol blue]
followed by immunoblotting with indicated antibodies.

CHX chase assays

For CHX chase assays, control or OTUDS5-depleted hES H1 cells
and cells that had undergone neural induction for 3 days were treat-
ed with CHX (40 pg/ml) for 2, 4, and 8 hours. Cells were lysed in 2x
urea sample buffer [150 mM tris (pH 6.5), 6 M urea, 6% SDS, 25%
glycerol, and a few grains of bromophenol blue], sonicated, and
analyzed by IB. For quantification, immunoblot signals for respective
proteins were quantified using Image] (National Institutes of Health,
http://rsbweb.nih.gov/ij/) and normalized to GAPDH or B-actin.

Quantitative real-time PCR analysis

For qRT-PCR analysis, total RNA was extracted and purified from
cells using the NucleoSpin RNA kit (#740955, Macherey-Nagel)
and transcribed into complementary DNA (cDNA) using the
SuperScript IV First-Strand Synthesis System (#18091050, Thermo
Fisher Scientific). Gene expression was quantified by PowerUp
SYBR Green qPCR (#A25741, Thermo Fisher Scientific) on a
CFX96 Real-Time System (Bio-Rad). Nonspecific signals caused
by primer dimers were excluded by dissociation curve analysis
and use of nontemplate controls. Loaded cDNA was normalized
using RPL27 as an endogenous control. Gene-specific primers
for QqRT-PCR were designed by using the National Center for
Biotechnology Information Primer-BLAST. Primer sequences can
be found in table S5.

Cluster analysis

mRNA abundance was measured by qRT-PCR under different con-
ditions. The datasets were plotted as a heatmap in Python using the
Seaborn library. Hierarchical clustering of samples was performed
using the standardized Euclidean method with average linkage.

Immunoprecipitations

HEK 293T cells were transiently transfected with WT "“ASHAQTUD5
or indicated variants and incubated for 48 hours at 37°C with 5%
CO;. Cells were harvested by scraping in 1x PBS and centrifuged at
300g for 5 min. The cell pellets were either stored at —80°C or directly
used for immunoprecipitation experiment. To detect OTUD5 in-
teraction partners, HEK 293T expressing indicated FLAGHAGTUDS
variants (3 x 15-cm dishes per condition) were lysed in two pellet
volumes of ice-cold lysis buffer [20 mM Hepes (pH 7.3) containing
110 mM potassium acetate, 2 mM magnesium acetate, 1 mM
EGTA, 2 mM EDTA, 0.1% NP-40, 1x protease inhibitors (Roche),
1x PhosSTOP (Roche), and 2 mM phenanthroline]. Cells were
sonicated, and the lysates were cleared by centrifugation at 20,000g
for 25 min. To remove residual lipids, the supernatant was filtered
through a 0.22-um filter (Millex-GV). Subsequently, the lysates
were quantified using the Pierce 660-nm reagent (Thermo Fisher
Scientific, #22660), and an equal amount of lysates were incubated
with anti-FLAG-M2 agarose (Sigma-Aldrich) for 2 hours at 4°C. Beads
were then washed three times with lysis buffer and eluted in lysis
buffer supplemented with 3xFLAG peptide (0.5 mg/ml; Sigma-
Aldrich). Eluted proteins were precipitated by adding 20% trichloro-
acetic acid (TCA) followed by overnight incubation on ice. Protein
pellets were washed three times with ice-cold 90% acetone in 0.01 M
HC], air-dried, and solubilized with 2x urea sample buffer followed
by immunoblot analysis.
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For in vitro deubiquitylation assays, OTUD5 and indicated
variants were purified from HEK 293T cells (1 x 15-cm dishes per
condition). Lysates were prepared and subjected to anti-FLAG
immunoprecipitation as described above. Beads were washed twice
with lysis buffer containing 1 M NaCl and three times with lysis
buffer without NaCl, and OTUD5 was eluted from the beads with
lysis buffer containing 10 mM dithiothreitol (DTT) and 3xFLAG
peptide (0.5 mg/ml).

For mass spectrometry analysis, self-renewing or differentiat-
ing (neural conversion, 3 days) hES H1 cells or hES H1 cells ex-
pressing WT or catalytically inactive (C224S) "ASHAQOTUDS5
were lysed and subjected to anti-FLAG immunoprecipitation as
described above (5 x 15-cm dishes per condition). FLAG immuno-
precipitates were further processed for multidimensional protein
identification technology (MUDPIT) mass spectrometry as de-
scribed below.

In vitro deubiquitylation assays

For in vitro deubiquitylation reactions, equal amounts of WT
OTUDS5 or indicated OTUD5 mutants (purified as described above)
were incubated with 0.5 uM K48- or K63-tetra ubiquitin chains
(Boston Biochem) in cleavage buffer [110 mM potassium acetate,
2 mM magnesium acetate, | mM EGTA, 20 mM Hepes (pH 7.3),
0.1% NP-40, 2 mM EDTA, and 10 mM DTT] at 30°C for different
time periods (30, 60, 120 min). Reactions were stopped by an
addition of equal amounts of 2x urea sample buffer.

Deubiquitylation of HDAC2 by OTUD5

HEK 293T cells were cotransfected with different combinations
of "SHDAC2FAS, HAUbiquitin* 5" /HAUbiquitin*®°"Y, and Myc-
OTUD5 WT/Myc-OTUD5 C224R. After 48 hours of transfection,
cells were treated with 20 uM MG132 for 4 hours. The cells were
harvested by scraping in 1x PBS and centrifuged at 300g for 5 min.
Harvested cells were lysed in 8 M urea lysis buffer [8 M urea, 20 mM
imidazole, and 50 mM tris (pH 7.8)], sonicated, and centrifuged for
20 min at 20,000g. The lysates were then incubated with Ni-NTA
(nitrilotriacetic acid) agarose beads for 1 hour. The beads were
washed with urea lysis buffer three times and eluted with 2x urea
sample buffer [150 mM tris (pH 6.5), 6 M urea, 6% SDS, 25% glycerol,
and a few grains of bromophenol blue] followed by immunoblotting
with indicated antibodies.

Ubiquitin linkage-specific TUBE pull downs

from differentiating hES H1 cells

Fifteen-centimeter dishes (2x) of control or OTUD5-depleted hES
H1 cells undergoing neural conversion for 1 day were treated with
20 uM MG132 for 4 hours, harvested by scraping in 1x PBS con-
taining 10 uM PR619 (LifeSensors), and lysed in 100 mM tris-HCl
(pH 8.0), 150 mM NaCl, 5 mM EDTA, 1% NP-40, 10 uM PR-619,
2 mM 1,10-phenantroline, and 1x protease inhibitors (Roche).
Lysates were sonicated and cleared by centrifugation at 20,000¢ for
25 min. To remove residual lipids, the supernatant was filtered
through a 0.22-um filter (Millex-GV). Subsequently, the lysates
were quantified using the Pierce 660-nm reagent (Thermo Fisher
Scientific, #22660), and an equal amount of lysates were incubated
with anti-K48 or anti-K63 TUBE magnetic beads (UM407M/
UMA404M, LifeSensors) for 2 hours at 4°C. Beads were then washed
three times with lysis buffer and eluted in 2x urea sample buffer
followed by immunoblotting with indicated antibodies.

Beck et al., Sci. Adv. 2021; 7 : eabe2116 20 January 2021

Mass spectrometry to identify OTUDS interactors

For mass spectrometry analysis, flag immunoprecipitates were
prepared from self-renewing and differentiating hESCs as described
above and precipitated with 20% TCA (Thermo Fisher Scientific)
overnight. Proteins were resolubilized and denatured in 8 M urea
(Thermo Fisher Scientific) and 100 mM tris (pH 8.5), followed
by reduction with 5 mM TCEP [tris(2-carboxyethyl)phosphine,
Sigma-Aldrich], alkylation with 10 mM iodoacetamide (Sigma-
Aldrich), and overnight digestion with trypsin (0.5 mg/ml; Thermo
Fisher Scientific). Samples were analyzed by MUDPIT mass spec-
trometry by the Vincent ]. Coates Proteomics/Mass Spectrometry
Laboratory at University of California Berkeley. High-confidence
interactors of OTUD5 were defined as nuclear proteins only found
in FAGHAQTUD5WTC224 4nd not in control immunoprecipitates.

TUBE-based mass spectrometry

TUBE-based mass spectrometry was performed by LifeSensors. The
company provided the number of peptides detected, raw intensities,
and calculated iBAQ (intensity-based absolute quantification) values.
The data were further processed and analyzed using a Python script.
Subsequent figures were produced using Matplotlib and Seaborn
libraries. First, all the runs were normalized to each other using a sum
normalization method, which we called the relative iBAQ values. This
was done by taking the iBAQ values of each sample per run and
dividing by the sum total of all iBAQ values for each sample per run.

iBAQelative = leBBIZQQ

We then used the minimum detection limit to fill any missing
data. All zero/NaN values were replaced by the minimum relative
iBAQ value in each individual sample. Afterward, the data were
log-transformed before plotting. However, the sum-normalized
values give a mixture of positive and negative numbers after log
transformation, so all the data were multiplied by 1.0 x 107 to bring
the smallest values above 1 in all the samples. The log-transformed
data were plotted on scatterplots using Matplotlib and Seaborn. To
enrich for proteins regulated in their ubiquitylation status in an
OTUD5-dependent manner, we filtered for nuclear proteins with at
least 13 unique peptides and identified in at least four of the six
groups (depicted in gray in Fig. 4B) and, in addition, were found
more than fivefold regulated upon OTUD?5 depletion in TUBE pull
downs from hESCs or hESC undergoing neural conversion for 1 or
3 days (depicted in light blue in Fig. 4B).

High-confidence OTUDS5 substrate identification

To identify high-confidence OTUDD5 substrates, we filtered for
proteins that we found more than fivefold up-regulated in the
TUBE-based mass spectrometry and to be physically interacting
with OTUDS5 in our MUDPIT mass spectrometry experiments. The
list of these proteins was subjected to GO term analysis.

Immunofluorescence microscopy

For immunofluorescence analysis, hES H1 cells were seeded on
Matrigel-coated coverslips using Accutase, fixed with 4% formalde-
hyde for 20 min, permeabilized with 0.5% Triton for 10 min, and
stained with indicated antibodies and/or Hoechst 33342. Images
were taken using a Nikon A1R+ MP microscope and processed
using Image].
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ATAC-seq library preparation and downstream processing
ATAC-seq was performed using the OMNI-ATAC protocol as
previously described (77). Briefly, cells were dissociated using
Accutase, and 50,000 cells were subjected to the tagmentation reac-
tion. Cells were first washed in resuspension buffer [10 mM tris-HCl
(pH 8.0), 10 mM NaCl, and 3 mM MgCl, in water], following which
nuclei were isolated in 1 ml of lysis buffer [10 mM tris-HCI (pH
8.0), 10 mM NaCl, 3 mM MgCl,, 0.1% NP-40, 0.1% Tween 20, and
0.01% digitonin in water] on ice for 3 min. Nuclei were rinsed once
in wash buffer [10 mM tris-HCI (pH 8.0), 10 mM NaCl, 3 mM
MgCl,, and 0.1% Tween 20], and tagmentation was carried out
using 2.5 ul of Tn5 transposase (Illumina 15027865) for 30 min.
Following tagmentation, DNA was purified using the Zymo DNA
Clean and Concentrator kit. Libraries were prepared by PCR using
Q5 High-Fidelity DNA polymerase (NEB) and using primers carry-
ing Illumina Nextera i7 barcodes. First, gap filling was performed at
72°C for 5 min followed by 5 cycles of 98°C, 20 s; 63°C, 30 s; and
72°C, 1 min. After initial amplification, tubes were held on ice,
while quantitative PCR was run on 1 ul of the preamplified library
to determine additional number of cycles needed. Libraries were
sequenced on HiSeq2500 using PE50.

Raw reads were processed using the ENCODE pipeline (encodeproject.
org/atac-seq/) (78). Differentially accessible peaks were identified
using the DiffBind (Stark and Brown, 2011, http://bioconductor.org/
packages/release/bioc/vignettes/DiffBind/inst/doc/DiffBind.pdf).

For this comparative analysis, we used the set of ATAC peaks
identified by the ENCODE analysis pipeline using the most restric-
tive approach [0.05 IDR (Irreproducibility Discovery Rate) of true
replicates]. The default DESeq2 analysis using a threshold of 0.001
was used to define highly differential ATAC peaks. For each of the
three comparisons shown, only the peaks identified in the two con-
ditions being compared were considered. For visualization, bigwig
files generated by the ENCODE pipeline that represent the P value
signal of pooled true replicates were loaded into Integrated Genomics
Viewer (IGV). Heatmaps and plot profiles were generated using
the plotHeatmap and plotProfile function in DeepTools suite (79).
To define the chromatin state of differentially enriched ATAC peaks,
the ChromHMM model generated as part of the Roadmap con-
sortium, using H1-derived NPC cells (80), was used. Briefly, ATAC
peaks identified as differentially enriched were intersected with
ChromHMM states not taking into account the size of intersect.
Bedtools was used for intersections (81), and more than one state
could be assigned to the same peak. Intersections with the quiescent
state (characterized by not having enrichment of any chromatin
mark) are not shown in the main figure but were assigned to 1066
peaks. Protein binding motifs enriched in differentially accessible
enhancer peaks were identified using HOMER (82) by running
the —size 2given and -mask parameters. Motifs with a P value lower than
1 x 107"* were considered to be significantly enriched. Differen-
tially accessible ATAC peaks were associated with genes using
GREAT (83) using the default association tool. GO for biological
processes was also carried out using GREAT. SMARCA4 and H3K27ac
chromatin immunoprecipitation (ChIP)-seq data (GSE122631)
were obtained from (63). ChIP-seq data were aligned to the hu-
man genome (hg38) using bowtie2 (84) and a MAPQ filter of 10.
Duplicate reads were removed using Picard tools (http://broadinsti-
tute.github.io/picard/). Enriched regions were called peaks using
MACS2 (85) and corresponding input control. The two files of MACS2
peaks for each SMARCA4 ChIP-seq replicates were merged and
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used in bedtools to calculate the total intersection with differentially
enriched peaks in shOTUDS5 NC3 cells. Intersect size was not taken
into account. For visualization in genome browser and heatmap,
only one randomly selected replicate of SMARCA4 ChIP-seq is
shown.

RNA sequencing

RNA from three replicates for cells treated with control shRNA or
shRNA against OTUD5, at each stage of neural conversion, was
isolated using TRIzol. After confirming that the RNA integration
number for each sample was above 8, libraries were prepared using
a TruSeq Stranded mRNA prep kit with PolyA purification and se-
quenced on HiSeq 2500 using a 1 x 50 single-read mode. RNA-seq
analysis and identification of differentially expressed genes were
performed using LCDB workflow (https://github.com/lcdb/lcdb-wf).
For visualization, bigwig files created by the LCDB workflow were
loaded onto IGV.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/4/eabe2116/DC1

View/request a protocol for this paper from Bio-protocol.
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