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Fig. S1: Additional OTUDS patient photos and skewed X-inactivation in OTUDS carrier-
F4

A. Clinical photos of patient P5-F3 carrying the p.161-164del mutation. B. Clinical photos of
patient P6-F4 carrying the p.Arg274Trp mutation. C. Clinical photos of patient P8-F6 carrying
the p.Arg404Trp mutation. D. Clinical photos of patient P10-F7 carrying the p.Arg520Trp
mutation. E. The OTUDS p.Arg274Trp carrier mother exhibits skewed X-inactivation, as
revealed by digestion of genomic DNA with a the methylation-sensitive restriction enzyme
Hpall followed by PCR amplification of the human androgen receptor (4R) gene at Xq12 and
capillary gel electrophoresis. DNA was isolated from peripheral blood. Photo credit for A-D:

With permission of the subjects’ legal guardian.
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Fig. S2: The p.Arg274Trp patient mutation is present in a putative NLS and results in
OTUDS mislocalization

A. Endogenous OTUDS predominantly localizes to the nucleus, as determined by indirect
immunofluorescence microscopy analysis of control and OTUDS5-depeleted hES HI cells. B.
Immunoblot analysis of hES H1 cells shown in panel A verifies OTUDS knockdown C. The
p.-Arg274Trp (R274W) patient variant is present in a putative NLS that is conserved amongst
species. Sequence alignment of OTUDS was performed using clustal omega. D. The OTUDS
R274W mutant protein partially mislocalizes to the cytoplasm. hES H1 cells stably expressing
doxycycline-inducible wildtype FFAGHAQTUDS (WT), catalytically inactive F-ASHAQTUDS
(C2248), or patient variant FL'AGHAQTUDS (L352P, R274W) were induced with doxycycline

(DOX) for 48h, fixed, and subjected to anti-HA immunofluorescence microscopy E.



FLAGHAQTUDSR?™W does not express higher than wildtype FLAGHAQTUDS. hES H1 cells stably
expressing doxycycline-inducible wildtype FFASHAQTUDS (WT), catalytically inactive
FLAGHAQTUDS (C2248S), or patient variant F"AGHAQTUDS (L352P, R274W) were induced with
doxycycline (DOX) for 48h as indicated and subjected to anti-HA and anti-GAPDH immunoblot

analysis.
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Fig. S3: Most patient mutations reduce OTUDS deubiquitylation activity

A. The p.D256N and p.R274W mutations reduce OTUDS5’s ability to hydrolyze Ub-AMC, while
other variants have no significant effect. Upper panel: Wildtype F-AGHAQTUDS (WT),
catalytically inactive FLAGHAQTUDS (C2248S), and denoted patient variant FLAGHAQTUDS were

purified from HEK293T cells followed by normalization and anti-HA immunoblotting. Lower



panel: Purified FL'AGHAQTUDS variants and FFASHAUSPS were incubated with Ub-AMC and
increase of AMC fluorescence was detected over time. Control = flag-IPs from HEK293T cells.
B. The p.D256N and p.R274W variants reduce OTUDS cleavage activity towards K63- and
K48-chains, while the p.161-164del variant specifically reduces K48-chain cleavage. HEK293T-
purified wildtype FLAGHAQTUDS (WT), catalytically inactive FLASHAQTUDS (C224S), and
denoted patient variant F“ACHAQTUDS were incubated with tetra-K48- or tetra-K63-chains for
indicated time periods and analyzed by SDS PAGE. C. Quantification of three independent
experiments shown in B (error bars denote s.e.m). Intensity of Ub4 band is relative to the sum of
intensity of Ub3, Ub2, and Ub band. D. The p.L352P variant specifically reduces OTUDS’s
K48-chain cleavage activity. Increasing amounts of HEK293T-purified wildtype FLASHAQTUDS
(WT), catalytically inactive FLAGHAQTUDS (C2248S), and patient variant F'AGHAQTUDS (L352P)
were incubated with K48- or K63-tetra-ubiquitin chains (Ub4) for 2h. Samples were analyzed by
SDS PAGE. E. Quantification of three independent experiments shown in D (error bars denote
s.e.m). Intensities of Ub4 or Ub bands are relative to intensity of Ub4 input band. F. Patient
variants have no obvious impact on OTUDS’s activating phosphorylation. Wildtype
FLAGHAQTUDS (WT), catalytically inactive FLACHAQTUDS (C224S), and denoted patient variant
FLAGHAQTUDS were expressed in HEK293T cells. Cells were lysed, treated with A-phosphatase

as indicated, and subjected to immunoblotting using indicated antibodies.
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Fig. S4: Reduction of OTUDS activity results in aberrant neuroectodermal differentiation

A. 1PSCs derived from OTUDS p.G494S patients are impaired in neuroectodermal

differentiation in vivo, as evidenced by teratoma assays using p.Gly494Ser patient or maternal



control iPSCs. Teratoma sections were analyzed by H&E staining. Area occupied by pigmented
epithelium (ectodermal marker) was quantified (error bars denote s.e.m, 12 slides of 2 teratomas
per condition, * = p <0.05, unpaired t-test). B. OTUDS mRNA expression is upregulated during
neural conversion of iPSCs, as evidenced by qRT-PCR. RPL27 = endogenous control (n=3
biological replicates, error bars denote s.d.). C. OTUDS mRNA expression is upregulated during
neural conversion of hESCs, as shown by RNA seq (left graph, n=3 biological replicates, FDR-
adjusted g-value = 0.0004) or qRT-PCR (right graph, n=3 biological replicates, error bars denote
s.d.) D. Depletion of OTUDS from hESCs causes aberrant neural conversion, as monitored by
immunoblotting using indicated antibodies. E. Depletion of OTUDS from hESCs causes aberrant
neural conversion, as evidenced by qRT-PCR for expression of CNS precursor markers (green)
and neural crest markers (orange). RPL27 = endogenous control (n=3 technical replicates, error
bars denote s.d.) F. Depletion of OTUDS from hESCs causes aberrant neural conversion, as
determined by immunofluorescence microscopy using antibodies against indicated neural
markers. Scale Bar = 20um. G. siRNA-mediated depletion of OTUDS from hESCs cells causes
aberrant neural conversion as shown by immunoblotting using indicated antibodies. H. K48-
chain specific deubiquitylation activity of OTUDS is required for neural conversion. Same
experiment as in Figure 3E, but successful differentiation was determined by detection of neural

rosette structures (blue arrows) using phase contrast microscopy.
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Fig. S5: OTUDS interacts with chromatin regulators and regulates their stability

specifically during differentiation

A. Schematic representation of high probability substrates of OTUDS. To identify high

probability substrates of OTUDS two independent proteomic experiments were performed (cf.

Figure 3a). First, control or OTUDS-depleted H1 hESCs or hESCs undergoing neural conversion

for 1 or 3 days were lysed and ubiquitylated proteins were isolated by TUBE pull down followed



by protein identification via mass spectrometry. Second, self-renewing or differentiating control
hESCs or hESCs expressing wildtype (WT) or catalytically inactive (C224S) FLAGCOTUDS were
lysed and subjected to anti-FLAG immunoprecipitation followed by identification of interacting
proteins via mass spectrometry. Candidate OTUDS substrates were defined as proteins found to
be more ubiquitylated upon OTUDS depletion and identified as specific OTUDS WT or C224S
interactors. These high probability substrates of OTUDS were functionally annotated and plotted
using cytoscape. Color of lines indicate in which cell state the physical OTUDS interaction
occurred (dark grey: hES cell state (hESC), light grey: cells undergoing neural conversion for 3d
(NC, d3), black: hESC and NC, d3). Candidate substrates that when mutated cause human
diseases with phenotypic overlap to OTUDS patients are circled in red. B. High probability
substrates of OTUDS are significantly enriched in chromatin regulators, as determined by GO
term analysis. C. OTUDS destabilizes chromatin remodelers, but not other tested candidate
substrates identified by mass spectrometry in differentiating hESCs. Control or OTUDS-depleted
hESCs or hESC subjected to neural conversion for 3 days were analyzed by immunoblotting

with indicated antibodies.
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Fig. S6: OTUDS regulates differentiation through stabilizing chromatin remodelers

A. Deletion of the C-terminus of OTUDS containing the UIM motif does not reduce its K48-

ubiquitin chain activity in vitro. Wildtype FXACHAQTUDS (WT), catalytically inactive

FLAGHAQTUDS (C2248S), and chromatin regulator binding-deficient OTUDS5 (ACterm) were

purified from HEK293T cells and incubated with tetra-K48-chains for indicated time periods and



analyzed by colloidal coomassie-stained SDS PAGE gels. B. The chromatin regulator binding-
deficient FLAGHAQTUDSAC™ mutant does not support neural conversion. hES H1 cells stably
expressing shRNA-resistant and doxycycline-inducible wildtype (WT) or chromatin regulator
binding-deficient (ACterm) FFAGHAQTUDS. Cells were then depleted of endogenous OTUDS
using shRNA as indicated, treated with or without doxycycline (DOX), and subjected to neural
conversion for 6 days. This was followed by qRT-PCR for expression of CNS precursor markers
(highlighted in green) and neural crest markers (highlighted in orange). Marker expression was
normalized to carrier control followed by hierarchical cluster analysis. RPL27 was used as
endogenous control. C. Depletion of chromatin regulators results in aberrant neural conversion.
hES HI cells were depleted of endogenous indicated chromatin regulators using stably expressed
shRNAs and subjected to neural conversion for 6 days and analyzed by immunoblotting to assess
knockdown efficiency and the expression of CNS precursor marker (PAX6) and neural crest
markers (SOX10, TFAP2, SNAIL2). GAPDH serves as loading control. D. Verification of
knockdown of TRAF3 and TRIM2S5 in cells analyzed in the differentiation experiment shown in
Figure S5E. hES H1 cells were depleted of endogenous TRAF3 and TRIM25 using stably

expressed shRNAs, subjected to neural conversion for 6 days, and analyzed by immunoblotting.
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Fig. S7: OTUDS cleaves K48-linked ubiquitin chains from chromatin remodeler substrates
A. HDAC?2 is modified with K48-linked ubiquitin chains that can be shortened by wildtype
(WT), but not catalytically inactive OTUDS (C224R). HEK 293T cells were transfected with
HsHDAC2 and HA-tagged ubiquitin variants that only allow for formation of K48-linked chains
(HAUDKHonly Jeft panel) or formation of K63-linked chains (FAUbX63"Y_ right panel) in the
absence or presence of MY C-tagged, wildtype or catalytically inactive OTUD5 (MYCOTUDS5WT
or ©224R) Cells were treated with MG 132 for 4h, lysed, and subjected to denaturing NiNTA pull
down (PD) followed by immunoblotting with indicated antibodies. In these assays, a specific
portion of "SHDAC?2 is modified by K48-linked ubiquitin chains, as evidenced by a ~2-fold
increase in the anti-HA signal NINTA PD/INPUT ratio in the TSHDAC2 condition over the
control, which was set to 1 (left panel, lane 2 vs. 1). These K48-linked ubiquitin chains on

HsHDAC2 can be reduced and trimmed by wild type OTUDS, but less by catalytically inactive



OTUDS5%224R_ Of note, there is higher expression of HAUbK#onlY when co-transfected with
HsHDAC?2 in the absence of MYCOTUDSWT or ©224R, Under these experimental conditions,
HisHDAC?2 is not specifically modified by K63-linked ubiquitin chains (right panel) B. OTUDS5
depletion in hES cells undergoing early stages of neural conversion results in an increase in
endogenous UBRS that is modified with K48-linked, but not with K63-linked ubiquitin chains.
hES HI cells were depleted of endogenous OTUDS using stably expressed shRNAs, subjected to
neural conversion for 1 day, treated with proteasome inhibitor for 4h, ubiquitylated proteins were
isolated by pull down with K48- or K63-ubiquitin-chain specific TUBES, and samples were
analyzed by immunoblotting with indicated antibodies. Empty beads were used as pull down

control.
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Fig. S8: Venn Diagram depicting the unique and overlapping features of LINKED patients

and patients suffering from Cornelia de Lange and Coffin-Siris Syndrome

Genes whose mutations cause the respective diseases are depicted. HDAC2 and ARID1A/B,

substrates of OTUDS, are highlighted in bold.
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Fig. S9: Chromatin accessibility and transcriptome remain largely unchanged upon loss of

OTUDS during early differentiation




A. Principal component analysis (PCA) of chromatin accessibility (assayed by ATAC-seq) of
control and OTUDS5-depleted hES H1 cells (hESC) and cells subjected to neural conversion for
three days (NC, d3). OTUDS has only minor effects on the overall chromatin landscape as
compared to the differences observed during neural conversion (hESC versus NC3,d). B. MA-
plot highlighting the drastically different ATAC-seq profiles between self-renewing hES H1
cells (hESC) and cells undergoing neural conversion for 3 days (NC, d3). Peaks represented in
the top part of the plot gain accessibility during differentiation while peaks in the bottom half,
lose accessibility. Pink dots represent peaks with statistically significant enrichment differences
(adj pvalue < 0.0001) between the two conditions. Note that these changes are drastically more
different than differences observed comparing control and OTUDS5-depleted cells at NC, d3 in
Figure 4a, suggesting that OTUDS5-dependent chromatin accessibility changes are not a mere
consequence of failed differentiation. C. PCA of transcriptional profiles, assayed using RNAseq,
in control and OTUDS5-depleted hESC and cells subjected to neural conversion for 3 days (NC,
d3). OTUDS depletion has little effect on transcriptional state of hESCs as compared to the
difference in profiles evident at NC, d3 stage. 97% of the transcriptional variance is related to
differentiation. D. MA-plots illustrating the minimal impact of OTUDS loss on transcription in
hESCs (left panel), which is slightly increased at day 3 of neural conversion (NC, d3, middle
panel). OTUDS-dependent transcriptional changes at hESC (left panel), and NC, d3 (center
panel) are modest compared to transcriptional alterations during differentiation in control cells

(right panel).
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Fig. S10: OTUDS-regulated enhancers are enriched in motifs for neural- and neural-crest
promoting transcription factors

Transcription factor motif analysis was performed on the ATAC-seq regions that were labeled as
potential enhancers and that lost chromatin accessibility upon OTUDS loss at day 3 of neural
conversion. These regions are enriched for transcription factors important for driving
differentiation towards a neural fate (highlighted in green) or neural crest fate (highlighted in
orange). Numbers in parenthesis represent the fraction of enhancers that contain the respective

transcription factor motifs.



Table S1: Detailed clinical information on OTUDS5-deficient patients

Table S2: Proteins differentially binding to TUBEs upon OTUDS depletion.

Table S3: Proteins physically interacting with OTUDS in self renewing and differentiating
hESCs.

Table S4: High probability targets of OTUDS.

Table S5: qRT-PCR primers used in this study

List of members of the Undiagnosed Diseases Network (alphabetical order):
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