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ARTICLE INFO ABSTRACT

Keywords: Ubiquitination and deubiquitylation regulate essential cellular processes and involve hundreds of sequentially
OTUD3 acting enzymes, many of which are barely understood. OTUD3 is an evolutionarily highly conserved deubi-
Deubiquitinase quitinase involved in many aspects of cellular homeostasis. However, its biochemical properties and physio-
g:’;il:st;lne logical role during development are poorly understood. Here, we report on the expression of OTUD3 in human

tissue samples where it appears prominently in those of neuronal origin. In cells, OTUD3 is present in the
cytoplasm where it can bind to microtubules. Interestingly, we found that OTUD3 cleaves preferentially at K6
and K63, i.e., poly-ubiquitin linkages that are not primarily involved in protein degradation. We employed
Xenopus embryos to study the consequences of suppressing otud3 function during early neural development. We
found that Otud3 deficiency led to impaired formation of cranial and particularly of cranial neural crest-derived
structures as well as movement defects. Thus, OTUD3 appears as a neuronally enriched deubiquitinase that is
involved in the proper development of the neural system.

Neural crest
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1. Introduction

Ubiquitination is a posttranslational modification that regulates
many cellular processes including proteolysis, cell proliferation,
macromolecule trafficking, DNA damage repair, receptor signaling, cell
communication and immunologic recognition processes [1-3]. Conju-
gation of ubiquitin via the formation of an isopeptide bond between the
C terminus of ubiquitin and a lysine residue of a substrate protein re-
quires the activity of ubiquitin writers (three sequentially acting en-
zymes including E3 ubiquitin ligases) [4-7]. The action of E3 ubiquitin
ligases is opposed by deubiquitinating enzymes (DUBs) called erasers.
The human genome encodes for approximately 100 DUBs, which can be
sorted into six groups: ubiquitin specific proteases (USPs), ubiquitin C-
terminal hydrolases (UCHs), ovarian tumor proteases (OTUs), Machado-
Joseph disease protein domain proteases (JMD), JAB1/MPN/MOV34
metalloenzymes (JAMM/MPN+), and monocyte chemotactic protein-
induced proteins (MCPIP) [8-10]. Members of the USP family (56

proteins) are promiscuous for different ubiquitin linkage topologies,
whereas members of the OTU family are selective for different types of
ubiquitin chains [11-13]. Ubiquitin moieties can be linked via seven
internal lysine residues (K6, K11, K27, K29, K33, K48, K63) forming
e-amines (Lys-linked ubiquitination) and the N-terminal methionine
(Metl-linked ubiquitination). Substrates can remain
ubiquitinylated or are mono-ubiquitinylated at multiple sites [14].
They can receive homotypic polyubiquitin chains (containing only one
linkage type) or branched polyubiquitin chains of defined linkage types.
Several lysines of ubiquitin can become modified post-translationally, e.
g., by acetylation or phosphorylation which can inhibit chain elongation
[15-17]. However, each event initiates a distinct signaling sequence
based on the specific structural quality they represent in the cell.

Nine core OTUD genes exist in humans, and we have only begun to
understand their functions. Among them, OTUD1 stabilizes PTEN as
well as p53 protein and reverse K63-linked ubiquitination of YAP as well
as the K6-linked ubiquitination of IRF3 [18-21]; OTUD2/YOD1 acts as
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antagonist of TRAF6 signaling to NF-kB and is involved in NEDD4-
dependent Hippo-signaling [22,23]. OTUD3 is described as a tumor
suppressor that can act as a K48-specific deubiquitinase and stabilizes
PTEN as well as reverse K63-linked ubiquitination of MyD88 and TP53.
High expression of OTUD3 correlates with poorer survival of lung cancer
patients while Otud3 deficiency promotes breast cancer formation in
mice. Recently, OTUDS3 has also been described to affect innate immu-
nity [24-32]. Since suppression of OTUD4 function in zebrafish leads to
defects in neural development and enhances TGFbeta signaling, it serves
as a predictive marker in several cancers [26,33,34]. OTUD5/DUBA is a
negative regulator of interferon and interleukin production of immune
responses and stabilizes p53 [35-37]. More recent data have shown that
OTUDS is involved in the response to DNA damage and cancer pro-
gression [37-41]. Mutations in OTUD6B have been shown to result in
seizures and impaired development of facies and distal limbs as well as
intellectual and visual disabilities [42,43]. The loss of Otud6b in mice
leads to the death of homozygous embryos due to reduced cell prolif-
eration and heart defects [44]. OTUD7A (Cezanne-2) and OTUD7B
(Cezanne), like OTUD2, are involved in antagonizing TRAF6 activity
with OTUD7A suppressing migration and invasion of HCC cells [45-47].
Otud7a transcription is repressed by SNAIL1, an important transcription
factor for neural crest migration and specification. Moreover, two pub-
lications describe the deletion in OTUD7A as causal for neurological
defects of the 15q13.3 microdeletion syndrome [48-51]. OTUD7B is
involved in HIF-1a homeostasis and is therefore a regulator of hypoxia.
Furthermore, it functions in autophagy as well as in the inflammation of
endothelial cells [52-55].

Here, we report on the biochemical and cellular properties of OTUD3
in cell culture. Moreover, since the role of OTUD3 during early devel-
opment has not been examined so far, we used the African clawed frog
Xenopus laevis as a vertebrate model organism. Xenopus develops extra-
uterine and thus independently from maternal influences. We found that
suppression of otud3 leads to impaired formation of cranial and cranial
neural crest-derived structures, leading to movement defects in the
tadpole.

2. Materials and methods
2.1. Plasmids, antibodies, primer, and chemicals

Description of plasmids, antibodies, and primers can be found in the
Supplementary material. Unless stated otherwise, all drugs and chem-
icals were purchased from Roth GmbH, Karlsruhe, Germany.

2.2. Cultivation of cells and transfections

Primary fibroblasts were cultivated in DMEM/HamsF12 (1:1)
(Gibco) medium supplemented with 8 % FCS (GE Healthcare,
Braunschweig, Germany), 2 % Ultroser G (Cytogen, Wetzlar, Germany),
and 2 mM glutamine (PAA). HT22 cells were cultivated in DMEM sup-
plemented with 10 % FCS and 2 mM glutamine. Transfections of plas-
mids were performed using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer's protocol. Empty vector pCS2™"
was used to obtain equal amounts of transfected DNA and as a negative
(EV) control. Cells were harvested 48 h after transfection or analyzed by
immunofluorescence microscopy. To block polymerization of microtu-
bules, 10 uM nocodazole suspended in DMSO (Sigma-Aldrich, Darm-
stadt, Germany) was added to the cells.

2.3. OTUD3 activity and specificity assays

For the activity assays, HEK293T and SH-SY5Y were seeded into six-
well plates and allowed to grow to 70-80 % confluency. Cells were
transfected with different GFP-OTUD3 variants using Lipofectamine
2000 or PEI according to the manufacturer's instructions and incubated
for 24 h. Cells were harvested by adding 300 pl of Trypsin/EDTA (PAA)
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to each well. After 5 min, cells were suspended in 3 ml cultivation me-
dium and centrifuged (3 min at 1500 rpm). Cell pellets were washed
once with 3 ml PBS and lysed in 20 mM Tris (pH 8.0), 100 mM NacCl, 1
mM EDTA, 0.5 % Triton-X100 and freshly added 1 mM PMSF, 1 mM
Aprotinin, 50 pM MG132, 1 mM DTT, and 2 mM ATP for 30 min on ice.
After centrifugation at 13,000 rpm at 4 °C for 10 min, the supernatant
was transferred to a new tube. 20 pg of each cell lysate was incubated for
1 h at 37 °C with or without 1 pg ubiquitin-propargylamide (Ub-PA,
Boston Biochem, Cambridge, MA, USA) or ubiquitin-vinylmethylester
(Ub-VME, Boston Biochem, Cambridge, MA, USA). In addition, 10 mM
of N-ethylmaleimide (NEM, Sigma-Aldrich, Darmstadt, Germany) was
added 15 min prior to ubiquitin-substrates. Reactions were stopped by
adding SDS loading buffer containing 5 % (v/v) 2-mercaptoethanol and
heating to 95 °C for 10 min. Samples were separated on 4-12 % Tris-
glycine gels (Invitrogen, Thermofisher, Waltham, MA, USA) for 90
min at 140 V and subsequently transferred onto PVDF membranes for
70 min at 100 V. Membranes were blocked for 1 h at room temperature
in TBS, 0.05 % Tween-20 (TBST), and 5 % (w/v) milk powder. Primary
anti-OTUD3 antibody (monoclonal mouse, Millipore clone 12A6.1;
MABS1819) was diluted 1:1000 in TBST and 0.5 % (w/v) milk powder
and used for membrane incubation overnight at 4 °C. Membranes were
washed (3 x 10 min in TBST) and secondary HRP-coupled anti-mouse
IgG (1:10,000) in TBST was applied for 1 h at room temperature. After
washing, an ECL plus Western blot detection Kit (Pierce, Thermofisher,
Waltham, MA, USA) was used according to the manufacturer's protocol.
Membranes were blotted with anti-GAPDH antibodies as loading con-
trols (1:5000, monoclonal mouse; Sigma; G8795). For the specificity
assays, a mutant HEK293T clone, lacking endogenous OTUD3 expres-
sion, was used. Cells were seeded onto 10 cm cell culture dishes, grown
to 70-80 % confluency, and transfected with 10 pg of different GFP-
tacked OTUD3 variants. After 24 h, cells were washed with ice cold
PBS and harvested using 200 pl RIPA buffer (25 mM Tris-HCl pH 7.4;
150 mM NacCl; 2 mM EDTA; 1 % Triton X-100; 0,1 % SDS; +cComplete,
EDTA free) on ice. Lysates were scraped off and transferred to Eppendorf
tubes, incubated for 30 min on ice, and mixed every 10 min by pipetting
up and down. Lysates were centrifuged with 17,000 xg at 4 °C for 10
min and supernatants were transferred to new pre-cooled tubes. 300 pl
dilution buffer (10 mM Tris-HCI pH 7.5; 150 mM NaCl; 0.5 mM EDTA)
was added to the lysates. GFP trap beads (Chromotek) were added to the
lysates according to the manufacturer's instructions and incubated for 1
h on a rotating wheel at 4 °C. The beads were centrifuged for 5 min with
2500 xgat 4 °C and washed three times in 500 pl washing buffer (10 mM
Tris-HCl pH 7.5; 150 mM NacCl; 0.5 mM EDTA; 0.05 % NP-40). After the
last washing cycle, 50 pl of 10x DUB-buffer (500 mM Tris-HCI pH 7.5;
500 mM NaCl; 50 mM DTT) were added. 30 pl of the purified OTUD3
proteins were incubated with 2 g of tetra-Ubiquitin chains for 30 min at
37 °C. The reactions were terminated by adding 10 pl of 4x LDS sample
buffer (Alfa Aesar) including 100 mM DTT. Probes were heated to 95 °C
for 5 min, separated on 10-20 % Tris-Glycine gels, and silver stained
using the Invitrogen SilverQuest Staining Kit.

2.4. Immunofluorescence microscopy

Primary fibroblasts were grown on polylysine coated glass plates in
12-well plates under standard conditions. Cells were washed twice with
PBS and then fixed in 4 % paraformaldehyde for 30 min at 4 °C and
permeabilized in PBS containing 0.2 % Triton X-100 for 5 min at 4 °C,
subsequently washed (3 x 10 min PBS) and incubated in PBS and 2 %
BSA for 30 min. Slides were decorated firstly with anti-OTUD3 (1:100,
Novus Biologicals, Wiesbaden, Germany) and secondly with IgG
Alexa488 (1:200, Invitrogen, Carlsbad, CA, USA). DNA was stained with
DAPI.

2.5. RNA extraction from human cell culture and Xenopus embryos

RNA was isolated from 25cm? of confluent fibroblast cultures using
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RNeasy Mini Kit (QIAGEN) according to the manufacturer's protocol.
RNA from frozen, staged Xenopus embryos was isolated as described
previously [56]. RNA was subsequently used for cDNA synthesis or
stored at —80 °C for further processing.

2.6. cDNA synthesis and quantitative PCR

OTUD3 mRNA levels were analyzed in primary fibroblasts and a
panel of 18 human tissues (Stratagene, San Diego, CA, USA) by quan-
titative PCR (qPCR). Total RNA (1 pg) was reverse transcribed into cDNA
in a 20 pl reaction using random hexamer primers and a ProtoScript
cDNA synthesis Kit. A 20 pl qPCR reaction contained 10 ng cDNA,
1xHOT FIREPol® EvaGreen® qPCR Mix Plus (passive reference ROX,
Solis Biodyne, Tartu, Estonia), and 1.25 pM of primers. The following
intron-spanning RT-PCR primer pairs (Suppl. table S3) were used:
OTUD3-F + R: (fragment size: 90 bp); GAPDH-F + R: (endogenous
control; fragment size: 87 bp) OTUD3, and GAPDH primer pair efficiency
was controlled in a standard template dilution experiment and found to
be similar (OTUD3: 96.7 %; GAPDH: 98.2 %). The qPCR protocol con-
sisted of a 15 min hot start at 95 °C, followed by 36 cycles consisting of a
20s denaturation step at 95 °C, a 30s annealing step at 55 °C, and a 20s
extension step at 72 °C, running PCR on a StepOnePlus instrument (ABI,
Thermofisher, Waltham, MA, USA). After amplification, samples were
heated for 30s at 95 °C, cooled for 30s at 65 °C, then heated again to
95 °C while measuring fluorescence every 0.3 °C to generate melting
curves to confirm homogeneity of the generated PCR product. Relative
expression was determined using the 2-2ACt method [57] and the
StepOnePlus software (ABI, Thermofisher, Waltham, MA, USA). For the
analyses of OTUD3 mRNA levels in fibroblasts, data were collected in
triplicate from three independent experiments and presented as mean +
SEM.

2.7. c¢DNA synthesis and semi-quantitative RT-PCR of Xenopus embryos

Levels of otud3 mRNA in Xenopus embryos of consecutive develop-
mental stages were measured by semi-quantitative RT-PCR. Total RNA
(1 pg) was reverse transcribed into ¢cDNA in a 20 pl reaction using
random hexamer primers and ProtoScript cDNA synthesis Kit (Sigma-
Aldrich, Darmstadt, Germany). A 25 pl qPCR reaction contained 10 g
c¢DNA, 1x HOT FIREPol® and 0.4 pM primers. The following RT-PCR
primer pairs (Suppl. table S3) were used: otud3 (fragment size: 230
bp), odc1 (fragment size: 220 bp), and p53 (fragment size: 248 bp).

2.8. Animals, microinjections, and animal cap explants

Xenopus laevis were obtained from NASCO, Fort Atkinson, WI, USA.
Embryos were generated and cultured as described [58]. Staging was
according to Nieuwkoop and Faber [59]. All procedures were performed
according to guidelines set by German animal use and care laws (Tier-
schutzgesetz) and approved by the German state administration of
Saxony-Anhalt (Projekt/AZ: 42502-3-600 MLU). For loss-of-function
experiments, two antisense morpholino-oligonucleotides (otud3-mol/
2) were designed and ordered from GeneTools, Philomath, Oregon, CA,
USA. For control injections, the standard control morpholino from Gene
Tools (Philomath, Oregon, CA, USA) was used. Sequences are listed in
the Supplementary Table S1. All morpholinos were dissolved in DEPC-
H,0 and stored in aliquots at —80 °C. For all experiments, 2.5 pmol of
the morpholinos or 1 ng of synthetic RNA was injected unilaterally into
one blastomere at the two-cell stage. Synthetic beta-gal RNA (100 pg)
was co-injected as a lineage tracer in all experiments. Synthetically
capped RNA was generated using the mMESSAGE mMACHINE kit
(Ambion, Thermofisher, Waltham, MA, USA). Notl linearized pCS2*
containing the gene of interest was used as a template for SP6 tran-
scription and 5 nl of capped mRNA were injected along with the mor-
pholino into one blastomere of a 2-cell stage embryo. The non-injected
side served as internal control.
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2.9. Cloning

Full-length Xenopus laevis otud3 was amplified by reverse transcrip-
tase PCR using primer pair otud3-F1 and otud3-R, bluntly ligated into
PGEM-T and subcloned into the EcoRI-Xhol site of pCS2™ to generate
pCS2":otud3. Full-length Homo sapiens OTUD3 was subcloned into the
EcoRI-Xhol site of pCS2" to generate pCS2":0TUD3 using plasmid GFP-
OTUDS3 as template (OTUD3-F1 and OTUD3-F as primers) [60]. Trans-
lation of constructs was controlled by couple transcription and trans-
lation (data not shown) (Promega, San Luis Obispo, CA, USA).

2.10. Whole-mount in situ hybridization

Whole-mount in situ hybridization (Wmish) experiments were car-
ried out as described previously [61]. To generate antisense RNA probes,
corresponding plasmids were digested and transcribed using standard
protocols for pax6, n-tubulin, twist, sox10, and foxd3. After embedding
embryos in gelatin/albumin, 10 pm sections were prepared using a
microtome (Leica, Nussloch, Germany) and mounted on glass slides.

2.11. Alcian blue staining

Cartilage staining in Xenopus laevis embryos was performed as
described earlier [62]. In brief, embryos were fixed in MEMFA at NF
stage 45 for 2 h at room temperature. Afterwards, embryos were rinsed
in PBS and stained with 1 % Alcian blue containing 0.5 % acetic acid for
2 h at room temperature. Staining solution was removed and embryos
were maintained in 80 % ethanol/20 % acetic acid. For bleaching,
embryos were first incubated for 3 h in 30 % H205 and an additional 2 h
in 0.05 % Trypsin in a saturated sodium tetraborate solution. After PBST
rinsing for several days at 4 °C, the skin of the embryos was removed,
and regions of interest were photographed.

3. Results
3.1. OTUDS3 is highly conserved in evolution

Prominent features of the OTUD3 protein include the catalytic OTU
domain and the ubiquitin-associated (UBA) domain. The OTU domain
contains conserved cysteine, aspartate, and histidine residues that
compose the catalytic triad of a cysteine protease. The UBA domain is a
short sequence motif composed of a compact three-helix bundle with a
large hydrophobic surface patch. UBA domains bind ubiquitin as well as
other proteins lacking any obvious ubiquitin-like structure [63,64]. To
date, specific functions of the N- and C-terminal region of OTUD3 have
not been determined, largely because structural data for these regions is
missing. The amino acid sequence alignment of OTUD3 revealed a high
degree of conservation throughout the eukaryotic kingdom. To analyze
the extent of OTUD3 conservation, we compared OTUD3 sequences
from 16 eukaryotic organisms representing seven classes: Echinoidea
(Strongylocentrotus purpuratus; purple sea urchin), Bivalvia (Crassostrea
gigas; Pacific oyster), Leptocardii (Branchiostoma belcheri; lancelets),
Actinopterygii (Danio rerio, Takifugu rubripes; ray-finned fishes), Amphibia
(Xenopus tropicalis, Xenopus laevis; claw frogs), Aves (Corvus japonica,
Gallus gallus; birds), and Mammalia (Monodelphis domestica, Ornitho-
rhynchus cuniculus, Rattus norvegicus, Mus musculus, Mesocricetus auratus,
Pan troglodytes, Homo sapiens; Fig. 1A, B).

Furthermore, vertebrate synteny analysis demonstrated a high de-
gree of similarity in the genomic arrangements of OTUD3 (Fig. 1C).
BLAST analysis also confirmed the mostly conserved genomic arrange-
ment of gene loci close to OTUD3. Genes encoding HTR6, TMCO4, and
RNF186 were frequently located downstream of OTUD3, whereas up-
stream of OTUD3 a linear arrangement of numerous PLA2 genes was
present. A less conserved gene arrangement was observed only in
zebrafish. These findings show that OTUD3 is highly conserved during
evolution which may indicate an important cellular function.
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Fig. 1. OTUD3 is highly conserved in evolution. A) OTUD3 protein contains an OTU domain bearing a putative cysteine protease and an UBA interaction site. Of note
is a characteristic isoleucine forming the last amino acid of the protein. B) Phylogenetic tree of putative full-length OTUD3 selected from the animal kingdom based
on maximum likelihood and bootstrap analysis. The branch length is proportional to the number of substitutions per site. The numbers next to the nodes are bootstrap
support values. Branch lengths are scaled based on the estimated divergence, with the scale bar at the bottom of the phylogram indicating the evolutionary distance.
There is a 20 % relative divergence observed over time. Notably, mammals, birds, fishes, and amphibians show a close phylogenetic lineage. C) Synteny analysis of
OTUD3/otud3: The location and orientation of OTUD3/otud3 in the respective genomes is conserved. Each arrow stands for a single gene while the arrowhead
indicates the direction of the open reading frame (ORF). OTUD3/otud3 (black arrow) is present in all analyzed species. In all species except zebrafish, up- and
downstream OTUD3/otud3 is flanked by the same genes. Abbreviations: GenBank Accession numbers, GBA-no.; bb, Branchiostoma belcheri (lancelets), GBA-no.
XM_019782191; cg, Crassostrea gigas (Pacific oyster), GBA-no. XM_011447637; Coturnix japonica (Japanese quail), GBA-no. XM_015882304; dr, Danio rerio (zebra-
fish), GBA-no. NM_212922; gg, Gallus gallus (domestic chicken), GBA-no. XM_424363; hs, Homo sapiens, GBA-no. NM_015207; Mesocricetus auratus (golden hamster),
GBA-no. XM_005081047; md, Monodelphis domestica (opossum), GBA-no. XM_001377743; mm, Mus musculus (house mouse), GBA-no. NM_028453; Oryctolagus
cuniculus (common rabbit), GBA-no. XM_002716005; Pan troglodytes (common chimpanzee), GBA-no. XM _513073; Rattus norvegicus (common rat), GBA-no.
NM_001191983; sp, Strongylocentrotus purpuratus (purple sea urchin), GBA-no. XM_001191596; Takifugo rubripes (pufferfish), GBA-no. XM_003962965; xI, Xenopus
laevis (African claw frog), GBA-no. NM_001095317; xt, Xenopus tropicalis (Western claw frog), GBA-no. NM_001005056.
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Fig. 2. Analysis of OTUD3 expression. (A) Relative transcript levels of OTUD3 mRNA in total RNA preparations from adult human tissues (BD Biosciences Clontech).
OTUD3 mRNA levels were normalized to expression level of human liver. OTUD3 mRNA was detected in all tissues investigated. Highest levels of OTUD3 mRNA were
measured in testes and skin. Notably, strong expression was found in adult and fetal brain. (B) OTUD3 in several human and mouse cell lines localized mainly in
cytosol and, to a lesser extent, into the nucleus. HeLa: human malignant epithelial cells; HaCaT: human aneuploid immortal keratinocytes; NIH3T3: mouse embryonic
fibroblasts; HT22: mouse hippocampal neuronal cells; pFib: human primary fibroblasts. Nuclear DNA was stained with DAPI (blue). Note the prominent co-staining of
OTUD3 and alpha-TUBULIN, which, upon treatment with nocodazole, was strongly reduced in primary fibroblasts. (C) Relative OTUD3 transcript levels in primary
fibroblasts measured by quantitative PCR. OTUD3 was present in polymerized tubulin fraction. Wildtype OTUD3 was overexpressed in HeLa cells. (D) By differential
ultra-centrifugation, cell lysates (I) were fractionated into a nuclear/debris fraction (P1), a soluble (S), and an insoluble pellet fraction (P2). Samples of each fraction
were loaded on SDS PAGE gel. Western blot was performed applying anti-OTUD3 antibody (Novus Biologicals, 1:200). Anti-a-tubulin antibody (Sigma, 1:500) was
used as loading control. (E) Transfection of HEK293T cells with a plasmid encoding an OTUD3-GFP fusion protein also indicates the association of OTUD3 with
tubulin filaments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.2. OTUDS3 is highly expressed in neuronal tissues and co-localizes with
microtubules

We investigated the expression pattern of OTUD3 by RT-qPCR using
an RNA panel from 18 human tissues (Fig. 2A). OTUD3 expression was
highest in skin and testes with remarkably high OTUD3 mRNA levels in
fetal and adult brain tissue. Moreover, using immunofluorescence mi-
croscopy we found OTUD3 expression in all investigated human and
mouse cell lines, namely in human malignant epithelial cells (HeLa),

human aneuploid immortal keratinocytes (HaCaT), mouse embryonic
fibroblasts (NIH3T3), mouse hippocampal neuronal cells (HT22), and in
human primary fibroblasts (pFib). To confirm the expression of OTUD3
in primary fibroblasts, we performed RT-qPCR in two independent cell
lines (Fig. 2B, C). OTUD3 localized primarily to the cytosol with peri-
nuclear accumulation and a minor fraction appeared in the cell nucleus.
Comparing the alpha-TUBULIN and OTUD3 fluorescence signals, we
noticed co-localization of endogenous OTUD3 with tubulin filaments,
where OTUDS signal is visualized as small dots. In the presence of
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Fig. 3. OTUD3 catalytic activity and specificity. (A) The activity of OTUD3 cysteine protease function was measured upon transfection of cell lysates of HEK293T and

SH-SY5Y with OTUD3-GFP (SH-SY5Y, Suppl. Fig. 1A; full western blots, Suppl. Fig.

1B). Cell lysates were incubated in the presence or absence of 1 pg ubiquitin-

propargylamide protein (Ubi-PA) or ubiquitin-vinylmethylester (Ubi-VME). NEM was added to block protease activity to control specificity. An anti-GAPDH blot
is shown as loading control. (B) OTUD3-KO cells (HEK293T) were transfected with either GFP or OTUD3-GFP. Tetra-ubiquitin chains of a defined linkage type were
incubated with GFP-OTUD3 protein purified from cell lysates using a GFP trap method. After incubation for 30 min at 37 °C, the reactions were separated on

denaturing gradient SDS polyacrylamide gel electrophoresis and silver stained.

nocodazole, a compound that interferes with polymerization of micro-
tubules, we still noticed the small OTUD3-containing dots; however, the
profound co-localization of OTUD3 with the microtubules was no longer
present. The co-localization of OTUD3 and TUBULIN prompted us to
investigate the biochemical interaction between OTUD3 and polymer-
ized microtubules in a co-sedimentation assay (Fig. 2D). HeLa cells were
transiently transfected with OTUD3, and lysed cells were fractionated
into polymerized and unpolymerized tubulins by ultracentrifugation. By
western blotting and applying anti-OTUD3 antibody we obtained the
total cell lysate (I), a nuclear/debris fraction (P1), the fraction of
unpolymerized/soluble tubulins (S), and the polymerized/insoluble/
pellet microtubule fraction (P2). OTUD3 protein was detected in all
separated cellular fractions. Thus, OTUD3 pelletized with polymerized
microtubules, which, together with our immunofluorescence data, in-
dicates an interaction of OTUD3 with microtubules. Since the trans-
fection with N-terminally GFP-tagged OTUD3 resulted in the same
localization of the GFP signal in the cytoplasm, mostly in a filament-like
pattern, the commercial OTUD3 antibody appears to be specific
(Fig. 2E). All further experiments were performed using OTUD3-GFP
transfected cell lines. Thus, our experiments show that OTUD3 is
expressed in all tissues or cell lines tested and interacts with microtu-
bules in the cytoplasm. We conclude that OTUD3 is expressed in all cells
but with a higher level in neuronal derived tissues. The interaction of
OTUD3 with cellular microtubules and OTUD3 localization to the nu-
cleus indicates a compartment specific regulation of OTUD3 activity via
the retention of OTUD3 at the microtubules.

3.3. OTUDS3 catalytic activity

The linkage type of ubiquitin chains provides specificity of the signal
they can convey. It is therefore crucial to understand protease specificity
and activity of a given deubiquitylating enzyme that can revert this
ubiquitin-signal. We first investigated whether full-length OTUD3 can
bind and process ubiquitin (Fig. 3) by employing human embryonic
kidney cells (HEK293T), and a neuroblast-like subclone of a bone

marrow biopsy (SH-SY5Y, Supplementary Fig. 1), and two suicide sub-
strates (Ubi-PA: Ubiquitin-Propargylamide Protein and Ubi-VME:
Ubiquitin-Vinyl Methyl Ester) which - upon catalysis - remain cova-
lently bound to the active center OTUD3 after processing. Using NEM
(N-ethylmaleinimid), an irreversible inhibitor of cysteine peptidases, to
test for the specificity of both suicide substrates we found that both
suicide substrates were unable to bind to OTUD3 with NEM present. In
contrast, without NEM both modified ubiquitin bound to OTUD3 but
could not be relieved from the active center, resulting in a mass shift by
one ubiquitin moiety. Further, we tested the specificity and reactivity of
OTUD3, and thus the mode of recognition and interaction, by adding
linear polyubiquitin chains of a given linkage type.

To ensure that the observed chain cleavages did indeed result from
OTUD3 activity, we transfected CRISPR/Cas-generated OTUD3 knock-
out cells (Supplementary Fig. 2) with plasmids of OTUD3-GFP or GFP.
Also, we intended to introduce an enzymatically dead version of OTUD3
as a further specificity control, but all variants carrying a deletion of a
defined critical amino acid of the catalytic tetrad induced cell death in
all tested eukaryotic cell lines (Suppl. Fig. 1B), similar to what was re-
ported previously [65]. Full-length OTUDS3 preferentially cleaves K6 and
K63 ubiquitin linkages (Fig. 3B) and to a lesser extent K11 and K48,
while K29 and K33 were not cleaved at all. Thus, apart from with-
drawing ubiquitinated proteins from degradation by the proteasome,
OTUD3 likely possesses protein regulatory functions.

3.4. Otud3 is required for the formation of the anterior axis in Xenopus
laevis

The expression of OTUD3 in human adult and fetal brain and the
high degree of conservation prompted us to investigate a possible role of
OTUDS3 during early Xenopus development. Firstly, we examined basal
expression of otud3 in consecutive developmental stages of Xenopus
laevis by semi-quantitative RT-PCR. Analysis of otud3 expression over
time revealed high initial levels of maternal transcripts declining
steadily until gastrulation. Zygotic transcripts were detectable
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Fig. 4. Suppression of otud3 function interferes with normal anterior development in Xenopus laevis embryos. A) Semi-quantitative RT-PCR revealed high maternal
expression of otud3.S and otud3.L. Low levels of otud3 are maintained during consecutive stages of development following gastrulation (NF 12). To monitor RNA
input, odc1 expression was analyzed. B) Schematic representation of exon-intron structures of Xenopus laevis otud3 pre-mRNA. Red lines indicate otud3-morpholinol
(otud3-mol) and otud3-morpholino2 (otud3-mo2) target sites. C) Target sequence of Xenopus laevis otud3 pre-mRNA (black) with corresponding antisense oligo-
nucleotide sequence of otud3-mol and otud3-mo2 (red). The PCR primer and morpholino binding sites are conserved in otud3.S and otud3.L. D) Injection of otud3-
mol/2 at the 2-cell stage led to a strong decrease in otud3 transcript level in swimming tadpoles (NF stage 36) compared to standard morpholino (std-mo) as shown
by semi-quantitative RT-PCR. E) To exclude off-target effects of otud3-mol/2 the level of p53 expression was compared to mock (std-mo) injected embryos by RT-
PCR. F) Injection of otud3-mo1/2 led to a pleiotropic phenotype including bent tail, malformed head and eyes, reduced pigmentation, and ataxia (NF stage 38;)
compared to mock injected controls. G) Statistical evaluation of morphant phenotypes from three independent experiments (total of 300-400 embryos per exper-
iment). 73 % of otud3-mo1/2 injected embryos showed the morphant phenotype at tadpole stage (black). Co-injection with synthetically capped Xenopus otud3 RNA
(otud3-mo1/2 + otud3 RNA; light gray) or synthetically capped human OTUD3 RNA (otud3-mol/2 + OTUD3 RNA; gray) clearly demonstrate rescue of the morphant
phenotype (by approximately 60 %). Only 3 % of control embryos injected with std-mo (dark gray) developed abnormally. The frequencies of the morphant phe-
notypes are significant (***, p < 0.001; y*test). H) A table summarizes the proportion of otud3 morphant phenotypes (otud3-mo1/2; left) and those rescued by
OTUD3 RNA co-injection (rescue otud3; right) compared to mock-injections (std-mo). Commonly observed phenotypes include malformed head associated with
ataxia (34 %) or bent tails (29 %). The most severely affected morphants showed both phenotypes (10 %) which was not observed under rescue conditions. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. OTUD3 function is required for proper cranial
neural crest specification. A) Whole-mount in situ
hybridization (Wmish) of control embryos and otud3
morphants at NF stage 20. Expression of neural crest
(NC) specification genes: foxd3, sox10, and twistl
were followed in cranial neural crest cells (NCCs) of
NF stage 20 embryos. Loss of otud3 function led to
smaller areas of foxd3, twistl, and sox10 expression.
Quantification of foxd3, sox10, and twist]l expression
in cranial neural crest was carried out with ImageJ.
Stained NC areas of control embryos as shown in were
measured and set to 100 % (std-mo, black). Compared
to controls, he areas of expression in otud3 morphants
(otud3-mo1/2, gray) are significantly reduced for all
marker genes analyzed (**p < 0.01, ***p < 0.001;
Student's t-test; N = 8-11). B) Using sox10 to mark the

*kk
—

*kk *%
— —

NF st. 20

hyoid and branchial neural crest cell streams in young
tadpoles (NF stage 25) which appear altered in otud3

sox10

|D

o

morphants compared to controls. White dotted lines
indicate the plane of the sections. White triangles

Ty i indicate neural crest cells. Quantification of relative

E 100 sox10 RNA expression detected by Wmish at NF stage

§ 8 25. Relative NC areas were measured using the
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throughout all later stages of development (Fig. 4A). To suppress
translation of otud3, we injected a mixture of two antisense oligonu-
cleotides (morpholino, otud3-mo1/2) that block two splice sites of otud3
pre-mRNA (Fig. 4B, C). Microinjection of otud3-mo1/2 morpholinos, but
not of control morpholinos, at the two-cell stage led to a strong decrease
in otud3 transcript levels as monitored by sqRT-PCR analysis (Fig. 4D).

We excluded off-target effects of the injected morpholinos as the
level of p53 expression was unaffected by the mock and otud3
morpholino-injections (Fig. 4E) [66]. Most otud3 morphants (73 %)
developed a spectrum of phenotypic alterations including bent tails,
malformed heads and eyes, reduced pigmentation, and a movement
disorder (Fig. 4F-H and Supplementary Videos V1 and V2). The speci-
ficity of otud3-mol/2 was further examined by injecting otud3-mo1l/2
together with synthetic otud3 RNA without morpholino binding sites. In

the presence of rescuing RNA, the otud3 knockdown phenotype was
largely reversed. Human synthetic OTUD3 RNA also rescued the otud3
morphant phenotype, underlining the high degree of conservation be-
tween human OTUD3 and Xenopus Otud3 (Fig. 1). Together, these re-
sults illustrate that OTUD3 activity is necessary for normal axis
formation during development.

3.5. Otud3 deficiency impairs neural crest development in Xenopus laevis

Xenopus otud3 morphants showed impaired development of struc-
tures derived from neural crest cells, we focused our subsequent ana-
lyses on brain and cranial bone formation. Neural crest cells (NCC) can
differentiate into numerous derivatives such as melanocytes, cartilage,
bone, as well as neurons and glia of the peripheral nervous system [67].
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Expression of neural crest-specifier genes (foxd3, sox10 and twistl) was
slightly reduced in otud3 morphants as demonstrated by in situ hy-
bridization. This observation was confirmed by sqRT-PCR analysis
which showed reduced transcript levels of foxd3, sox10, and twist] in
otud3 morphants compared to mock-injected control embryos (Fig. 5A).
In early tadpole-stage embryos (NF stage 25), sox10 was strongly
expressed within the hyoid and branchial streams (Fig. 5B). Migration of
NCC upon suppression of otud3 function was altered in that the hyoid
stream was missing and the branchial stream appeared shorter. twistl
expression indicated a defect in NCC migration at a later NF stage 30,
namely NCC migrating into the mandibular, hyoid, and anterior and
posterior branchial streams. Here, otud3 morphants exhibited shortened
anterior and posterior branchial streams as well as a smaller mandibular
stream, while the hyoid stream was almost lost (Fig. 5C-D). Since these
streams of NCC significantly contribute to the cartilaginous anlagen of
the head, we performed alcian blue staining of swimming tadpoles at NF
stage 45 to follow the development of the craniofacial skeleton. While
otud3 morphants still formed Meckel's (ME), ceratohyal (CE), branchial
(BR), and basihyal (BA) cartilages, the presumptive craniofacial skeleton
appeared more compact and the development of ME as well as CE was
affected (Fig. 5E-F). Taken together, our findings suggest that otud3 is
an important factor not only during the specification of the neural crest
cell lineage but also for head and eye development (Supplementary
Fig. 3).

4. Discussion

In this study, we investigated the biochemical and molecular prop-
erties of the deubiquitinase OTUD3. We found evidence that OTUD3
predominantly localizes in the cytoplasmic space and to a lesser extent
in the nucleus. Interestingly, OTUD3 binds to microtubules in the
cytoplasm. Thus, nuclear entry may depend on, and thus be regulated
by, the interaction between OTUD3 and the dynamics of the microtu-
bular network. We were able to characterize OTUD3 as a deubiquitinase
that predominantly cleaves Lys6 and Lys63 linkages and to a much lesser
extent Lysl1 and Lys 48. Since OTUD3 transcripts were found to be
strongly expressed in RNA preparations of fetal and adult human brains,
we investigated the effects of Otud3 suppression of function on the early
neural development in Xenopus larvae, where it led to impairments in
the development of neural crest derivatives like head structures,
including the visual system and melanocytes.

The most characteristic features of OTUD3 are the OTU and
ubiquitin-associated (UBA) domains which are highly conserved in the
chordate phylum ranging from cephalochordates (amphioxus) to
humans. The OTU domain forms the proteolytic center with conserved
cysteine, aspartate, and histidine as catalytic residues. The UBA domain
is often found in proteins involved in ubiquitin-mediated proteolysis
with which they can bind polyubiquitin with high affinity. Phylogenetic
analysis revealed that mammals and oviparous species form closely
related branches. Interestingly, OTUD3 was also identified in sea urchins
and oysters, based on a strictly conserved isoleucine of unknown func-
tion at the C-terminal end. To our knowledge, lipoxygenases are the only
other class of proteins in which a C-terminal isoleucine is conserved.
Here, the isoleucine is likely critical for the formation of a C-terminal
helix that is important for iron binding and oxidative enzyme activity
[68-70]. It is still unknown whether OTUD3 or any other member of the
OTU family forms a helix-like domain at the C-terminus or whether it is a
metal-binding protein.

Using tetra-ubiquitin chains of defined linkages we found that
OTUD3 can cleave Lysl1 and Lys48 linked polyubiquitin with low ac-
tivity (Fig. 3). Both forms have been implicated in targeting substrate
proteins to the proteasome for degradation. While Lys11 and Lys48
appear equally abundant in cells, much less is known about the function
of Lys11-linked compared to K48-linked polyubiquitin, the latter being
known as classical signal for protein degradation [71-73]. Interestingly,
OTUD7A and OTUD7B (Cezanne-2 and Cezanne) are the only

BBA - Gene Regulatory Mechanisms 1866 (2023) 194901

deubiquitinases described so far to cleave Lys11-polyubiquitin chains,
pointing toward the existence of a regulated degradation pathway in-
dependent of Lys48 and with potentially important roles in Parkinson's
disease, = DNA-damage response, and hypoxia regulation
[47,52,71,74-76]. Even branched polyubiquitin chains via Lys11 and
Lys48 had been described that enhance protein degradation by
increasing the affinity for the proteasome [77,78].

We found OTUDS3 to be highly efficient in cleaving Lys6 and Lys63
polyubiquitin (Fig. 3). Cleavage of Lys63-linked polyubiquitin by
OTUD3 has been reported recently [79]. BRCA1/BARD1 heterodimers
form an E3-ligase that directs the formation of Lys6 linkages, probably
helped by UBXN1, which play a role in DNA repair, DNA replication, and
transcriptional regulation. In the BRCA-mediated DNA repair pathway,
Lys6-modified ubiquitin chains possess a regulatory rather than degra-
dation function [80-84]. Moreover, it has been reported recently that
Lys6-linked ubiquitin chains can induce the degradation of a tyrosine
phosphatase in the nucleus [85]. A minor fraction of OTUDS3 localizes to
the nucleus of unstressed cells (Fig. 2). Although the exact role of nu-
clear OTUD3 remains to be investigated, the idea that OTUD3 might be
involved in silencing (e.g., through DNA-repair) pathways by counter-
acting Lys6 ubiquitination when not required is intriguing.

E3-ligase Parkin and USP30 can respectively assemble and disas-
semble Lys6-linked polyubiquitin. Parkin ubiquitinates damage mito-
chondria for their degradation. USP30, like USP8 deubiquitinase,
opposes Parkin activity on mitochondria since they preferentially cleave
Lys6-linked polyubiquitin. Recently, Otud3 has been described to pre-
vent Parkinson's disease in a mouse model [86-89]. In addition, Lys63-
linked ubiquitin chains have been associated with neuronal dysfunction
like ataxia, autism-like behaviors, proper function in neuronal excit-
atory postsynapses [90-92]. Otud3-morphants displayed an ataxia-like
phenotype with seizures at tadpole stage and the tadpole's movement
appeared undirected (Supplementary Videos 1 and 2). A similar
phenotype was observed in trim2-morphants and in Trim2-knockout
mice but also Otud3-knockout mice. TRIM2 is a E3-ligase which physi-
cally interacts with ALIX (ALG-2 interacting protein X), a Lys63-specific
polyubiquitin binding protein that can block apoptosis and functions
during endocytosis. While no ubiquitin linkage type has been attributed
to Trim2, Lys63-ubiquitin chains are involved in a variety of vesicle
trafficking events and protein sorting [89,93-98]. Surprisingly, free
K63-linked polyubiquitin chains bind to DNA and enhance the recruit-
ment of repair factors to damaged DNA [99,100]. Whether OTUD3 is
involved in the resolution of Lys63 polyubiquitin containing repair
complexes has not been invested. In this context, it is interesting to note
that during DNA damage the Mahogunin Ring Finger-1 (MGRN1) con-
taining ubiquitin ligase mediates the Lys6 ubiquitination of alpha-
tubulin to regulate microtubule stability and mitotic spindle orienta-
tion [81,101]. We found that OTUDS3 can bind to microtubules and is
able to cleave Lys6 polyubiquitin chains with high efficiency. It will be
interesting to test whether OTUD3 antagonizes MGRN1 in this process.
In fact, many microtubules associated DUBs like USP9X, USP35, USP44,
AMSH, CYLD or CEZANNE, are expressed in a cell-cycle dependent
manner or change their location concomitantly [77]. As an example,
CYLD localizes to microtubules during interphase, migrates to the
midbody during telophase and CYLD protein levels decrease after
mitosis. Depletion of CYLD resulted in delayed mitosis entry, whereas
overexpression coincided with fragmented or multinucleated cells,
impaired chromosome segregation and cytokinesis [102,103]. Several
reported substrates of OTUD3 including ACTN4 [30], p53 [104], and
PTEN [105] are present in the cytosol and in the nucleus. Among them,
the tumor suppressor p53 is even associated with cellular microtubules
and translocates to the nucleus in a dynein dependent manner [106].
Near the nucleus, p53 is translocated into the nucleus with the help of
importin-a3 and heat shock factor Hsfl [107,108]. In our experiments,
OTUD3 is mostly present in the cytosol and co-localizes with microtu-
bules, with a minor signal in the nucleus. It is thus possible that similar
to p53, OTUD3 binds to microtubules to allow directional transport
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toward the periphery of the nucleus for efficient nuclear translocation.
In another hypothetic scenario, OTUD3 functions as a DUB that deubi-
quitylates tubulin or tubulin-associated proteins. It is of note that
cleavage of Lys6 and Lys63 polyubiquitin chains has also been reported
to regulate innate immunity upon pathogen infection [109]. Taken
together, OTUD could probably be involved in shutting down stress
responses like DNA damage and infections counteracting Lys6 and Lys63
dependent signaling.

Through loss-of-function experiments we showed that OTUD3/
Otud3 is essential for normal early embryonic development. Neuro-
cranial structures and neural crest specification were strongly affected in
otud3-morphants. The most notable effects were loss of pigmentation
and formation of smaller heads with dysplasia of the presumptive head
skeleton. Both tissues descend - at least partially - from the neural crest.
Interestingly, in dark-furred mahoganoid mice the above-mentioned
Mgrnl E3-ligase is absent and Mgrnl-null melanocytes are hyperpig-
mented. Thus, loss-of-function of Otud3 and of TRIM2 show corre-
sponding phenotypes in neural crest derived cells [110]. The neural
crest cells arise in regions with intermediate levels of BMP, between the
neural- and non-neural ectoderm. High levels of BMP induce formation
of epidermis and low levels of BMP promote neural ectodermal differ-
entiation [111,112]. Malformation of neural crest derivatives may result
from a spatial shift or a steeper gradient of BMP expression, with higher
BMP activity in the region of the developing neural plate. Regular head
formation in amphibian embryos requires the suppression of WNT and
BMP signals emanating from ectoderm and ventral mesoderm [113].
Thus, the small head of otud3 morphants may reflect higher regional
BMP signaling. Accordingly, the formation of neural structures was also
impaired upon suppression of otud3 function and a mild repression of
BMP-signaling was observed in pluripotent animal cap cells (Xenopus
animal cap assay) upon otud3-knockdown (Supplementary Fig. 3).
Ubiquitination regulates several vital proteins involved in BMP-
signaling. BMPR-IA is triggered for degradation by UBE3A [114].
NIPA1 interacts with BMPR2 and promotes its endocytosis and lyso-
somal degradation [115,116]. Smurfl E3 ubiquitin ligase is involved in
endocytosis/recycling and lysosomal degradation of BMPR [117,118].
In contrast, USP15 and OTUD4 protect BMPR1A as well as SMAD4 from
degradation [119-122]. Thus, OTUD3 is likely part of this complex
network regulating BMP signaling activity during early development,
probably at the level of vesicle trafficking, which is strongly related to
Lys63 ubiquitin signaling.

Overall, we conclude that OTUD3 function is required for early
specification of the neural crest linage and most likely for proper BMP
signaling in Xenopus embryos. Moreover, we could characterize OTUD3
as a deubiquitinase that can bind to microtubules and predominantly
cleaves Lys6 and Lys63 linkages and, to a lesser extent, Lys11 and Lys
48, which suggests its involvement primarily in converting protein ac-
tivity rather than in protein degradation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbagrm.2022.194901.
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