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Abstract
Purpose Systemic auto-in�ammatory diseases are a diverse group of heterogeneous disorders resulting
in development of the systemic in�ammation in absence of the in�ammatory induction. Sequence
variants in the OTULIN gene, which disrupts its ubiquitination activity lead to auto-in�ammation,
panniculitis, and dermatosis syndrome. To date, only few disease-causing variants in the OTULIN have
been reported.

In the study, presented here, sequence analysis of the OTULIN gene in a patient, exhibiting features of
OTULIN-related auto-in�ammatory syndrome (ORAS), revealed a novel disease-causing missense variant
p.(Thr312Met). Further, effect of the variant on structure and function of the OTULIN protein has been
examined using in silico OTULINWT and OTULINT312M.

Methods Cells, collected from the patient blood, were examined by �ow cytometry. Search for the disease-
causing variants was carried out using exome followed by Sanger sequencing. Effect of the sequence
variant on structure of the mutated protein was studied using in-silico analyses.

Results Flow cytometry analysis revealed slightly reduced number of lymphocytes, marked leukocytosis,
and mildly increased levels of IgG. Whole exome sequencing coupled with Sanger sequencing revealed a
homozygous missense variant [c.935C>T; p.(Thr312Met)] in the OTULIN gene. In-silico analyses revealed
that the missense variant reduces OTULIN’s expression and promotes accumulation of LUBAC-linked UB
chains leading to auto-in�ammation.

Conclusion Taken together, OTULIN may act as a novel therapeutic target for the development of
immunomodulatory drugs that may potentially increase or stabilize their expression. Targeting more
components of the Ub-proteasome pathway may provide new opportunities for therapeutic exploitation
and drug discovery. 

Introduction
Systemic auto-in�ammatory diseases (SAIDs) are heterogeneous group of disorders characterized by
spontaneous development of systemic in�ammation leading to a variety of organ-speci�c
manifestations. Cytokines are key regulators of the immune system which alert and activate
lymphocytes. In time activation of the innate immune response is indispensable for proper tissue
homeostasis and host defense. Disruption in regulation of these responses may lead to auto-
in�ammatory diseases which are often considered as life-threatening [1].

Regulation of signaling cascades such as interleukin-1 (IL-1), type I interferon, or tumor necrosis factor
(TNF) signaling, or activation of nuclear factor-κB (NF-κB) transcription factors rely upon protein
ubiquitination – a versatile post translation modi�cation [1,2]. Ubiquitin (Ub) mediates most of its cellular
functions through structurally and functionally distinct polyUb signals [2,3]. These polyUb chains are
linked either by one of seven Ub Lys residue or Ub Met1 (M1) generating M1 chains. The M1-linked chains
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dependent activation and regulation of NF-κB transcription factors is essential to control in�ammation
and immunity [4,5,6]. According to Hrdinka & Gyrd- Hansen, ubiquitin chains depend on cytokine
receptors. These receptors, upon stimulation, trigger the assembly of multi-protein receptor signaling
complexes (RSCs) which include LUBAC, present in association with E3 Ub ligases [7]. Chains of linearly
arranged ubiquitin molecules through M1 are generated by the linear ubiquitin assembly complex
(LUBAC) comprising of HOIP, HOIL-1, and SHARPIN.

The LUBAC activity is regulated by OTULIN (MIM 617099), which is a highly conserved deubiquitinating
enzyme with a speci�c activity to hydrolyze linear M1-linked Ub chains [8,9,10]. The gene OTULIN, also
known as FAM105B or Gumby, localizes on chromosome 5p15.2 [11]. There are several negative
regulators of NF-kB signaling such as A20, CYLD, and Cezanne which are essential for managing
in�ammation and the return to homeostasis [12]. Until now, only few mutations have been reported in
OTULIN, causing OTULIN-related auto-in�ammatory syndrome (ORAS). In the present study whole exome
sequencing coupled with Sanger sequencing revealed a novel homozygous missense mutation in the
OTULIN gene in a consanguineous Pakistani family causing ORAS. Further effects of the mutation have
been studied using in silico OTULINWT and OTULINT312M.

Methods
Study Oversight

The studies including immunologic diagnostic procedures and genetic analyses were performed in
accordance with guidelines of good clinical practice, the current version of the Declaration of Helsinki,
with written informed consent from the patients or patient’s legal representatives, and with approval from
the relevant Institutional Review Boards.

Material Sampling

Blood samples were collected from the patient and available parent. DNA was extracted using the
GenEluteTM blood genomic DNA kit (Sigma-Aldrich, St. Louis, MO, USA). DNA quanti�cation was
performed using Nanodrop1000 spectrophotometer (Thermal scienti�c, Wilmington, MA, USA) to
calculate the optimal density at 260 nm.

Whole Exome Sequencing and Analysis

Whole exome sequencing was performed using a TruSeq Rapid Exome kit as well as the Illumina
HiSeq3000/4000 system and the cBot cluster generation instruments as previously described with minor
changes [13,14]. Brie�y, reads were aligned to the human genome version 19 by means of the Burrows-
Wheeler Aligner (BWA). VEP was used for annotating single nucleotide variants (SNVs) and
insertions/deletions lists. The obtained list was then �ltered according to the presence of variants with a
minor allele frequency (MAF) >0.01 in 1,000 Genomes, gnomAD, and dbSNP build 149. After further
�ltering steps for nonsense, missense, and splice-site variants using VCF. Filter software, an internal

https://www.omim.org/entry/617099
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database was used to �lter for recurrent variants [15]. Moreover, variants were prioritized using tools, such
as SIFT, Polyphen-2 and the combined annotation dependent depletion (CADD) score, that predict the
deleteriousness of a present variant [16,17].

Sanger Sequencing

Sanger sequencing was used to validate the variant found in the OTULIN. This was carried out by
designing the following set of primers for PCR-ampli�cation of the variant.

Fw: 5’-AAAAACGTTGTGGCTTCACC-3’

Rv: 5’-ATAGTGCCGATCGTCCTCAG-3’

Data Set

The crystal structure of human OTULIN (PDB ID: 3ZNV) was retrieved through protein data bank (PDB)
[18]. The energy minimization steps were carried out by UCSF Chimera 1.5.6 using conjugate gradient
algorithm and Amber force �eld. 3D structure of OTULINT312M was predicted by Modeller 9.14 using
OTULINWT structure as template [19,20]. The predicted 3D structure was validated by MolProbity analysis,
followed by structure optimization through WinCoot [21,22].

Molecular Dynamics Simulations

OTULINWT and OTULINT312M systems were simulated through Amber16 [23]. In order to the check
parameters including bonds, angles, or dihedrals, parmchk utility was used to generate frcmod �le to load
in LEaP for adding missing parameters. All hydrogen atoms were added using the Leap module in the
AMBER package. Topology and rst7 �les were generated using tleap program through
leaprc.protein.ff14SB force �eld [24]. For the required hydration of all systems, we used TIP4P water box
with a buffer distance of at least 10 Å around the solute [25]. The initial minimization was done holding
the restraints over the solute for 500 steps using the steepest descent algorithm followed by another 500
steps with a conjugate gradient process. Another round of minimization was carried out without any
restraints for 3000 steps. Both minimizations were carried out using the cut off value of 12 Å. Heating
dynamics was applied to both complexes at 300 K. Langev in dynamics was used for temperature
maintenance. Whole arrangement was optimized, thermalized, and equilibrated using standard
equilibration protocol. All simulations were carried out using periodic boundary conditions under
isothermal and isobaric conditions (T = 300 K; p = 1 atm). The Berendsen thermostat was used for
controlling the temperature. The shake algorithm was used to restrain all the bonds at the time step of 2
fs [26]. Finally, MD simulation run was performed for 100 ns. After each MD run, trajectory �les were
generated and analyzed using cpptraj [27]. Comparative analysis of Root mean square deviation (RMSD)
and Root mean square �uctuations (RMSF) were performed for both systems. For the visualization of the
results, UCSF Chimera 1.5.6 was deployed.
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Results
Clinical Evaluation

A male child of Pakistani origin was born to consanguineous parents at 36 weeks gestation via
spontaneous vaginal delivery at Military Hospital Rawalpindi, Pakistan. He is the �rst child with
unremarkable family history. It was a booked pregnancy with normal antenatal course. He had a low birth
weight of 4 pounds but good APGAR (Appearance, Pulse, Grimace, Activity, and Respiration) score of
8/10 and no dysmorphism. He remained admitted in nursery for low birth weight and respiratory distress.
He was managed conservatively and discharged on 8th day after circumcision. At 3rd day of birth, he
developed right upper arm abscess at BCG vaccination site that required IV antibiotics treatment. The
child developed abscess at the circumcision site and was treated with local antibiotic dressing. Umbilical
cord detached on 10th day with normal healing. At one month of age he developed abscesses at wrist
and elbow and was treated with IV antibiotics. At 6 months of age he developed cellulitis of right thigh
following intramuscular vaccination and required surgical debridement and IV antibiotics. During �rst
year of life he had recurrent diarrhea, skin abscesses and three episodes of pneumonia that required
hospital admissions, however, no organism could be isolated. He had poor weight gain but attained
normal developmental milestones. He had no visceromegaly, lymphadenopathy or rash. Due to recurrent
skin abscesses and pneumonia, the child died at the age of 19 months (Fig. 1a).

Clinical Laboratory Tests

Complete blood count was performed on two occasions. He suffered with neutrophilic leukocytosis. The
leukocyte counts were 22000/ul. Neutrophils were 81% mostly with toxic granulation. Lymphocyte subset
analysis at 1 year showed markedly depressed lymphocytes (6%), low CD3 T cells (31%), CD4 and CD8 T
lymphocytes 22% and 8%, respectively, and a slightly raised CD4:CD8 ratio (2.75). However, absolute
lymphocyte count was not low due to marked leukocytosis (61200/uL). CD19 positive B cells and NK
cells were in normal range. At the age of one year, IgA and IgM levels were 40 mg/dl and 42 mg/dl,
respectively. However, IgG level was slightly raised to 902 mg/dl (Table 1).

Genetic Investigation

The detailed family history and pedigree analysis of the family suggested that the patient suffered from a
disorder segregating in an autosomal recessive manner. Using DNA of the patient, whole-exome
sequencing (WES) was performed as described before revealing 17 different homozygous variants
(Supplementary Table S1) [28]. Sanger sequencing of the homozygous C-to-T substitution in
chr5:14693033 [ENST00000284274.4:c.935C>T, p.(Thr312Met)] con�rmed partial segregation (due to
absence of one parent) of the OTULIN gene within the family (Fig. 1b). This missense change replaced an
essential polar amino acid threonine with sulphur containing non-polar methionine. The OTULINT312M

missense mutation lies in the C-terminal ovarian tumor (OTU) domain (79–352 aa) that mediates
deubiquitinase activity of the protein (Fig. 1c). The OTULINT312M is only the 4th missense mutation
reported in the gene. Previously two missense mutations p.(Leu272Pro), p.(Tyr244Cys) and one
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frameshift mutation p.Gly174Aspfs*2 was reported by Zhou et al. in 2016 and another missense
mutation p.(Gly281Arg) was reported by Damgaard et al. in 2019 [29,30]. The mutation reported in this
manuscript (p.Thr312Met) is not present in the GnomAD and 1,000 Genome database. Moreover, SIFT
and Polyphen scores con�rmed the deleterious nature of this mutation. The mutation carried a combined
annotation–dependent depletion (CADD) score of 27 (Supplementary Table S1).

Mutation of T312M Reduces OTULIN

OTULIN is a 352-residue protein that consists of an N-terminal LUBAC-binding PUB-interacting motif
(PIM), a C-terminal ovarian tumor (OTU) domain that mediates deubiquitinase activity of OTULIN (79-352
aa) and a putative C-terminal class I PDZ-binding motif (PDZbm: ETSL) (Fig. 1c). In the modelled
OTULINT312M, Ramachandran plot indicated the presence of >95% residues in the sterically allowed
region (Fig. 1d and e) (Supplementary Table S2). Moreover, parameters like peptide bond planarity;
nonbonded interactions, Cα tetrahedral distortion, main chain H-bond energy and G-factor for the
OTULINT312M structure were observed in the favorable ranges. Through superimposition of I domains of
OTULINT312M and OTULINWT structures, an overall RMSD value of 1.12Å was observed (Supplementary
Figure S1).

Molecular Dynamics (MD) Analysis

In order to monitor the detailed time-dependent conformational changes, 100 ns MD simulation runs were
performed using OTULINWT and OTULINT312M structures. Resulting trajectories were carefully analyzed to
determine the stability and structural properties during MD simulations. To evaluate the stability and
�uctuations of α-carbon atoms, time series plots of root mean square deviation (RMSD) and root mean
square �uctuation (RMSF) were generated. For OTULINWT, RMSD plot demonstrated system stability in
the range of 2.3Å, while it was slightly higher (2.7Å) in case of OTULINT312M (Fig. 2a). RMSF analysis
indicated that the residues ranging from T1118-V123 and P146-Q170 exhibited more �uctuations in
OTULINT312M (Fig. 2b).

In both OUTLINWT and OTULINT312M, the overall secondary structure topology was similar with minor
changes. Α-helices were altered due to positional differences of individual residues, length variation and
helical breaks. Overall, two β strands (S119-V123 and Y340-V344) were converted into loops in
OTULINT312M. P147-Q150 and L157-Q170 helical regions were elongated into single helix (P146-Q170) in
OTULINT312M. Another helix (Q288-V298) was modi�ed into M291-R299, while R263-S266 helix was
converted into loop in OTULINT312M. Similarly, I88-G95 helix was reduced in OTULINT312M by two residues
(I88-K93) (Fig. 2c and d). The 2-dimension representation is shown in Supplementary Figure S2.

Discussion
Protein ubiquitination is a key posttranslational modi�cation that regulates almost every aspect of
cellular homeostasis through structurally and functionally distinct polyubiquitin signals [2]. Ubiquitin
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molecules are linked either via one of 7 Ub Lys (K) residues or via Ub M1, forming M1-linked chains. The
linkage between Ub residues is generated by the linear ubiquitin chain assembly complex (LUBAC) that is
comprised of HOIP, HOIL-1, and SHARPIN. The M1-linked Ub chains regulate the immune responses
through regulation of NF-κB immune homeostasis and responses to infection [4,31,32]. OTULIN is the
only deubiquitinase (DUB) that speci�cally cleaves M1 linkages [9,10]. Previously it has been established
that OTULIN directly binds with HOIP component of LUBAC, and OTULIN-knockdown cell line study
demonstrates increased M1-linked chains on LUBAC and its substrates, which con�rms its pivotal role as
a deubiquitinase [9,10,33,34,35].

In the present study, whole exome sequencing identi�ed a novel missense mutation p.(Thr312Met) in the
OTULIN gene. This mutation is localized in the OTU domain, which contains deubiquitinase activity.
OTULINT312M leads to a spectrum of clinical manifestations such as persistent bowel symptoms, pus
from skin abscess, diarrhea, pneumonia, and fever. All these clinical features are coherent to those
reported earlier by Fiil & Gyrd-Hansen (2016) and Damgaard et al. (2019) OTULINL272P and OTULING281R,
respectively [30,36]. However, such patients do not have any clear �nding pointing to primary
immunode�ciency in routine immunological workup. Serum immunoglobulin levels could be low, raised,
or normal, so are lymphocyte subclasses. Although we did not check antibody responses to vaccination
since vaccination history was not available, such responses are expected to be normal in such patients
and hardly provide any help in making diagnosis [29].

Based on the functional studies, OTULINT312M leads to accumulation of LUBAC-linked UB chains, further
associated with enhanced NF-κB activity and increased TNFR1 signaling [9,10,33,34,35]. This would
result in a systemic auto-in�amatory disease affecting different organs. The phenotype could be lethal if
left untreated. In the present study, marked lymphocytopenia and leukocytosis with increased circulating
neutrophils were observed in accordance with the recent reports [30,36]. Remarkably, OTULINT312M did not
affect CD19 and NK cells along with immunoglobulin levels, which were found in healthy range.

In-silico analysis revealed that OTULINT312M may lead to functional disturbances. The comparative
structural analysis of OTULINWT and OTULINT312M revealed the presence of multiple conformational
transitions at the secondary structure level that may arise due to shifting of a polar to a nonpolar residue.
The noticeable differences were the absence of two β-strands: S119-V123 and Y340-V344 and merging
of two helices (P147-Q150 and L157-Q170) into single helix (P146-Q170) in OTULINT312M. Recent
mutational spectrum analysis for the catalytically inactive OTULINC129A that leads to autoubiquitination
of HOIP via Met1-linked polyUb chains suggests the importance of OTU domain in maintaining the
stability of functional OTULIN-HOIP complex [9,35]. Thus, any alteration in the conformation of interface
required for the assembly of M1-polyUb to OTU domain may hinder the LUBAC-dependent signaling,
required for cellular homeostasis (Fig. 3).

Conclusion
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Taken together, we describe in this study a new mutation affecting the OTULIN-HOIP complex. With the
information extracted from functional and computational analysis, we can conclude that OTULIN may
act as a novel therapeutic target for the development of immunomodulatory drugs that may potentially
increase or stabilize their expression. One of the major challenges for �nding effective drugs would be in
developing cell-based therapies. The ubiquitination is a very versatile process which regulates almost
every step of cellular homoeostasis and is regulated at multiple levels [2]. Targeting more components of
the Ub-proteasome pathway may provide new opportunities for therapeutic exploitation and drug
discovery.
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S No. Parameter Count (%) Ref range count (%)

1

2

3

4

5

6

7

TLC                                 

Lymphocyte

CD3+ T cells

CD3+4+ T cells

CD3+8+ T cells

CD19+ B cells

CD16+56+ NK cells

61200/ul

3672 (6)

1138 (31)

808 (22)

294 (8)

1469 (40)

551 (15)

6000-17500

3320-7006

2284-4776 (51.8-74.2)

1523-3472 (34.9-53.1)

524-1583 (12.8-27.1)

776-2238 (17.0-37.2)

230-801 (4.0-15.1)

Patient Immunoglobulin levels

8

9

10

IgG

IgA

IgM

902 mg/dl

40 mg/dl

42 mg/dl

11-769 mg/dl

11-221 mg/dl

4-110 mg/dl

Figures
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Figure 1

a) Sketch showing the different clinical manifestations in the patient. b) Familial segregation of the
identi�ed OTULIN (ENST00000284274.4:c.935C>T, p.Thr312Met) mutation in the family, indicating an
autosomal-recessive pattern of inheritance. Circles are showing females while squares are representing
males. A double line between parents indicates consanguinity. c) Domain-wise representation of OTULIN
consisting of an N-terminal LUBAC-binding PUB-interacting motif (PIM) (yellow), a C-terminal ovarian
tumor (I) domain (green) and class I PDZ-binding motif (PDBZ-bm) (pink). T312M point mutation is
located in the (OTU) domain, indicated by black arrow. d) The crystal structure of OTULINWT (PDB ID:
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3ZNZ). e) Modelled OTULINT312M structure. T312 and M312 residues are indicated in red colored ball
and stick representation and labeled in black.

Figure 2

MD simulation analysis. a) RMSD plot and b) RMSF plot for OTULINWT (green) and OTULINT312M
(pink), demonstrating the �uctuating residues (in black). Structural differences are indicated in green and
pink colors in c) OTULINWT and d) OTULINT312M, respectively.
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Figure 3

Schematic representation of OTULIN-dependent signaling to elaborate the catalytic mechanism of a)
OTULINWT and b) OTULINT312M. The canonical NF-κB pathway is regulated by linear M1-linked Ub
chains. RIPK1 (Receptor-interacting serine/threonine-protein kinase 1) is the central adaptor that is
required for the assembly of TNFR1 (Tumor necrosis factor receptor 1) receptor signaling complex.
Polyubiquitylated RIPK1 mediates recruitment of IKK (Inhibitor of nuclear factor-κB (IκB) kinase) complex
that is another target for ubiquitination. The activated IKK complex phosphorylates an inhibitor of kappa
B (IκBα) and targets IκBα for proteasome-mediated degradation. Linear Ub chains are added to RIPK1
and IKKγ by LUBAC. OTULIN negatively regulates the NF-κB pathway by cleaving linear Ub chains from
target molecules, RIPK1 and IKKγ. Decreased expression of OTULIN in patients with ORAS (OTULIN-
related auto-in�ammatory syndrome) may lead to activation of the NF-κB pathway, increased expression
of proin�ammatory transcripts in immune cells, and systemic in�ammation.
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