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Abstract: Background: Specific subvariants of uveal melanoma (UM) are associated with increased
rates of metastasis compared to other subvariants. BRCA1 (BReast CAncer gene 1)-associated protein-
1 (BAP1) is encoded by a gene that has been linked to aggressive behavior in UM. Methods: We
evaluated BAP1 for the presence of intrinsically disordered protein regions (IDPRs) and its protein–
protein interactions (PPI). We evaluated specific sequence-based features of the BAP1 protein using a
set of bioinformatic databases, predictors, and algorithms. Results: We show that BAP1’s structure
contains extensive IDPRs as it is highly enriched in proline residues (the most disordered amino
acid; p-value < 0.05), the average percent of predicted disordered residues (PPDR) was 57.34%, and
contains 9 disorder-based binding sites (ie. molecular recognition features (MoRFs)). BAP1’s intrinsic
disorder allows it to engage in a complex PPI network with at least 49 partners (p-value < 1.0 × 10−16).
Conclusion: These findings show that BAP1 contains IDPRs and an intricate PPI network. Mutations
in UM that are associated with the BAP1 gene may alter the function of the IDPRs embedded into its
structure. These findings develop the understanding of UM and may provide a target for potential
novel therapies to treat this aggressive neoplasm.

Keywords: uveal melanoma; BAP1; intrinsically disordered protein (IDP); intrinsically disordered
protein regions (IDPR); protein–protein interaction network

1. Introduction

Uveal melanoma (UM) is the most common primary intraocular malignancy and has
an age-adjusted incidence of 5.1 per million [1,2]. The neoplasm arises from the melanocytes
in different parts of the uvea, specifically the choroid, ciliary body, or iris. UM comprises
85% of melanomas arising in the eye, with the remainder of eye-related melanomas arising
mostly from the conjunctiva [2]. Most patients present between the ages of 50 years to
70 years and risk factors that have been associated with UM include fair skin, light iris
color, congenital ocular melanocytosis, melanocytoma, and BAP1 cancer predisposition
syndrome [3–6].

UM may present without any symptoms and may be discovered incidentally during a
routine eye examination. However, approximately >70% of patients may have minor visual
disturbances, such as flashes, floaters, or other visual field defects [4]. The diagnosis is
based upon a comprehensive ophthalmic examination, which is followed by further char-
acterization with specialized noninvasive testing methods, such as fundus photography,
ultrasonography, ultrasound biomicroscopy, optical coherence tomography, autofluores-
cence, and fluorescein angiography [5,7]. Although these non-invasive methods can be
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accurately used in many UM cases, a biopsy of the lesion through fine-needle aspiration
may be necessary to yield a definitive diagnosis [4,8].

When treating UM, the primary goal is complete tumor control for prevention of
metastatic spread and the secondary goal is the preservation of vision if possible. His-
torically, enucleation was the mainstay of treatment, as this would provide confirmatory
histopathological diagnosis and help guide further decisions. In the 1970s, the treatment
paradigm slowly shifted towards using Iodine-125 (125I) brachytherapy, which is a form
of radiation therapy applied directly over the tumor on the episcleral surface [9,10]. The
Collaborative Ocular Melanoma Study (COMS) showed that there was no significant differ-
ence in mortality when comparing 125I brachytherapy to enucleation [11]. This landmark
study now defines how UM is managed.

Today, the American Brachytherapy Society has standardized the use of brachytherapy
to treat UM [12]. Other treatments that are being compared to brachytherapy include
proton beam radiotherapy [13], and smaller tumors may be treated with transpupillary
thermotherapy, photodynamic therapy, photocoagulation, and now investigations into
nanoparticle therapy [14–17]. Although local treatment for primary UM has prevented local
recurrence in over 95% of cases, up to 50% of patients develop hematogenous metastases
that are believed to be micrometastasis even before therapy [5,18,19].

Given the high rates of metastasis following local tumor control, there is a need to
further detail the factors that are driving the aggressive behavior of UM. The rise in precision
and genetic medicine has provided motivation to elucidate the molecular basis of disease,
especially malignancies, including UM. The genomic landscape of UM, characterized by
a small number of highly recurrent mutations, has been studied and profiled via gene
expression profiling (GEP), which has been used as a prognostic tool to predict metastatic
risk [20,21]. GEP can characterize UM tumors in two subgroups: Class 1, which confers a
low metastatic risk, and Class 2, which confers a high metastatic risk [20,21]. Class 2 tumors
contain a cluster of “progression mutations” in SF3B1, EIF1AX, and BAP1 [20,21]. Of
these three genes, BAP1 mutations and loss of function have consistently been linked to
aggressive sub-variants of UM [20,21].

The BRCA1 (BReast CAncer gene 1)-associated protein (BAP1) gene encodes a 729-
residue-long tumor suppressor protein that functions via multiple incompletely understood
pathways. BAP1 is located on chromosome 3p21.1, which is frequently lost or mutated in
uveal melanoma [21–23]. Mutations in BAP1 consist of missense and nonsense mutations,
frame-shift deletions, non-frame-shift deletion, and four splice site mutations [23]. These
discoveries and associations are key to better understanding UM; however, additional work
is needed to further comprehend how these genetic mutations alter various functions of
this important protein. Specifically, it is unclear how these mutations impact the functional
proteomics of BAP1 and its interaction with other proteins.

Many aspects of UM’s proteome are likely impacted by genetic mutations associated
with the neoplasm. In the interest of our group, we aim to understand UM in the context of the
protein intrinsic disorder phenomenon, focusing on quantifying the intrinsically disordered
protein regions (IDPRs) in BAP1 and characterizing its protein–protein interaction (PPI)
network. IDPRs and intrinsically disordered proteins (IDPs) have been linked to neoplastic
development [24–27]. IDPs and proteins with IDPRs are commonly found in proteomes
of all living organisms and viruses [28–31]. These functional proteins or protein regions
are characterized by the lack of stable 3D structure and possess highly flexible structures
containing multiple functional segments. IDPRs are likely to be involved in an array of diverse
biological functions [32–34]. Our group’s previous studies have demonstrated associations
between IDPRs and the development of ocular surface squamous neoplasia and conjunctival
melanoma [35–37]. Importantly, in a shift from structure-specific drug discovery campaigns,
IDPRs have begun to be targeted to treat various cancers [38–40]. We posit that, like many
other cancer-related proteins, BAP1 has extensive intrinsic structural disorder (i.e., IDPRs). If
BAP1 contains high levels of intrinsic structural disorder, then these molecular features should
be considered as potentially viable targets for future therapies directed at UM.
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2. Materials and Methods

An initial literature search with the key terms “uveal melanoma” and “BAP1” was
done to understand the current treatment landscape of UM and to identify genetic muta-
tions associated with UM. Articles used in the literature search were collected from the
National Library of Medicine MEDLINE databases. All forms of published scientific articles
were considered, including original research, meta-analyses, and systematic reviews. All
articles were limited to publications in the English language. Through our literature search,
we identified 66 unique BAP1 mutations reported by Ewens et al., Decatur et al., and Har-
bour et al. [21,41,42]. A disorder-based proteomics analysis was also performed to quantify
the levels of intrinsic disorder (i.e., IDPRs) within BAP1 and to assess the complexity of its
PPI network.

2.1. Protein Sequences

The Universal Protein Resource (UniProt; available at: https://uniprot.org; accessed
on 15 June 2022) is a database that houses comprehensive protein information [43]. The
search terms used were “gene: BAP1” and “Homo sapiens (Human)”. The canonical amino
acid sequence in texted-based format (FASTA) was selected from the UniProt entry (UniProt
ID: Q92560).

2.2. Structural Assessment

The UniProt entry used above (UniProt ID: Q92560) also contained structural informa-
tion. We selected the “AlphaFoldDB” entry as AlphaFold is the most accurate and accepted
computational method to predict structural aspects of proteins [44,45].

2.3. Quantification of Intrinsic Disorder

The BAP1 sequence was subjected to analysis using the Composition Profiler (available
at: http://www.cprofiler.org/; accessed on 15 June 2022) [46]. The profiler allowed for
the analysis of enrichment or depletion of common amino acids in BAP1. The content
of each amino acid in the query protein is compared to background set of proteins that
is comprised of highly structured and ordered proteins, the PDB Select 25 [46]. The
normalized enrichment or depletion is evaluated as (Cx–Corder)/Corder, where Cx is the
content of a given residue in its query protein (i.e., BAP1) and Corder is the content of the
same residue in the PDB Select 25.

The BAP1 sequence was also analyzed using a set of six commonly used per-residue
disorder predictors: PONDR® VLXT [47], PONDR® VL3 [48], PONDR® VLS2 [49,50],
PONDR® FIT [51], and IUPred2 (Short) and IUPred2 (Long) [52,53]. The corresponding
data were assembled using an in-house web crawler that aggregates the outputs of these
six well-known disorder predictors and also provides mean disorder predictions for query
proteins by averaging the outputs of these six predictors. We also used PONDR® VLS2
results to quantify local intrinsic disorder predisposition for each BAP1 mutations that we
identified in the literature.

Potential disorder-related functionality of BAP1 was analyzed using the Database of
Disordered Protein Prediction (D2P2) database (http://d2p2.pro/; accessed on 15 June
2022) [54] that utilizes the outputs of IUPred [52], PONDR® VLXT [47], PrDOS [55],
PONDR® VSL2B [49,50], PV2 [54], and ESpritz [56] to show disorder predispositions of a
query protein and to evaluate agreement between these predictors. The platform also shows
the positions of functional SCOP (Structural Classification of Proteins) domains [57,58]
predicted by the SUPERFAMILY predictor [59]. The D2P2 output also includes informa-
tion identified by the ANCHOR algorithm, which predicts disorder-based binding sites
that are disordered and expected to fold into ordered structures when they interact with
specific partners (i.e., molecular recognition features (MoRFs)) [60]. The D2P2 platform
also predicts possible posttranslational modifications (PTMs) using the outputs of the
PhosphoSitePlus [61]. Lastly, we analyzed how known UM-related mutations might affect
local disorder propensity of BAP1.

https://uniprot.org
http://www.cprofiler.org/
http://d2p2.pro/
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2.4. Protein–Protein Interaction Network

To assess the potential functional implications of intrinsic disorder in BAP1, we sub-
jected the amino acid sequence to The Search Tool for the Retrieval of Interacting Genes
(STRING) (URL: https://string-db.org/, accessed on 15 June 2022). STRING is a quality-
controlled database that uses experimentally and computationally derived data to detail
functional interactions between proteins [62]. The STRING search included the canonical
BAP1. The settings for the minimum required interaction score were set to the highest
confidence (0.900), and the maximum number of interactions to show was assigned to the
highest possible value of 500.

3. Results

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Protein Sequence

The canonical amino acid sequence of the BAP1 protein in FASTA format (Figure
S1) was used for our bioinformatics analysis. BAP1 is a deubiquitinating enzyme from
the ubiquitin C-terminal hydrolase (UCH) family that plays a key role in the chromatin
remodeling by mediating deubiquitylation of histone H2A and HCFC1 (Host Cell Factor
C1) [63–66]). The protein sequence consists of 729 amino acids and includes several
functional domains and regions. The domains include (1) a cysteinase domain (or ubiquitin
carboxyl-terminal hydrolase, family 1, residues 1–236), (2) an HBM-like motif (for host cell
factor-1 (HCF-1)-binding motif, NHNY, located within a short sequence (residues 356–385)
that is highly conserved among species [67]), (3) a C-terminal BRCA1 interacting domain
(residues 598–729), which includes a ubiquitin carboxyl-terminal hydrolase UCH37-like
domain (ULD) at residues 675–693 and two nuclear localization sequences (residues 656–661
and 717–722).

3.2. Structural Assessment

The modeled 3D structure of BAP1 modeled by AlphaFold (Figure 1) demonstrates
that the protein has an ordered domain surrounded by long regions of structural disorder.
Within BAP1 structure (see Figure 1), these intrinsically disordered regions appear as string-
like or spaghetti-like segments. Importantly, although these IDPRs do not have definitive
structures, they are likely to be involved in an array of diverse biological functions [32–34].

3.3. Quantification of Intrinsic Disorder

The next phase of our disorder-based computational analysis turned toward quantify-
ing the IDPRs identified in our structural assessment. We first constructed a normalized
composition profile of the amino acids that are part of the BAP1 primary amino acid
sequence (Figure 2). In the corresponding plot, amino acids are arranged from most
order-promoting residues (i.e., cysteine (C), tryptophan (W), isoleucine (I), tyrosine (Y),
phenylalanine (F), leucine (L), histidine (H), valine (V), asparagine (N), and methionine
(M)) to most disorder-promoting residues (i.e., arginine (R), threonine (T), aspartate (D),
glycine (G), alanine (A), lysine (K), glutamine (Q), serine (S), glutamate (E), and proline (P)).
The positive and negative values produced in the composition profile analysis indicated
enrichment or depletion of the indicated residue, respectively. Half (5 of 10) disorder-
promoting residues showed enrichment (R, Q, S, E, and P) and only 3 of 10 revealed
enrichment of order-promoting residues (L, H, and V). The most disorder-promoting amino
acid, proline, had the highest relative enrichment of all the amino acids in this protein
(p-value < 0.05). In fact, prolines account for 7.5% of all residues in BAP1, which is signifi-
cantly higher than the proline content averaged over the entire UniProt database (4.7%). In
addition, BAP1 has a significant proportion of its sequence comprised of other disorder-

https://string-db.org/
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promoting residues. These compositional biases indicate that BAP1 has the amino acid
composition that promotes elements of disorder in its structure.
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Figure 2. Amino acid composition profile of BAP1. The fractional difference is calculated as (Cx–
Corder)/Corder, where Cx is the content of a given amino acid in the query set (BAP1), and Corder
is the content of a given amino acid in the background set (Protein Databank Select 25). The amino
acid residues are ranked from most order promoting residues ((i.e., cysteine (C), tryptophan (W),
isoleucine (I), tyrosine (Y), phenylalanine (F), leucine (L), histidine (H), valine (V), asparagine (N), and
methionine (M)) to most disorder promoting residues ((i.e., arginine (R), threonine (T), aspartate (D),
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glycine (G), alanine (A), lysine (K), glutamine (Q), serine (S), glutamate (E), and proline (P)). Positive
values indicate enrichment, and negative values indicate depletion of amino acids. 7 of 10 order-
promoting residues are depleted and 5 of 10 disorder-promoting residues are enriched. Residue
bars marked with * are statistically significant for depletion (i.e., W) or enrichment (i.e., S and P)
(p-value < 0.05)).

After establishing the amino acid composition propensity of BAP1 for the disorder,
we aimed to quantify the intrinsic disorder in this protein. To this end, we utilized six com-
monly used per-residue predictors of intrinsic disorder to quantify and visualize the IDPRs
in BAP1 (Figure 3A). The tools used in this portion of the study were PONDR® VLXT,
PONDR® VSL2, PONDR® VL3, PONDR® FIT, IUPred short, and IUPred long. These tools
allow for the categorization based on the established criteria for the classification of proteins
based on their PPDR scores, where proteins are considered highly ordered (PPDR < 10%),
moderately disordered (10% ≤ PPDR < 30%), and highly disordered (PPDR ≥ 30%) [68].
These tools indicated that BAP1 is characterized by a high percentage of predicted pro-
tein disordered residues (PPDR), which were 53.36% (PONDR® VLXT), 61.04% (PONDR®

VSL2), 57.61% (PONDR® VL3), 50.34% (PONDR® FIT), 43.07% (IUPred short), and 50.21%
(IUPred long). In this analysis, the average PPDR of BAP1 protein is 52.6 ± 4.6%, which
classifies it as highly disordered. These multiparametric disorder evaluation results are in
line with the outputs of the structural analysis of human BAP1 by AlphaFold.

From our literature review, we were able to identify a list of mutations that were
associated with the development of UM. We analyzed the local disorder predisposi-
tions of sites affected by these mutations. Results of this analysis are summarized in
Supplementary Table S1, which includes 66 entries. Based on the analysis of 54 UM sam-
ples, Ewens et al. reported 52 unique BAP1 mutations that were defined as pathogenic or
likely pathogenic, with 43 tumors carrying somatic mutations, and remaining 11 tumors
carrying germline mutations [42]. Among those mutations, 15 were splice-site mutations
with unknown effects on protein sequence, whereas mutations with known effects on pro-
tein sequence include seven missense mutations, three in-frame deletions, and 29 mutations
causing premature truncation [42]. We complemented these data by the results on four
missense, six truncating, and two in-frame deletions reported by Decatur et al. [41], and
also included data on four missense, seven truncating, and four in-frame deletions from
Harbour et al. [21]. Table S1 shows that on average, 66 UM-related mutations in BAP1 are
characterized by the disorder score of 0.48 ± 0.31 PONDR® VSL2 (i.e., high disordered by
PPDR), indicating that many of these mutations affected intrinsically disordered regions.
In fact, 28 mutations happened within highly disordered regions (i.e., regions with the
disorder score exceeding 0.5), 26 mutations were in flexible regions (i.e., regions with the
disorder score ranging from 0.15 to 0.5), and only 12 mutations were in regions predicted
as mostly ordered (i.e., regions with disorder scores below 0.15).

To shed additional light on the potential role of intrinsic disorder in functionality
of BAP1, the D2P2 platform was used (Figure 3B). The D2P2 platform output contains
a corresponding functional disorder profile for BAP1 and shows that in addition to the
presence of high levels of intrinsic disorder, BAP1 is predicted to have 9 MoRFs (residues
258–265, 289–306, 309–326, 330–401, 410–479, 497–508, 526–550, 555–575, and 673–684)
that cover 35.1% of it sequence (or almost 70% of its disordered residues). Furthermore,
BAP1 has multiple phosphorylation sites, two ubiquitination sites and 3 methylation sites,
all located within IDPRs of this protein. BAP1 has a strong tendency for its IDPRs to
be post translationally modified and is in agreement with the well-established fact that
disordered regions of proteins often serve as primary targets for various post-translational
modifications (PTMs) [69–71]. Therefore, BAP1 is highly disordered and can use its intrinsic
disorder for interaction with target proteins, and these interactions are likely to be fine-
tuned via multiple PTMs.
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nantly localized to areas of BAP1 that contain intrinsic disorder. 

From our literature review, we were able to identify a list of mutations that were 
associated with the development of UM. We analyzed the local disorder predispositions 
of sites affected by these mutations. Results of this analysis are summarized in Supple-
mentary Table S1, which includes 66 entries. Based on the analysis of 54 UM samples, 
Ewens et al. reported 52 unique BAP1 mutations that were defined as pathogenic or likely 
pathogenic, with 43 tumors carrying somatic mutations, and remaining 11 tumors carry-
ing germline mutations [42]. Among those mutations, 15 were splice-site mutations with 
unknown effects on protein sequence, whereas mutations with known effects on protein 
sequence include seven missense mutations, three in-frame deletions, and 29 mutations 
causing premature truncation [42]. We complemented these data by the results on four 
missense, six truncating, and two in-frame deletions reported by Decatur et al. [41], and 

Figure 3. Evaluation of the intrinsic disorder predisposition of human BAP1. (A) Per-residue intrinsic
disorder profiles generated by six commonly used intrinsic disorder predictors, PONDR® VLXT,
PONDR® VL3, PONDR® VSL2, PONDR® FIT, IUPred short, and IUPred long. The thin black line
at the disorder score of 0.5 is the threshold between order and disorder, where values above 0.5 are
disordered residues and values below 0.5 are ordered residues. Thin black dashed line at disorder
score 0.15 shows the threshold between flexible and mostly ordered region/residues. There are many
segments of disorder seen throughout BAP1’s structure. In particular, the amino acid segment from
250 to 500 is highly enriched with intrinsic disorder. (B) The D2P2 platform output is used to assess
the functional disorder profile for BAP1 protein. On the left of the figure, there are four identifiers
for predictors used on the D2P2 platform. The top segment shows outputs from various per-residue
disorder predictors, the second segment shows predicted protein domains, the third segment shows
where molecular recognition features are located (MoRFs; i.e., disorder regions that become ordered
when binding), and the fourth segment shows posttranslational modifications (PTM) sites. The
per-residue predictors agree and align with the PONDR® outputs from (A). The protein domains
fall within regions that are predicted to be ordered or disordered. The MoRF regions are localized to
regions of that demonstrate extensive disorder. The PTMs are also predominantly localized to areas
of BAP1 that contain intrinsic disorder.

3.4. Protein–Protein Interaction Network

The bioinformatics analyses demonstrated that intrinsic disorder is present in BAP1.
We aimed to further understand the potential functional implications of structural proper-
ties. Our STRING analysis allowed us to assess the binding capabilities of BAP1 (Figure 4).
This analysis, which was conducted using the highest confidence of 0.9 for the minimum
required interaction score, revealed that BAP1 can interact with 49 other proteins in its
1st shell interaction network. The number of predicted protein–protein interactions in the
BAP1 protein interaction network is 599, and the expected number of edges for randomly
selected proteins of the same-sized network is 101 (p-value < 1.0 × 10−16).
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Figure 4. Search Tool for the Retrieval of Interacting Genes (STRING) output for BAP1. The graphic
demonstrates that BAP1 (black circle) interacts with (lines) multiple proteins (colored circles). The
ability for BAP1 to interact with 49 other proteins is likely possible through the utilization of IDPRs.
The number of edges in this protein interaction network is 599, and the expected number of edges for
randomly selected proteins of the same-sized network is 101 (p-value < 1.0 × 10−16).

4. Discussion

To the best of our knowledge, this work represents the first study analyzing the pres-
ence of intrinsic disorder in the BAP1 protein which has mutations associated with uveal
melanoma. Our proteomics analysis confirmed the presence of intrinsically disordered
protein regions (IDPRs) throughout the BAP1 protein. Furthermore, this protein is shown
to contain elements of structural disorder, as demonstrated by the spaghetti-like entities
visualized with AlphaFold. In addition, proline, the most disordered amino acid, was
the most enriched amino acid in BAP1 (p-value < 0.05). Our subsequent bioinformatics
analysis revealed that BAP1 is characterized by an average PPDR of 52.6 ± 4.6% and has
nine molecular recognition features (MoRFs) that cover 35.1% of its amino acid sequence,
including almost 70% of BAP1 disordered residues. In addition, our study shows that BAP1
has multiple sites of various PTMs and is characterized by high binding promiscuity as
it is engaged in numerous protein–protein interactions. These constellations of findings
support our hypothesis that intrinsic disorder is an important functional feature of BAP1.
Knowing that intrinsically disordered proteins may be associated with the development
of neoplasia, these findings are important for considering the pathogenesis of aggressive
subtypes of UM.

Unfortunately, the prognosis is poor for patients diagnosed with advanced or aggres-
sive UM with the BAP1 mutation. There is an obvious need to develop novel treatments to
manage UM. Our analysis showed that the BAP1 protein demonstrates high propensity
for disorder throughout its structure. These disordered regions provide the protein with
dynamic binding capabilities that allow the creation of a highly complex protein–protein
interaction network. IDPRs are fluid structures, and their interface extends therapeutic op-
tions beyond those previously considered in the traditional structure–function paradigms
that direct most modern drug discovery campaigns [39,72]. BAP1 also functions as a tumor
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suppressor gene, which are increasingly targeted for potential therapeutic benefit [73,74].
In light of our findings and in conjunction with recent efforts to target tumor suppressor
genes, future attempts to target molecular features of UM should consider IDPRs in BAP1.
Efforts to target these dynamic, structureless regions of BAP1 may identify solutions not
otherwise considered with traditional structure-focused drug campaigns.

Mutations that impact the intrinsic disorder protein regions (IDPRs) have been impli-
cated in developing other neoplasms, including conjunctival melanoma and ocular surface
squamous neoplasia [35–37]. Dysregulation of disordered regions that leads to dysfunction
of BAP1 may have a role in the development of UM. In line with these considerations, our
analysis of 66 UM-related mutations revealed that they are characterized by the intrinsic
disorder score of 0.48 ± 0.31 as measured by PONDR® VSL2, indicating that many of
these mutations are likely to alter the function of intrinsically disordered regions. We also
show that 28 UM-related mutations happened within highly disordered regions of BAP1,
26 mutations were within moderately disordered regions (i.e., flexible regions), and only
12 mutations (i.e., 18% of all UM-related mutations analyzed in this study) were within the
mostly ordered regions (Table S1).

The mutational landscape of UM is diverse; therefore, there are likely many novel
targets to consider for the management of UM. In the interest of our study, the IDPRs in
BAP1 should be considered. There is evidence that BAP1 mutated UM tumors can be
targeted through poly [ADP-ribose] polymerase (PARP) inhibition, albeit indirectly and in
BAP1 loss tumor cell lines [75]. Other studies have shown that UM contains BAP1 with
missense, nonsense, frame-shift deletions, non-frame-shift deletion, and four splice site
mutations [23]. Another study demonstrated that the ubiquitin carboxyl hydrolase (UCH)
domain in BAP1 is a hotspot region for mutations associated with UM, which lead to the
cytoplasmic sequestration and loss of the protein [76]. Our findings suggest that these
previously characterized mutations may lead to the loss or change of function in BAP1
protein domains and may lead to aberrant regulation of IDPRs. These alterations in IDPRs
of BAP1 may lead to unique DNA methylation profiles as suggested by TCGA [77].

As with all studies, our study has limitations. The databases and tools utilized in this
study do not provide a comprehensive nor exhaustive representation of the UM-related
proteomics. Our work is a bioinformatics-based investigation, and translation to basic
science and clinical outcomes are needed. We did not conduct an in-depth analysis of
where specific mutations are found in BAP1 (i.e., within protein domains or IDPRs). A
future study could provide an additional understanding of the impacts of these mutations
on BAP1 structure, conformational dynamics, and function. Additional bench work will be
needed to determine the role of IDPRs in BAP1. This work may lead to novel targets to
treat specific subtypes of UM. Unfortunately, targeting IDPs and IDPRs by small molecules
remains a challenge and strategies to develop protein disorder-based therapeutics are
limited [36].

In addition to the above limitations, there are other genetic factors that need to be
further studied. We did not include an analysis of other genetic mutations associated with
UM that TCGA has identified, such as GNAQ (Guanine nucleotide-binding protein G(q)
subunit α), GNA11 (Guanine nucleotide-binding protein subunit α-11), EIF1AX (Eukaryotic
translation initiation factor 1A, X-chromosomal), SF3B1 (Splicing factor 3B subunit 1),
CYSLTR2 (Cysteinyl leukotriene receptor 2), SRSF2 (Serine/arginine-rich splicing factor 2),
MAPKAPK5 (MAP kinase-activated protein kinase 5), and PLCB4 (1-phosphatidylinositol
4,5-bisphosphate phosphodiesterase β-4) [77]. There is a strong likelihood that these
proteins also display elements of intrinsic disorder, and additional work will be needed
to confirm this hypothesis and detail the implications. Lastly, while BAP1 mutations are
associated with aggressive subtypes of UM, in some cases, the loss of the entire chromosome
3 were reported (monosomy 3) [78–81]. Therefore, targeting IDPRs in BAP1 may not be a
viable solution in these specific UM subvariants.
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5. Conclusions

Our study demonstrates that intrinsic disorder in BAP1 may be associated with the de-
velopment of uveal melanoma. Our group has previously detailed the associations between
intrinsically disordered proteins and the development of ocular surface squamous neopla-
sia and conjunctival melanoma. Genetic changes associated with BAP1 have been linked to
increased metastatic behavior in uveal melanoma. We found that BAP1 contains intrinsi-
cally disorder protein regions (i.e., average percent of predicted disordered residues (PPDR)
was 57.34%) and a complex protein–protein interaction network (p-value < 1.0 × 10−16).
Our findings suggest that mutations associated with BAP1 may alter the behavior of intrin-
sically disordered protein regions, potentially promoting neoplastic development. Better
treatments for UM are needed, and we believe that novel targets should be explored and
include intrinsically disordered protein regions in BAP1.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/genes13101703/s1, Figure S1: BAP1’s amino acid sequence; Table S1: UM-
related mutations in human BAP1 gene and local disorder predisposition at sites of mutations in
BAP1 protein.

Author Contributions: Conceptualization, M.B.D. and V.N.U.; methodology, M.B.D. and V.N.U.;
formal analysis, M.B.D., D.J.T. and V.N.U.; investigation, M.B.D., D.J.T. and V.N.U.; data curation,
M.B.D. and D.J.T.; writing—original draft preparation, M.B.D., D.J.T. and V.N.U.; writing—review and
editing, M.B.D., D.J.T., V.N.U., A.G., C.L.S. and C.L.K.; visualization, M.B.D. and D.J.T.; supervision,
M.B.D., V.N.U., A.G., C.L.S. and C.L.K. All authors have read and agreed to the published version of
the manuscript.

Funding: NIH Center Core Grant P30EY014801, RPB Unrestricted Award and Career Development
Awards, Department of Veterans Affairs, Veterans Health Administration, Office of Research and
Development, Clinical Sciences Research EPID-006-15S (Dr. Galor), R01EY026174 (Dr. Galor), The Dr.
Ronald and Alicia Lepke Grant, The Lee and Claire Hager Grant, The H. Scott Huizenga Grant, The
Grant and Diana Stanton-Thornbrough, The Robert Baer Family Grant, The Emilyn Page and Mark
Feldberg Grant, The Robert Farr Family Grant, The Jose Ferreira de Melo Grant, Mr. and Mrs. Irwin
Friedman Grant, Richard and Kathy Lesser Grant, The Honorable A. Jay Cristol Grant, The Michele
and Ted Kaplan Grant, The Christian Kathke Grant, The Roberto Menendez Family Grant, The Carol
Soffer Grant, and the Richard Azar Family Grant (institutional grants).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: The data presented in this study are available on publicly accessible
repositories. The data presented in this study are openly available in the Protein Data Bank at
https://www.rcsb.org/ (accessed on 15 June 2022) and the Universal Protein Resource at https:
//uniprot.org (accessed on 15 June 2022). Protein structures and sequences were sourced from these
databases and used in subsequent analyses.

Acknowledgments: We would like to thank the hard-working researchers that developed the
databases, predictors, and algorithms that were used in this study. We hope that these findings
may one day translate to direct patient care.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Egan, K.M.; Seddon, J.M.; Glynn, R.J.; Gragoudas, E.S. Epidemiologic aspects of uveal melanoma. Surv. Ophthalmol. 1988, 32,

239–251. [CrossRef]
2. Singh, A.D.; Turell, M.E.; Topham, A.K. Uveal melanoma: Trends in incidence, treatment, and survival. Ophthalmology 2011, 118,

1881–1885. [CrossRef] [PubMed]
3. Singh, A.D.; Rennie, I.G.; Seregard, S.; Giblin, M.; McKenzie, J. Sunlight exposure and pathogenesis of uveal melanoma. Surv.

Ophthalmol. 2004, 49, 419–428. [CrossRef] [PubMed]
4. Rodríguez, A.; Dueñas-Gonzalez, A.; Delgado-Pelayo, S. Clinical presentation and management of uveal melanoma. Mol. Clin.

Oncol. 2016, 5, 675–677. [CrossRef]

https://www.mdpi.com/article/10.3390/genes13101703/s1
https://www.mdpi.com/article/10.3390/genes13101703/s1
https://www.rcsb.org/
https://uniprot.org
https://uniprot.org
http://doi.org/10.1016/0039-6257(88)90173-7
http://doi.org/10.1016/j.ophtha.2011.01.040
http://www.ncbi.nlm.nih.gov/pubmed/21704381
http://doi.org/10.1016/j.survophthal.2004.04.009
http://www.ncbi.nlm.nih.gov/pubmed/15231397
http://doi.org/10.3892/mco.2016.1037


Genes 2022, 13, 1703 11 of 13

5. Jager, M.J.; Shields, C.L.; Cebulla, C.M.; Abdel-Rahman, M.H.; Grossniklaus, H.E.; Stern, M.-H.; Carvajal, R.D.; Belfort, R.N.;
Jia, R.; Shields, J.A.; et al. Uveal melanoma. Nat. Rev. Dis. Primers 2020, 6, 24. [CrossRef]

6. Masoomian, B.; Shields, J.A.; Shields, C.L. Overview of BAP1 cancer predisposition syndrome and the relationship to uveal
melanoma. J. Curr. Ophthalmol. 2018, 30, 102–109. [CrossRef]

7. Say, E.A.T.; Shah, S.U.; Ferenczy, S.; Shields, C.L. Optical coherence tomography of retinal and choroidal tumors. J. Ophthalmol.
2012, 2011, 385058. [CrossRef]

8. McCannel, T.A. Fine-needle aspiration biopsy in the management of choroidal melanoma. Curr. Opin. Ophthalmol. 2013, 24,
262–266. [CrossRef]

9. Shields, J.A.; Augsburger, J.J.; Brady, L.W.; Day, J.L. Cobalt plaque therapy of posterior uveal melanomas. Ophthalmology 1982, 89,
1201–1207. [CrossRef]

10. Packer, S.; Rotman, M.; Salanitro, P. Iodine-125 irradiation of choroidal melanoma: Clinical experience. Ophthalmology 1984, 91,
1700–1708. [CrossRef]

11. Singh, A.D.; Kalyani, P.; Topham, A. Estimating the Risk of Malignant Transformation of a Choroidal Nevus. Ophthalmology 2005,
112, 1784–1789. [CrossRef] [PubMed]

12. American Brachytherapy Society—Ophthalmic Oncology Task Force. The American Brachytherapy Society consensus guidelines
for plaque brachytherapy of uveal melanoma and retinoblastoma. Brachytherapy 2014, 13, 1–14. [CrossRef] [PubMed]

13. Wang, Z.; Nabhan, M.; Schild, S.E.; Stafford, S.L.; Petersen, I.A.; Foote, R.L.; Murad, M.H. Charged particle radiation therapy for
uveal melanoma: A systematic review and meta-analysis. Int. J. Radiat. Oncol. Biol. Phys. 2013, 86, 18–26. [CrossRef] [PubMed]

14. Oosterhuis, J.A.; Journée-de Korver, H.G.; Kakebeeke-Kemme, H.M.; Bleeker, J.C. Transpupillary thermotherapy in choroidal
melanomas. Arch. Ophthalmol. 1995, 113, 315–321. [CrossRef] [PubMed]

15. Shields, J.A.; Glazer, L.C.; Mieler, W.F.; Shields, C.L.; Gottlieb, M.S. Comparison of xenon arc and argon laser photocoagulation in
the treatment of choroidal melanomas. Am. J. Ophthalmol. 1990, 109, 647–655. [CrossRef]

16. Donaldson, M.J.; Lim, L.; Harper, C.A.; Mackenzie, J.; Campbell, W.G. Primary treatment of choroidal amelanotic melanoma with
photodynamic therapy. Clin. Exp. Ophthalmol. 2005, 33, 548–549. [CrossRef] [PubMed]

17. Shields, C.L.; Lim, L.S.; Dalvin, L.A.; Shields, J.A. Small choroidal melanoma: Detection with multimodal imaging and manage-
ment with plaque radiotherapy or AU-011 nanoparticle therapy. Curr. Opin. Ophthalmol. 2019, 30, 206–214. [CrossRef]

18. Nichols, E.E.; Richmond, A.; Daniels, A.B. Tumor Characteristics, Genetics, Management, and the Risk of Metastasis in Uveal
Melanoma. Semin. Ophthalmol. 2016, 31, 304–309. [CrossRef]

19. Bustamante, P.; Piquet, L.; Landreville, S.; Burnier, J.V. Uveal melanoma pathobiology: Metastasis to the liver. Semin. Cancer Biol.
2021, 71, 65–85. [CrossRef]

20. Onken, M.D.; Worley, L.A.; Char, D.H.; Augsburger, J.J.; Correa, Z.M.; Nudleman, E.; Aaberg, T.M., Jr.; Altaweel, M.M.;
Bardenstein, D.S.; Finger, P.T.; et al. Collaborative Ocular Oncology Group report number 1: Prospective validation of a
multi-gene prognostic assay in uveal melanoma. Ophthalmology 2012, 119, 1596–1603. [CrossRef]

21. Harbour, J.W.; Onken, M.D.; Roberson, E.D.; Duan, S.; Cao, L.; Worley, L.A.; Council, M.L.; Matatall, K.A.; Helms, C.; Bowcock,
A.M. Frequent mutation of BAP1 in metastasizing uveal melanomas. Science 2010, 330, 1410–1413. [CrossRef] [PubMed]

22. Louie, B.H.; Kurzrock, R. BAP1: Not just a BRCA1-associated protein. Cancer Treat. Rev. 2020, 90, 102091. [CrossRef] [PubMed]
23. Koopmans, A.; Verdijk, R.; van den Bosch, T.; van den Berg, M.; Vaarwater, J.; Paridaens, D.; Kilic, E.; de Klein, A.; Rotterdam

Ocular Melanoma Study Group. BAP1 mutations in uveal melanoma. Investig. Ophthalmol. Vis. Sci. 2013, 54, 4223. [CrossRef]
24. Uversky, V.N.; Dave, V.; Iakoucheva, L.M.; Malaney, P.; Metallo, S.J.; Pathak, R.R.; Joerger, A.C. Pathological unfoldomics of

uncontrolled chaos: Intrinsically disordered proteins and human diseases. Chem. Rev. 2014, 114, 6844–6879. [CrossRef] [PubMed]
25. Uversky, V.N.; Oldfield, C.J.; Midic, U.; Xie, H.; Xue, B.; Vucetic, S.; Iakoucheva, L.M.; Obradovic, Z.; Dunker, A.K. Unfoldomics

of human diseases: Linking protein intrinsic disorder with diseases. BMC Genom. 2009, 10 (Suppl. S1), S7. [CrossRef] [PubMed]
26. Uversky, V.N.; Oldfield, C.J.; Dunker, A.K. Intrinsically disordered proteins in human diseases: Introducing the D2 concept. Annu.

Rev. Biophys. 2008, 37, 215–246. [CrossRef]
27. Iakoucheva, L.M.; Brown, C.J.; Lawson, J.D.; Obradovic, Z.; Dunker, A.K. Intrinsic disorder in cell-signaling and cancer-associated

proteins. J. Mol. Biol. 2002, 323, 573–584. [CrossRef]
28. Dunker, A.K.; Obradovic, Z.; Romero, P.; Garner, E.C.; Brown, C.J. Intrinsic protein disorder in complete genomes. Genome Inform.

Ser. Workshop Genome Inform. 2000, 11, 161–171.
29. Peng, Z.; Yan, J.; Fan, X.; Mizianty, M.J.; Xue, B.; Wang, K.; Hu, G.; Uversky, V.N.; Kurgan, L. Exceptionally abundant ex-

ceptions: Comprehensive characterization of intrinsic disorder in all domains of life. Cell. Mol. Life Sci. 2015, 72, 137–151.
[CrossRef]

30. Ward, J.J.; Sodhi, J.S.; McGuffin, L.J.; Buxton, B.F.; Jones, D.T. Prediction and functional analysis of native disorder in proteins
from the three kingdoms of life. J. Mol. Biol. 2004, 337, 635–645. [CrossRef]

31. Xue, B.; Dunker, A.K.; Uversky, V.N. Orderly order in protein intrinsic disorder distribution: Disorder in 3500 proteomes from
viruses and the three domains of life. J. Biomol. Struct. Dyn. 2012, 30, 137–149. [CrossRef] [PubMed]

32. Uversky, V.N. A decade and a half of protein intrinsic disorder: Biology still waits for physics. Protein Sci. 2013, 22, 693–724.
[CrossRef] [PubMed]

33. Daughdrill, G.W.; Pielak, G.J.; Uversky, V.N.; Cortese, M.S.; Dunker, A.K. Natively Disordered Proteins. In Protein Folding
Handbook; Wiley-VCH: Weinheim, Germany, 2005; pp. 275–357.

http://doi.org/10.1038/s41572-020-0158-0
http://doi.org/10.1016/j.joco.2018.02.005
http://doi.org/10.1155/2011/385058
http://doi.org/10.1097/ICU.0b013e32835ff001
http://doi.org/10.1016/S0161-6420(82)34658-8
http://doi.org/10.1016/S0161-6420(84)34089-1
http://doi.org/10.1016/j.ophtha.2005.06.011
http://www.ncbi.nlm.nih.gov/pubmed/16154197
http://doi.org/10.1016/j.brachy.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24373763
http://doi.org/10.1016/j.ijrobp.2012.08.026
http://www.ncbi.nlm.nih.gov/pubmed/23040219
http://doi.org/10.1001/archopht.1995.01100030071024
http://www.ncbi.nlm.nih.gov/pubmed/7887845
http://doi.org/10.1016/S0002-9394(14)72432-8
http://doi.org/10.1111/j.1442-9071.2005.01083.x
http://www.ncbi.nlm.nih.gov/pubmed/16181294
http://doi.org/10.1097/ICU.0000000000000560
http://doi.org/10.3109/08820538.2016.1154175
http://doi.org/10.1016/j.semcancer.2020.05.003
http://doi.org/10.1016/j.ophtha.2012.02.017
http://doi.org/10.1126/science.1194472
http://www.ncbi.nlm.nih.gov/pubmed/21051595
http://doi.org/10.1016/j.ctrv.2020.102091
http://www.ncbi.nlm.nih.gov/pubmed/32877777
http://doi.org/10.1111/j.1755-3768.2011.3366.x
http://doi.org/10.1021/cr400713r
http://www.ncbi.nlm.nih.gov/pubmed/24830552
http://doi.org/10.1186/1471-2164-10-S1-S7
http://www.ncbi.nlm.nih.gov/pubmed/19594884
http://doi.org/10.1146/annurev.biophys.37.032807.125924
http://doi.org/10.1016/S0022-2836(02)00969-5
http://doi.org/10.1007/s00018-014-1661-9
http://doi.org/10.1016/j.jmb.2004.02.002
http://doi.org/10.1080/07391102.2012.675145
http://www.ncbi.nlm.nih.gov/pubmed/22702725
http://doi.org/10.1002/pro.2261
http://www.ncbi.nlm.nih.gov/pubmed/23553817


Genes 2022, 13, 1703 12 of 13

34. Uversky, V.N. Unusual biophysics of intrinsically disordered proteins. Biochim. Biophys. Acta 2013, 1834, 932–951. [CrossRef]
[PubMed]

35. Djulbegovic, M.B.; Uversky, V.N.; Karp, C.L.; Harbour, J.W. Functional impact of titin (TTN) mutations in ocular surface squamous
neoplasia. Int. J. Biol. Macromol. 2022, 195, 93–101. [CrossRef] [PubMed]

36. Mészáros, B.; Hajdu-Soltész, B.; Zeke, A.; Dosztányi, Z. Mutations of Intrinsically Disordered Protein Regions Can Drive Cancer
but Lack Therapeutic Strategies. Biomolecules 2021, 11, 381. [CrossRef] [PubMed]

37. Djulbegovic, M.B.; Uversky, V.N.; Harbour, J.W.; Galor, A.; Karp, C.L. Structural Protein Analysis of Driver Gene Mutations in
Conjunctival Melanoma. Genes 2021, 12, 1625. [CrossRef] [PubMed]

38. Santofimia-Castaño, P.; Rizzuti, B.; Xia, Y.; Abian, O.; Peng, L.; Velázquez-Campoy, A.; Neira, J.L.; Iovanna, J. Targeting intrinsically
disordered proteins involved in cancer. Cell. Mol. Life Sci. 2020, 77, 1695–1707. [CrossRef] [PubMed]

39. Ambadipudi, S.; Zweckstetter, M. Targeting intrinsically disordered proteins in rational drug discovery. Expert Opin. Drug Discov.
2016, 11, 65–77. [CrossRef]

40. Santofimia-Castaño, P.; Rizzuti, B.; Xia, Y.; Abian, O.; Peng, L.; Velázquez-Campoy, A.; Iovanna, J.L.; Neira, J.L. Designing and
repurposing drugs to target intrinsically disordered proteins for cancer treatment: Using NUPR1 as a paradigm. Mol. Cell. Oncol.
2019, 6, e1612678. [CrossRef]

41. Decatur, C.L.; Ong, E.; Garg, N.; Anbunathan, H.; Bowcock, A.M.; Field, M.G.; Harbour, J.W. Driver Mutations in Uveal
Melanoma: Associations with Gene Expression Profile and Patient Outcomes. JAMA Ophthalmol. 2016, 134, 728–733. [CrossRef]
[PubMed]

42. Ewens, K.G.; Lalonde, E.; Richards-Yutz, J.; Shields, C.L.; Ganguly, A. Comparison of Germline versus Somatic BAP1 Mutations
for Risk of Metastasis in Uveal Melanoma. BMC Cancer 2018, 18, 1172. [CrossRef] [PubMed]

43. Consortium, U. UniProt: A worldwide hub of protein knowledge. Nucleic Acids Res. 2019, 47, D506–D515. [CrossRef] [PubMed]
44. Varadi, M.; Anyango, S.; Deshpande, M.; Nair, S.; Natassia, C.; Yordanova, G.; Yuan, D.; Stroe, O.; Wood, G.; Laydon, A. AlphaFold

Protein Structure Database: Massively expanding the structural coverage of protein-sequence space with high-accuracy models.
Nucleic Acids Res. 2022, 50, D439–D444. [CrossRef] [PubMed]

45. Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Žídek, A.; Potapenko,
A. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583–589. [CrossRef] [PubMed]

46. Vacic, V.; Uversky, V.N.; Dunker, A.K.; Lonardi, S. Composition Profiler: A tool for discovery and visualization of amino acid
composition differences. BMC Bioinform. 2007, 8, 1–7. [CrossRef]

47. Romero, P.; Obradovic, Z.; Li, X.; Garner, E.C.; Brown, C.J.; Dunker, A.K. Sequence complexity of disordered protein. Proteins
Struct. Funct. Bioinform. 2001, 42, 38–48. [CrossRef]

48. Peng, K.; Vucetic, S.; Radivojac, P.; Brown, C.J.; Dunker, A.K.; Obradovic, Z. Optimizing long intrinsic disorder predictors with
protein evolutionary information. J. Bioinform. Comput. Biol. 2005, 3, 35–60. [CrossRef]

49. Obradovic, Z.; Peng, K.; Vucetic, S.; Radivojac, P.; Dunker, A.K. Exploiting heterogeneous sequence properties improves prediction
of protein disorder. Proteins Struct. Funct. Bioinform. 2005, 61, 176–182. [CrossRef]

50. Peng, K.; Radivojac, P.; Vucetic, S.; Dunker, A.K.; Obradovic, Z. Length-dependent prediction of protein intrinsic disorder. BMC
Bioinform. 2006, 7, 208. [CrossRef]

51. Xue, B.; Dunbrack, R.L.; Williams, R.W.; Dunker, A.K.; Uversky, V.N. PONDR-FIT: A meta-predictor of intrinsically disordered
amino acids. Biochim. Biophys. Acta 2010, 1804, 996–1010. [CrossRef]

52. Dosztányi, Z.; Csizmok, V.; Tompa, P.; Simon, I. IUPred: Web server for the prediction of intrinsically unstructured regions of
proteins based on estimated energy content. Bioinformatics 2005, 21, 3433–3434. [CrossRef] [PubMed]

53. Dosztanyi, Z.; Csizmok, V.; Tompa, P.; Simon, I. The pairwise energy content estimated from amino acid composition discriminates
between folded and intrinsically unstructured proteins. J. Mol. Biol. 2005, 347, 827–839. [CrossRef] [PubMed]

54. Oates, M.E.; Romero, P.; Ishida, T.; Ghalwash, M.; Mizianty, M.J.; Xue, B.; Dosztanyi, Z.; Uversky, V.N.; Obradovic, Z.; Kurgan,
L.; et al. D2P2: Database of disordered protein predictions. Nucleic Acids Res. 2013, 41, D508–D516. [CrossRef] [PubMed]

55. Ishida, T.; Kinoshita, K. PrDOS: Prediction of disordered protein regions from amino acid sequence. Nucleic Acids Res. 2007, 35,
W460–W464. [CrossRef]

56. Walsh, I.; Martin, A.J.; Di Domenico, T.; Tosatto, S.C. ESpritz: Accurate and fast prediction of protein disorder. Bioinformatics 2012,
28, 503–509. [CrossRef]

57. Andreeva, A.; Howorth, D.; Brenner, S.E.; Hubbard, T.J.; Chothia, C.; Murzin, A.G. SCOP database in 2004: Refinements integrate
structure and sequence family data. Nucleic Acids Res. 2004, 32, D226–D229. [CrossRef]

58. Murzin, A.G.; Brenner, S.E.; Hubbard, T.; Chothia, C. SCOP: A structural classification of proteins database for the investigation
of sequences and structures. J. Mol. Biol. 1995, 247, 536–540. [CrossRef]

59. de Lima Morais, D.A.; Fang, H.; Rackham, O.J.; Wilson, D.; Pethica, R.; Chothia, C.; Gough, J. SUPERFAMILY 1.75 including a
domain-centric gene ontology method. Nucleic Acids Res. 2011, 39, D427–D434. [CrossRef]

60. Meszaros, B.; Simon, I.; Dosztanyi, Z. Prediction of protein binding regions in disordered proteins. PLoS Comput. Biol. 2009,
5, e1000376. [CrossRef]

61. Hornbeck, P.V.; Kornhauser, J.M.; Tkachev, S.; Zhang, B.; Skrzypek, E.; Murray, B.; Latham, V.; Sullivan, M. PhosphoSitePlus: A
comprehensive resource for investigating the structure and function of experimentally determined post-translational modifications
in man and mouse. Nucleic Acids Res. 2012, 40, D261–D270. [CrossRef]

http://doi.org/10.1016/j.bbapap.2012.12.008
http://www.ncbi.nlm.nih.gov/pubmed/23269364
http://doi.org/10.1016/j.ijbiomac.2021.11.120
http://www.ncbi.nlm.nih.gov/pubmed/34838574
http://doi.org/10.3390/biom11030381
http://www.ncbi.nlm.nih.gov/pubmed/33806614
http://doi.org/10.3390/genes12101625
http://www.ncbi.nlm.nih.gov/pubmed/34681018
http://doi.org/10.1007/s00018-019-03347-3
http://www.ncbi.nlm.nih.gov/pubmed/31667555
http://doi.org/10.1517/17460441.2016.1107041
http://doi.org/10.1080/23723556.2019.1612678
http://doi.org/10.1001/jamaophthalmol.2016.0903
http://www.ncbi.nlm.nih.gov/pubmed/27123562
http://doi.org/10.1186/s12885-018-5079-x
http://www.ncbi.nlm.nih.gov/pubmed/30477459
http://doi.org/10.1093/nar/gky1049
http://www.ncbi.nlm.nih.gov/pubmed/30395287
http://doi.org/10.1093/nar/gkab1061
http://www.ncbi.nlm.nih.gov/pubmed/34791371
http://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
http://doi.org/10.1186/1471-2105-8-211
http://doi.org/10.1002/1097-0134(20010101)42:1&lt;38::AID-PROT50&gt;3.0.CO;2-3
http://doi.org/10.1142/S0219720005000886
http://doi.org/10.1002/prot.20735
http://doi.org/10.1186/1471-2105-7-208
http://doi.org/10.1016/j.bbapap.2010.01.011
http://doi.org/10.1093/bioinformatics/bti541
http://www.ncbi.nlm.nih.gov/pubmed/15955779
http://doi.org/10.1016/j.jmb.2005.01.071
http://www.ncbi.nlm.nih.gov/pubmed/15769473
http://doi.org/10.1093/nar/gks1226
http://www.ncbi.nlm.nih.gov/pubmed/23203878
http://doi.org/10.1093/nar/gkm363
http://doi.org/10.1093/bioinformatics/btr682
http://doi.org/10.1093/nar/gkh039
http://doi.org/10.1016/S0022-2836(05)80134-2
http://doi.org/10.1093/nar/gkq1130
http://doi.org/10.1371/journal.pcbi.1000376
http://doi.org/10.1093/nar/gkr1122


Genes 2022, 13, 1703 13 of 13

62. Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, J.H.; Bork, P.
STRING v11: Protein–protein association networks with increased coverage, supporting functional discovery in genome-wide
experimental datasets. Nucleic Acids Res. 2019, 47, D607–D613. [CrossRef] [PubMed]

63. Okino, Y.; Machida, Y.; Frankland-Searby, S.; Machida, Y.J. BRCA1-associated protein 1 (BAP1) deubiquitinase antagonizes the
ubiquitin-mediated activation of FoxK2 target genes. J. Biol. Chem. 2015, 290, 1580–1591. [CrossRef] [PubMed]

64. Scheuermann, J.C.; de Ayala Alonso, A.G.; Oktaba, K.; Ly-Hartig, N.; McGinty, R.K.; Fraterman, S.; Wilm, M.; Muir, T.W.; Muller, J.
Histone H2A deubiquitinase activity of the Polycomb repressive complex PR-DUB. Nature 2010, 465, 243–247. [CrossRef]
[PubMed]

65. Ventii, K.H.; Devi, N.S.; Friedrich, K.L.; Chernova, T.A.; Tighiouart, M.; Van Meir, E.G.; Wilkinson, K.D. BRCA1-associated
protein-1 is a tumor suppressor that requires deubiquitinating activity and nuclear localization. Cancer Res. 2008, 68, 6953–6962.
[CrossRef]

66. Mallery, D.L.; Vandenberg, C.J.; Hiom, K. Activation of the E3 ligase function of the BRCA1/BARD1 complex by polyubiquitin
chains. EMBO J. 2002, 21, 6755–6762. [CrossRef]

67. Machida, Y.J.; Machida, Y.; Vashisht, A.A.; Wohlschlegel, J.A.; Dutta, A. The deubiquitinating enzyme BAP1 regulates cell growth
via interaction with HCF-1. J. Biol. Chem. 2009, 284, 34179–34188. [CrossRef] [PubMed]

68. Rajagopalan, K.; Mooney, S.M.; Parekh, N.; Getzenberg, R.H.; Kulkarni, P. A majority of the cancer/testis antigens are intrinsically
disordered proteins. J. Cell. Biochem. 2011, 112, 3256–3267. [CrossRef] [PubMed]

69. Iakoucheva, L.M.; Radivojac, P.; Brown, C.J.; O’Connor, T.R.; Sikes, J.G.; Obradovic, Z.; Dunker, A.K. The importance of intrinsic
disorder for protein phosphorylation. Nucleic Acids Res. 2004, 32, 1037–1049. [CrossRef]

70. Pejaver, V.; Hsu, W.L.; Xin, F.; Dunker, A.K.; Uversky, V.N.; Radivojac, P. The structural and functional signatures of proteins that
undergo multiple events of post-translational modification. Protein Sci. 2014, 23, 1077–1093. [CrossRef]

71. Darling, A.L.; Uversky, V.N. Intrinsic Disorder and Posttranslational Modifications: The Darker Side of the Biological Dark Matter.
Front. Genet. 2018, 9, 158. [CrossRef]

72. Mészáros, B.; Hajdu-Soltész, B.; Zeke, A.; Dosztányi, Z. Intrinsically disordered protein mutations can drive cancer and their
targeted interference extends therapeutic options. bioRxiv 2020, 2443. [CrossRef]

73. Morris, L.G.; Chan, T.A. Therapeutic targeting of tumor suppressor genes. Cancer 2015, 121, 1357–1368. [CrossRef] [PubMed]
74. Wang, H.; Han, H.; Mousses, S.; Von Hoff, D.D. Targeting loss-of-function mutations in tumor-suppressor genes as a strategy for

development of cancer therapeutic agents. Semin. Oncol. 2006, 33, 513–520. [CrossRef] [PubMed]
75. Abdel-Rahman, M.H.; Shahriyari, L.; Massengill, J.B.; Kendra, K.; Olencki, T.; Davidorf, F.H.; Cebulla, C.M. Identification of novel

targeted therapies for BAP1 mutated tumors. Investig. Ophthalmol. Vis. Sci. 2018, 59, 4958.
76. Sharma, A.; Biswas, A.; Liu, H.; Sen, S.; Paruchuri, A.; Katsonis, P.; Lichtarge, O.; Chand Dakal, T.; Maulik, U.; Gromiha,

M.M.; et al. Mutational Landscape of the BAP1 Locus Reveals an Intrinsic Control to Regulate the miRNA Network and the
Binding of Protein Complexes in Uveal Melanoma. Cancers 2019, 11, 1600. [CrossRef]

77. Robertson, A.G.; Shih, J.; Yau, C.; Gibb, E.A.; Oba, J.; Mungall, K.L.; Hess, J.M.; Uzunangelov, V.; Walter, V.; Danilova, L.; et al.
Integrative Analysis Identifies Four Molecular and Clinical Subsets in Uveal Melanoma. Cancer Cell 2017, 32, 204–220.e15.
[CrossRef]

78. Schoenfield, L.; Pettay, J.; Tubbs, R.R.; Singh, A.D. Variation of monosomy 3 status within uveal melanoma. Arch. Pathol. Lab. Med.
2009, 133, 1219–1222. [CrossRef]

79. Gambrelle, J.; Labialle, S.; Dayan, G.; Gayet, L.; Barakat, S.; Grange, J.D.; Baggetto, L.G. Toward monosomy 3 as the main
prognosis factor of uveal melanoma: Current cytogenetic data. J. Français Ophtalmol. 2004, 27 Pt 1, 1061–1067. [CrossRef]

80. Prescher, G.; Bornfeld, N.; Hirche, H.; Horsthemke, B.; Jockel, K.H.; Becher, R. Prognostic implications of monosomy 3 in uveal
melanoma. Lancet 1996, 347, 1222–1225.

81. Prescher, G.; Bornfeld, N.; Becher, R. Nonrandom chromosomal abnormalities in primary uveal melanoma. J. Natl. Cancer Inst.
1990, 82, 1765–1769. [CrossRef]

http://doi.org/10.1093/nar/gky1131
http://www.ncbi.nlm.nih.gov/pubmed/30476243
http://doi.org/10.1074/jbc.M114.609834
http://www.ncbi.nlm.nih.gov/pubmed/25451922
http://doi.org/10.1038/nature08966
http://www.ncbi.nlm.nih.gov/pubmed/20436459
http://doi.org/10.1158/0008-5472.CAN-08-0365
http://doi.org/10.1093/emboj/cdf691
http://doi.org/10.1074/jbc.M109.046755
http://www.ncbi.nlm.nih.gov/pubmed/19815555
http://doi.org/10.1002/jcb.23252
http://www.ncbi.nlm.nih.gov/pubmed/21748782
http://doi.org/10.1093/nar/gkh253
http://doi.org/10.1002/pro.2494
http://doi.org/10.3389/fgene.2018.00158
http://doi.org/10.1101/2020.04.29.069245
http://doi.org/10.1002/cncr.29140
http://www.ncbi.nlm.nih.gov/pubmed/25557041
http://doi.org/10.1053/j.seminoncol.2006.04.013
http://www.ncbi.nlm.nih.gov/pubmed/16890805
http://doi.org/10.3390/cancers11101600
http://doi.org/10.1016/j.ccell.2017.07.003
http://doi.org/10.5858/133.8.1219
http://doi.org/10.1016/S0181-5512(04)96265-1
http://doi.org/10.1093/jnci/82.22.1765

	Intrinsic Disorder in BAP1 and Its Association with Uveal Melanoma.
	Let us know how access to this document benefits you
	Authors

	Introduction 
	Materials and Methods 
	Protein Sequences 
	Structural Assessment 
	Quantification of Intrinsic Disorder 
	Protein–Protein Interaction Network 

	Results 
	Protein Sequence 
	Structural Assessment 
	Quantification of Intrinsic Disorder 
	Protein–Protein Interaction Network 

	Discussion 
	Conclusions 
	References

