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Abstract

Intrinsically disordered proteins (IDPs) play important roles in a wide range of

biological processes and have been associated with various diseases, including

cancer. In the last few years, cancer genome projects have systematically col-

lected genetic variations underlying multiple cancer types. In parallel, the

number and different types of disordered proteins characterized by experimen-

tal methods have also significantly increased. Nevertheless, the role of IDPs in

various types of cancer is still not well understood. In this work, we present

DisCanVis, a novel visualization tool for cancer mutations with a special focus

on IDPs. In order to aid the interpretation of observed mutations, genome level

information is combined with information about the structural and functional

properties of proteins. The web server enables users to inspect individual pro-

teins, collect examples with existing annotations of protein disorder and associ-

ated function or to discover currently uncharacterized examples with likely

disease relevance. Through a REST API interface and precompiled tables the

analysis can be extended to a group of proteins.
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1 | INTRODUCTION

Large-scale sequencing technologies have transformed
biological sciences and enabled the systematic cataloging
of genetic variations underlying cancer and various
genetic diseases. One of the largest projects, The Cancer
Genome Atlas (TCGA) was established to provide a com-
prehensive catalog of cancer genome profiles through
next-generation sequencing methods and other high-
throughput technologies (Tomczak et al., 2015). The

results of these efforts are publicly available through vari-
ous databases, such as COSMIC (Tate et al., 2019). The
interpretation of the data, however, is far from straight-
forward, as many mutations are randomly occurring,
so-called passenger mutations and only a small subset of
mutations have a direct role in driving disease develop-
ment. While some of the cancer drivers genes are well-
characterized, many cancer drivers that occur less
frequently or in less frequent types of cancers are still
emerging. Various visualization tools can help
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researchers and clinicians to explore and analyze the vast
collection of genetic variations. These tools include
genome browsers, such as the UCSC (Kent et al., 2002) or
ENSEMBL Genome Browser (Cunningham et al., 2022),
which focus on the genomic context. The SwissProt
(Bairoch & Apweiler, 2000) database provides a rich
source of functional and structural annotations at the
protein level. Its own visualization tool, similarly to Pro-
Viz (Jehl et al., 2016), can present various protein fea-
tures but is not suitable for the interpretation of genetic
mutations. In order to understand the effect of mutations
and to develop treatment strategies it is often essential to
combine both genome and protein level information.
This is especially important for the class of intrinsically
disordered proteins (IDPs) that has recently emerged to
play important roles in various diseases—cancer in
particular—and represent a currently untapped pool of
potential drug targets.

Intrinsically disordered proteins represent roughly a
third of human protein residues (Ward et al., 2004).
These proteins and protein regions can be characterized
by an ensemble of rapidly interconverting conformations
instead of a single well-defined three-dimensional struc-
ture (Dyson & Wright, 1998; Gong et al., 2016). Their
function is largely complementary to that of globular pro-
teins and are mostly involved in regulatory and signaling
processes (Uversky, 2013). Many IDRs participate in
protein–protein interactions which can undergo coupled
folding and binding or can form highly dynamic, fuzzy
interactions which can drive phase separation
(Fuxreiter & Tompa, 2012; Feng et al., 2019; Chiu
et al., 2022). Sites of PTMs are often located within intrin-
sically disordered regions, providing means to regulate
the structural and functional states of these proteins.
IDRs have been associated with many diseases, including
cancer. Although many known cancer drivers contain
IDRs, the relationship between protein disorder and can-
cer can be indirect (Pajkos et al., 2012). Cancer mutations
targeting IDRs have been systematically analyzed in only
a few studies (Mész�aros et al., 2021; Zou et al., 2022).
Currently, the number of cases where the direct connec-
tion between mutations altering IDRs and cancer is
established is limited (Mész�aros et al., 2021). However,
with the growing number of experimentally character-
ized disordered proteins and their widening roles in vari-
ous biological processes, their importance for cancer is
expected to increase.

To help further research in this area, we present a
novel web server that can be used to explore, visualize,
and analyze cancer mutations with a special focus on
IDPs. In order to aid the interpretation of observed muta-
tions, we combine both genome and protein level infor-
mation. For the reliable assessment of protein disorder,

we collect experimental annotations which are comple-
mented by state-of-the art prediction methods. Func-
tional information collected from the SwissProt databases
is enhanced by annotations from additional resources
related to protein disorder. The web server also enables
users to carry out analysis, focus on specific subsets to
analyze existing annotations or to discover novel candi-
date genes. The usability of the web server is demon-
strated through specific examples.

2 | RESULTS

2.1 | Server description

2.1.1 | Overview of the server

DisCanVis uses the second main version of DJANGO
(v. 2.0.4) as a back-end kernel. Information displayed is
stored in a standardized relational database provided by
the MySQL framework. Queried data are either accessed
directly from the database or calculated on-the-fly from
available data: no third party APIs are utilized. The user
front-end was built using a combination of DJANGO
template language, jQuery (v. 3.6.0) and the latest version
of Bootstrap (v. 5.0). Despite the intensive use of cutting-
edge web technologies, DisCanViz supports all HTML5
and WebP compatible browsers.

DisCanVis is available at https://discanvis.elte.hu/. Its
interface offers multiple convenient approaches for users
to find relevant data. The homepage contains a general
description of the web server with direct links to the Get-
ting started, Examples and API pages, where more
detailed information is available. There are four main
tabs that provide access to the search, browse, help, and
statistics pages. The Search page allows users to query
the database using different terms derived from the Uni-
Prot and COSMIC databases: Accession, Entry, full and
partial name from the UniProt and identifiers from the
COSMIC database are all accepted. An example is pro-
vided to help novice users. When multiple entries are
found, the user can further refine the search.

2.1.2 | Entry page

The main goal of our visualization tool is to integrate
mutational data with genome and protein level informa-
tion, as both levels are important to interpret the func-
tional and structural impact of the observed genetic
variations. We chose the human proteome sequences as
the base set, as these entries contain the most complete
protein level annotations (UniProt Consortium, 2021).
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The sequences were mapped to COSMIC transcripts, as
well as the human genome through UCSC tools (see
Methods). This enabled us to pull genome and transcrip-
tome level annotations for the protein sequences. The
final dataset currently contains 18,965 sequences.

Each entry has a header section. The header shows
the protein name according to UniProt. By clicking on
the icon left of the protein name, additional details are
shown about the entry, such as the gene name, the chro-
mosome, and length of the protein sequence. In addition,
the UniProt accession and ENSEMBL transcript ID are
shown with links to the corresponding databases. On the
right hand side of the header section, the cancer driver
status is given. By clicking on the icon next to this infor-
mation, the source of this categorization can be accessed.
The next few icons enable the user to select features that
are shown in more detail, to select cancer types in the
mutation profile and to present a brief summary table
about the mutations. There is an additional download
icon, enabling users to access all protein specific data,
including mutations and annotations. The final icon
returns to the homepage of the database.

The top of the page contains an overview of the whole
protein, which shows the cancer mutations, domains and
the combined disorder information along the sequence.
There is a slider that can be moved along the sequence,
indicating the region shown in more details below.

The detailed information for the selected region can
be divided into four main sections. The first
section presents the position indicators, the sequence and
additional information that can be helpful to assess the
relevance of variations. These include for example exon
boundaries which can be useful to identify mutations
located at splicing sites. Additional information include
repeat regions identified by the tandem repeats finder
(TRF) method (Benson, 1999). Such regions often show
increased mutational rates. In our previous work
(Mész�aros et al., 2021), we found that low genomic con-
servation calculated by the PhastCons method (Siepel
et al., 2005) is a good indicator of regions that contain
more mutations without likely disease relevance. We also
indicate polymorphisms that commonly occur in the
human population. In general, mutations that occur in
repeat regions, have low genomic conservation or coin-
cide with common polymorphisms are likely to corre-
spond to passenger mutations.

The next section presents genetic variations: both
general disease mutations and specific cancer mutations.
We collected pathogenic “Disease” variants from The
UniProt Humsavar database (version 2022.02.) (Richards
et al., 2015) with links to the OMIM database (Hamosh
et al., 2005). We incorporated ClinVar variants labeled as
pathogenic/likely pathogenic (Landrum et al., 2020). Cur-
rently, cancer mutations generated by the TCGA projects

are shown. Single amino acid change variations are
shown as bars, with the height of the bar proportional to
the number of mutations in the given position. In-frame
indels and truncating (frameshift and nonsense) muta-
tions are shown separately. In these cases, color intensity
is proportional to the number of observed variations. On
the top of the page, cancer types can be restricted and
this filtering is also reflected in the header section. Muta-
tions collected from the COSMIC database (Tate
et al., 2019), which includes both large-scale and targeted
studies, can also be accessed, but are not shown by
default. We also highlight significantly mutated regions.
Driver mutations often accumulate in specific regions,
especially when a large number of samples are analyzed
together, while passenger mutations are expected to be
distributed evenly along the sequence. To identify such
regions, we used the iSiMPre method (Mész�aros
et al., 2016). The main advantage of iSiMPre is that it can
automatically find boundaries of regions that are
enriched in mutations, without prior definition of region
of interest.

We gathered various information about the structural
state of proteins. We show known domains according to
the PFAM database (Mistry et al., 2021). We indicate
structures from the PDB (Berman et al., 2000) correspond-
ing to the given entry with red lines indicating missing
residues in case of X-ray structures and mobile regions in
case of NMR structures. In most cases, such regions indi-
cate protein disorder. Information about experimentally
verified disordered regions is transferred from the
MobiDB database (Piovesan et al., 2021). However, even
incorporating annotations based on homology transfer,
the number of entries with experimental evidence is still
limited. Therefore, we included disorder prediction
methods, such as IUPred (Erd}os et al., 2021), the pLDDT
scores of the AlphaFold2 (Varadi et al., 2022) method, and
the ANCHOR (Mész�aros et al., 2018) prediction to high-
light disordered binding regions. In general, disordered
regions are indicated by red, while ordered regions with
blue color. Even experimental annotations can be wrong
and predictions obtained with different methods often
contradict each other. To help users to reconcile such
cases, we developed a combined disorder approach. This
method is based on a simple decision tree and favors
experimental methods, highly confident pLDDT predic-
tions, and IUPred predictions in this order (Figure 1).

One of the primary sources of functional annotation
is the SwissProt database. We collect regions of interest
and binding region annotations directly from there. We
added short linear motifs and SLiM switches from the
ELM databases (Kumar et al., 2022). Disordered regions
that undergo coupled folding and binding by interacting
with globular proteins or another disordered protein are
collected from the DIBS and MFIB databases,
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respectively (Schad et al., 2018; Fich�o et al., 2017). All
these regions can be selected and are linked to their
source databases. Post-translational modifications from
dbPTM and PhosphositePlus (Li et al., 2022; Hornbeck
et al., 2012) are also indicated, using different representa-
tions for phosphorylation, acetylation, methylation and
ubiquitination. In addition, we show regions that are
involved in driving the formation of membraneless
organelles through phase separation based on annota-
tions in the PhaSePro database (Mész�aros et al., 2020).

The final section presents position specific sequence
conservation calculated from multiple sequence align-
ment of orthologs (see Materials and Methods, Section 4).
To enable the mapping of the conservation scores to the
query protein sequence, deletion-free alignments were
used (with respect to the query protein). Since functional
disorder regions—mainly linear motifs—are often con-
served only in certain lineages, conservation information
is shown separately for the main evolutionary levels,
allowing the detection of lineage-specific conservation
patterns.

Highlighting a single position in the sequence brings
up a side panel which presents the detailed information
about the various features corresponding to the selected
position, including the list of samples the position was
mutated. This table can be downloaded in JSON and text
format.

2.1.3 | Browse tables

In order to ease the access to the data presented in Dis-
CanVis, we introduced multiple tables that group the

data based on certain properties. All tables contain direct
links to the selected entry as well as additional informa-
tion about the protein derived from the UniProt database
and some basic statistics about the mutations collected
with respect to either a selected region or the whole pro-
tein, depending on the table. Each column in each table
is presented with a respective search entry on the top of
the column to make the filtering of the data easier.
Besides keyword based searches, the entry fields accept
general regular expression based searches as well.

The first table labeled “Drivers” contains known can-
cer drivers (Tate et al., 2019; Martínez-Jiménez
et al., 2020). We included a specific table for proteins con-
taining significantly mutated regions according to the
iSiMPRe method (Mész�aros et al., 2016). “Experimental
disorder” table contains proteins with experimentally ver-
ified disordered regions derived from the MobiDB
(Piovesan et al., 2021) database with either “curated” or
“homology” level evidence. The “ELM” and “ELM
Switches” tables contain proteins with regions obtained
from the Eukaryotic Linear Motif Database Instances and
Switches section, respectively. The sixth option called
“Binding domain” contains proteins with regions that
correspond to a linear peptide-binding domain. The set of
binding domains used for this table were obtained from
the PixelDB database (Frappier et al., 2018). The last two
tables offer user defined filtering. In the table labeled as
“Chromosome” users can filter proteins by the label of
the chromosome they are located in using a selection
tool, while in the “GO term” table we offer an input field
where users can input a Gene Ontology (The Gene Ontol-
ogy Consortium, 2019) term and query proteins with the
given label.

FIGURE 1 Decision tree calculated from the prediction of IUPred3 and the pLDDT scores of AlphaFold2 on the CAID-PDB dataset

using Shannon entropy as the base for information gain. Color boxes underneath each leaf node represent the coloring of sequential features

on DisCanVis.
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2.2 | Examples

The examples described here present different use cases
highlighting various features of our visualization tool.

Our first example corresponds to a fully disordered
protein, POU domain class 2-associating factor
1 (POU2AF1, UniProt: Q16633). This gene corresponds
to a transcriptional coactivator involved in B-cell differ-
entiation, however, in addition to lymphoid tissues, it is
also expressed in intestine and stomach tissue, according
to the Human Protein Atlas (Uhlén et al., 2015).
POU2AF1 contains a PFAM domain which indicates
strong sequence conservation. Furthermore, the N-
terminal region of the protein forms a complex with the
OCT1 or OCT2 transcription factors and an octamer
DNA sequence. However, this region was shown to be
disordered in isolation by experimental methods (Lee
et al., 2001). According to the IDEAL database, the com-
plete human protein is annotated as disordered while its
mouse ortholog—which shares 89.5% sequence identity
with the human protein—is annotated in the DisProt
database as fully disordered. It is a known cancer gene
according to the Cancer Census database. It shows low
cancer specificity and the mutations from TCGA are dis-
tributed largely evenly along the protein, showing a slight
preference for the N-terminal region involved in binding
to OCT2. It was suggested that mutations can subtly alter
the DNA-binding preference of OCT2, leading to the
transactivation of noncanonical target genes (Hodson
et al., 2016). As shown on Figure 2, the overview indi-
cates that it is a known cancer driver. Clicking on the
corresponding icon brings up further information about
the cancer driver status. The overview shows that basi-
cally the whole protein is disordered with the exception
of a short segment in the middle which has ambiguous
characteristics. Interestingly, the AlphaFold2 method
predicts a beta hairpin structure for this region. While
the whole protein is annotated as disordered, the experi-
mental method used for the characterization (SAXS) does
not have the resolution to exclude the possibility of small
compact structure within the generally disordered
protein.

Another potential application of our visualization is
to identify known linear motifs that can be involved in
disease development. The RAF proto-oncogene serine/
threonine-protein kinase (RAF1 UniProt: P04049) is

involved in the regulation of cell proliferation and differ-
entiation by playing an important role in the RAS/RAF/
MEK/ERK signaling pathways (Cobb et al., 1994). Dysre-
gulation of the RAS/RAF/MEK/ERK pathway causes
Noonan syndrome, a common developmental disorder.
Noonan syndrome associated mutations in RAF1 are
enriched within an conserved 14-3-3 binding phospho-
peptide motif which is located in the middle of the
sequence (254–262). These mutations impair the phos-
phorylation of S259 inhibiting the binding of RAF1 to
14-3-3 and resulting abnormal activation of ERK, hence
leading to Noonan syndrome development (Kobayashi
et al., 2010). Ancient evolutionary conservation of the
motif can be observed clearly by the taxonomic level
based conservation viewer, which highlights a universal
role of the motif in evolutionary terms (Figure 3). In
addition to Noonan syndrome, RAF1 mutations have
been linked to several types of cancer, such as bladder
cancer (Bekele et al., 2021). Observing the mutational
landscape of RAF1, a cluster of cancer-related mutations
are found in the known 14-3-3 binding phosphopeptide
motif, indicating a potential role of the motif in cancer
development (Figure 3). These results show the impor-
tance of analyzing known functional disordered regions
as disease-risk factors, for which our database is a great
starting point.

Previous results highlighted that cancer mutations
often target the proteasomal degradation process and
preferentially through disordered regions (Mész�aros
et al., 2017). In most cases, the degradation of proteins is
mediated by degrons, short linear motifs that are recog-
nized by specific E3 ligases. Known degron motifs are
collected in the ELM database and the number of muta-
tions within these motifs can be explored by the ELM
table and specifying “DEG” as the ELM type. The most
cancer-mutated degrons are CTNNB1, NFE2L2, and
MYC (Figure 4), which are all known cancer drivers.
However, the next entry with the most mutations is
WNK3, which is currently not characterized as a cancer
driver. WNK3 is a member of the WNK family containing
three additional paralogs. Searching for the WNK term in
the identifier box shows that WNK1 and WNK4 also have
a degron motif annotated. Interestingly, while WNK4 has
a single cancer mutation, it has multiple disease muta-
tions associated with Gordon's hypertension syndrome
(pseudohypoaldosteronism).

FIGURE 2 Summary mutational and structural profile of the POU2AF1. Mutations are depicted with lollipops. Sites with larger

lollipops contain more mutations. The PD-C2-AF1 PFAM domain is presented by a green box. At the bottom of the profile, disordered and

ambiguous regions are indicated with red and pink colors, respectively.
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The degron motifs in the WNK family are recognized
by the KLHL3 protein of the Cullin-RING E3 ubiquitin
ligase complex. KLHL3 binds to a conserved acidic
degron motif located within the WNK isoforms, inducing
their ubiquitylation and proteasomal degradation of the

substrates (Gong et al., 2015; Takahashi et al., 2013). The
same type of disease-causing mutations target the bind-
ing domains as well. The effect of the missense mutations
in this system causing Gordon's hypertension syndrome
(pseudohypoaldosteronism) (Schumacher et al., 2014;

FIGURE 3 Visualization of RAF1 showing the 14-3-3 binding phosphopeptide motif region. Features with no data within this region

are turned off. The mutation hotspots can be observed at the top of the figure in the genetic variation section. OMIM disease and cancer-

associated mutations are depicted by green and black boxes, respectively. Functional annotations and structural information are presented in

the middle of the figure. Evolutionary conservation scores are shown at the bottom of the figure.

FIGURE 4 The output of searching for degrons in the ELM table using the “Browse tables” function of the database. Searching is

carried out by typing the “DEG” expression into the “ELM type” text box. List of proteins with known degron motifs are sorted according to

the number of missense mutations annotated within the motif region. The WNK3 degron is the 4th most mutated motif in the list with six

mutations.
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Sohara & Uchida, 2016). In the visualization of WNK4,
the positions of the degron that are affected in Gordon's
syndrome can be easily detected. Moreover, the database
shows that PDB structures of this region are available,
allowing more detailed analysis of the mutations. While
WNK2 and WNK4 are classified as cancer drivers, there
is no study about the cancer associated mutations of
WNK3 degron. These results shed new light on the
WNK3 degron from a disease perspective. For a more
general analysis of the involvement of the protein ubiqui-
tination in cancer, the GO term could be a good starting
point. Using the corresponding term GO:0016567, we can
see that many proteins associated with this process con-
tain a large number of cancer or other disease mutations,
in addition to KLHL3.

Our visualization tool can also be used to explore
regions that contain a significant number of mutations,
but are not yet well-characterized. One such example is
Ataxin-1 (ATXN1 UniProt: P54253). ATXN1 is a
chromatin-binding factor gene involved in regulating
gene expression. The protein contains polyglutamine
(polyQ) region, which is expanded in the neurodegenera-
tive disease spinocerebellar ataxia 1 (SCA1). The polyQ
region has contradicting structural annotations.
Although it is localized within a conserved sequence fam-
ily the domain is labeled disordered according to PFAM.
AlphaFold2 method predicts the polyQ tract as helical,
however, IUPred together with the combined disorder
method predict this region as disordered. Although
ATXN1 was shown to interact with multiple proteins

(Zhang et al., 2020a), its function is still not well-charac-
terized. It was known to form distinctive intranuclear
bodies and was recently shown to undergo phase separa-
tion via the formation of a liquid droplet state (Zhang
et al., 2020b). This transition is enhanced by various fac-
tors and over time. Interestingly, cancer mutations are
accumulated in the specific polyQ region (Figure 5).
ATXN1 is not a known cancer gene, although it was con-
nected to cervical cancer (Kang et al., 2017). Neverthe-
less, the large number of cancer mutations within the
polyQ region suggest that this gene can play an important
role not only in neurodegenerative disease but also in
cancer.

3 | CONCLUSION

In this work, we present a novel visualization tool that
can help the interpretation of cancer and other disease
mutations at the level of protein sequences. With detailed
annotations for structural states and functional roles, the
web server is particularly useful to explore the role of
IDPs in cancer. However, it can also be used to study
other proteins, including globular proteins, for example
those that bind disordered regions. In addition to inspect-
ing individual proteins, users can explore the collection
of known cancer drivers, proteins containing experimen-
tally verified disordered regions or known short linear
motifs, based on chromosome or shared GO ontology
terms. The catalog of cancer and disease mutations is

FIGURE 5 Entry page of ATXN1 positioned on the mutational hotspot region. Missense mutations and indels are depicted by black and

red boxes, respectively. The specific region contains common polymorphisms (indicated by dark blue boxes). Protein disorder information is

presented in the middle of the plot. At the bottom of the figure, in the functional annotation section there is no data displayed about the

region of interest. Sequence conservation viewer is turned off. The panel on the right side presents more detailed information about the

selected position (Q210), including the sample IDs in which the position was mutated. The region highlighted by a yellow box represents the

significantly mutated region.

DEUTSCH ET AL. 7 of 10

 1469896x, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.4522 by E

otvos L
orand U

niversity, W
iley O

nline L
ibrary on [22/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



expanding rapidly. In the future, we plan to regularly
update DisCanVis with additional cancer mutations from
COSMIC and from large-scale cancer genome projects
and incorporate further disease mutations. It would be
interesting to add targetability options as well. Neverthe-
less, the presented examples demonstrate the usability of
DisCanVis to explore disease mutations in intrinsically
disordered regions.

4 | MATERIALS AND METHODS

We downloaded the reviewed proteins of the human pro-
teome from the Uniprot database (08.2022) (UniProt
Consortium, 2021). We also downloaded COSMIC data
files (v96) (Tate et al., 2019). We used the COSMIC Muta-
tion Data, a tab separated table of all COSMIC coding
point mutations from targeted and genome wide screens
from the current release as well as the CDS sequence for
all the genes in COSMIC. The transcribed CDS sequences
were mapped against the UniProt sequences using BLAST
(Boratyn et al., 2013). The aim of the mapping was to find
the closest transcript corresponding to the UniProt
sequences. We could map 18,525 SwissProt sequences to
COSMIC transcripts. In a few cases, the best hit was pro-
vided by Trembl (270) or a SwissProt isoform sequence
(170). Altogether, our canonical set contained 18,965
entries. As an identifier, we kept the COSMIC names,
which either corresponded to the gene name, or the gene
name together with the ENSEMBL transcript ID.

The transcript sequences were then mapped to the
human genome (hg38) using UCSC Genome Browser
command line tools (Kuhn et al., 2013). The resulting
mapping was used to find exon boundaries and to lift
annotations from the UCSC Genome Browser site regard-
ing SNPs and ClinVar mutations (Holmes et al., 2020;
Sherry et al., 2001) and the genome conservation values
according to the phastCons method (Siepel et al., 2005).
Annotations of the corresponding UniProt entries were
collected and the UniProt accession was used to find cor-
responding information in the ELM and ELM switches
databases and post-translational modifications from the
PhosphositePlus and dbPTM databases.

Cancer mutations from the COSMIC database we
mapped to UniProt sequences. We only considered single
mutations, in-frame insertions and deletions and non-
sense mutations. Variations from the TCGA project were
treated separately. Significantly mutated regions were
determined by the iSiMPre method (Mész�aros
et al., 2016). Cancer drivers were collected from two
sources: IntOGen and COSMIC (Tate et al., 2019; Martí-
nez-Jiménez et al., 2020).

We calculated various features based on the sequence.
We run the SEG and DUST methods on the protein

sequence to identify low complexity regions and the TRF
method on the transcript sequence to identify repeat
regions as these methods could help to filter out passen-
ger mutations (Mész�aros et al., 2021). Experimentally ver-
ified disordered regions were collected from the MobiDB
database (Piovesan et al., 2021) using the tag “curated-
disorder-merge” which included disorder annotation
obtained by homology transfer. For disorder prediction
we used the IUPred3 method (using default parameters)
(providing IUPred and ANCHOR scores for disordered
regions and disordered binding regions, respectively). We
also collected the pLDDT scores from the AlphaFold2
database (Varadi et al., 2022). We added PFAM annota-
tions (Mistry et al., 2021) to the UniProt entries as well.
To reconcile the different classifications, a combined dis-
order profile was generated for each protein which com-
bined the prediction of IUPred3 with the pLDDT scores
of AlphaFold using a shallow decision tree. The decision
tree was trained on the CAID-PDB dataset (Necci
et al., 2021) using Shanon entropy as a base for informa-
tion gain. Experimentally verified information from
MobiDB overwrites the results of the decision tree except
when the two are in complete disagreement, for which
we introduce a lighter colored disorder annotation.

Evolutionary conservation was calculated using a
dataset of orthologous sequences, which was generated
by running the GOPHER prediction algorithm (default
settings) against the UniProt reference proteomes (Davey
et al., 2007). In order to calculate position specific conser-
vation scores, multiple sequence alignments of orthologs
for each protein in our database were constructed using
the MAFFT algorithm (default parameters) (Finn
et al., 2017). Global conservation values were calculated
for each position using the trident scoring approach
(recommended settings) (Valdar, 2002). To provide a
more informative sequence conservation viewer, the
orthologous sequences were classified into the major
nested evolutionary levels (Mammalia, Vertebrata,
Eumetazoa, Opisthokonta, and Eukaryota) and the calcu-
lation was carried out at each level separately. For the
evolutionary analysis at least three predicted orthologs
were required at each taxonomy level.
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