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ABSTRACT

In recent years great progress has been made in iden-
tification of structural variants (SV) in the human
genome. However, the interpretation of SVs, espe-
cially located in non-coding DNA, remains challeng-
ing. One of the reasons stems in the lack of tools
exclusively designed for clinical SVs evaluation ac-
knowledging the 3D chromatin architecture. There-
fore, we present TADeus2 a web server dedicated
for a quick investigation of chromatin conformation
changes, providing a visual framework for the inter-
pretation of SVs affecting topologically associating
domains (TADs). This tool provides a convenient vi-
sual inspection of SVs, both in a continuous genome
view as well as from a rearrangement’s breakpoint
perspective. Additionally, TADeus2 allows the user
to assess the influence of analyzed SVs within flak-
ing coding/non-coding regions based on the Hi-C
matrix. Importantly, the SVs pathogenicity is quanti-
fied and ranked using TADA, ClassifyCNV tools and
sampling-based P-value. TADeus2 is publicly avail-
able at https://tadeus2.mimuw.edu.pl.

GRAPHICAL ABSTRACT

INTRODUCTION

Motivation

Next generation sequencing (NGS) revolutionized the field
of clinical genetics (1). One of the most popular approaches
in the identification of molecular etiology of human diseases
is sequencing of coding regions, which compose <3% of
the genome (2). However, the application of whole exome
sequencing (WES) characterized the genotype-phenotype
correlation in only 25–40% of patients (3). This diagnostic
rate could be explained by the limitation in WES targeting
only coding regions, while other causes of pathology such as
structural variants (SVs) and copy number variants (CNVs)
are often located in non-coding DNA (4,5).
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SV and CNV might lead to disease through 4 main mech-
anisms: (i) direct disruption or deletion of a gene leading
to haploinsufficiency (6); (ii) generation of SV/CNV de-
rived fusion genes – a mechanism often present, but not lim-
ited to cancer cells (7–9); (iii) changes in the gene dosage
due to duplication (10) and (iv) disruption of the epige-
netic equilibrium caused by displacement of regulatory el-
ements (11,12). The latter mechanism is often caused by
changes in the three-dimensional (3D) chromatin struc-
ture. The 3D genome architecture controls spatiotempo-
ral gene expression and plays a key role in the develop-
ment and disease (13). At the (sub)megabase scale, the 3D
chromatin structure is organized into topologically asso-
ciated domains (TADs), delimited by boundaries enriched
in CTCF binding sites (14,15). TADs facilitate enhancer-
promoter contacts within their bodies and insulate inter-
TADs chromatin interactions (16,17).

Interestingly, the disruption of TADs or the formation
of a novel TADs can lead to gene deregulation associated
with congenital disorders e.g. brachydactyly, a limb malfor-
mation affecting finger development (17), and Cooks syn-
drome, a congenital disorder affecting digits and nails (18).

Despite the characterization of the genotype-phenotype
correlation in a number of diseases linked to SVs and CNVs
in non-coding DNA, the evaluation of their pathogenic-
ity caused by the disruption of long-range regulatory inter-
actions remains challenging (12,19). More evidence points
towards the fact that computational investigation of non-
coding variants severity is helpful in the diagnosis of genetic
disorders (20–22).

For this reason, there is a clear need for an easy to use web
server that enables a quick evaluation of chromatin confor-
mation changes and provides a visual framework for the in-
terpretation of SVs/CNVs affecting TADs structures.

Related research

The growing number of NGS data from symptomatic
SVs/CNVs carriers led to the emergence of multiple
databases inspiring further studies regarding the role of
gene position effect (GPE) in the patient phenotype. For
example, Zepada et. al. applied the haploinsufficiency and
triplosensivity scores to characterize GPE derived from bal-
anced translocations in 17 subjects from the Developmental
Genome Anatomy Project (GDAP) (23). Ruifeng et al. us-
ing data from ClinVar database (24) introduced the Struc-
ture Influence score to prioritize and designate SVs that are
likely to disturb gene regulation through TADs disorgani-
zation. Salem et al. (25) based on the DECIPHER database
(containing nearly one thousand deletions) (26) showed that
only 4.5% of analyzed deletions can disrupt TAD bound-
aries leading to the gene misexpression due to enhancer
adoption.

Investigation of NGS data from symptomatic patients
carrying SVs led also to the development of multiple tools
designed for clinical evaluation of SVs, including: 3Disease
Browser (27), PhenogramViz (28), GeCCO (29) or rankings
based on HI scores (30). However, PhenogramViz, GeCCO
and HI scores do not use the chromatin conformation and
regulatory data for the SV-induced pathogenecity estima-

tion, while 3Disease Browser does not evaluate any novel
SVs.

Among the newest web-services providing an extended
palette of features for SVs/CNVs evaluation in the clinical
context are 3D Genome Browser (31) and CNVxplorer (32).
The main functionalities provided by 3D Genome Browser
consist of analysis of disease-associated SVs and 3D chro-
matin structure by visualization and integration of Hi-C
and ChIP-seq data. This tool also enables inspection of
inter-chromosomal interactions. However, it is limited only
to the uni-directed strand view (hg19), and does not pro-
vide any views for comparisons of the rearranged genome
structure versus wild-type. The CNVxplorer mines a com-
prehensive set of clinical, genomic, and epigenomic features
associated with CNVs making it one of the most versatile
diagnosis tools available online. Nonetheless, it focuses only
on CNVs and does not consider balanced rearrangements
events. Summarized evaluation of tools with purpose com-
parable to TADeus2 is presented in the Table 1.

Our results

To address existing challenges and provide a competitive
tool, we have developedTADeus2––a web server for a quick
evaluation of SVs/CNVs that provides a visual framework
to aid the medical expert in the interpretation of variant
pathogenicity in the context of changes in the TADs or-
ganization (see Graphical Abstract). Based on the type of
a variant TADeus2 allows to visualize the affected region
in two modes: (i) syntenic mode dedicated for the analy-
sis of deletions and duplications; (ii) breakpoint mode de-
signed for translocations and inversions. The former mode
allows visualization of one genomic region, while the lat-
ter enables analysis of two different genome loci joined to-
gether during the rearrangement event. Both modes inte-
grate multiple datasets (e.g. Hi-C or ChIPseq) either avail-
able on the server or provided by the user. The tool is user-
friendly and allows to perform a customized analysis by
providing the genomic coordinates of the analyzed variants.
It should be emphasized thatTADeus2 and its previous ver-
sion TADeus (39) was successfully used in the recently pub-
lished studies (40,41).

MATERIALS AND METHODS

Publicly available experimental data

Currently, TADeus2 allows the user to upload genomic
data in BED and BEDGraph format. The user is
also provided with over 30 preloaded, publicly available
datasets described in detail at https://tadeus2.mimuw.edu.
pl/datasources/.

Evaluation of the gene pathogenicity

To assess and rank the pathogenicity of a gene
TADeus2 score is introduced. For a given gene g its
value is calculated based on the following indicators: (i)
CG(g): the ClinGen haploinsufficiency/triplosensitivity
score (42), (ii) EPdis(g): the number of distant candidate
enhancer–promoter predicted interactions disrupted by
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Table 1. Listing of all available tools that provide similar functionalities to TADeus2 regarding typical clinical use cases, TAD analysis and breakpoint
viewing

Options Breakpoint browser options

Name of service

HiC
Heat
map

Tad
annotation

Virtual
4C view

Data upload
or local

installation
Breakpoint

browser mode
Wildtype

View
Customised

Tracks

Unlimited
Number HiC

tracks

Head/Tail
Orientation of

coordinates

TADeusb � � � � � � � � �
3D Genome
Browsera (31)

� � � � � �b

3DIVc (33) � � � � �
HiGlass (34) � � � �
Juicebox (35) � � �
WashU Epigenome
Browser (36)

� �

HUGIN (37) � � �
3Disease
Browser (38)

� �

aInter-chromosomal interaction mode is regarded as breakpoint mode for comparisons.
bAs UCSC or WashU session link.
cComplex SV and 3D genome view is regarded as breakpoint mode for comparisons.

the breakpoints based on (43), (iii) HPO(g): the number
of names and links to the associated phenotype described
in Human Phenotype Ontology (HPO)––the ontology of
phenotypic abnormalities with associated diseases and
genes (44), (iv) dist(g): the distance from the rearrangement
breakpoints. The final formula is accordingly a scaled sum
of the four compounds:

score(g) = I(CG(g) = 1) + I(EPdis(g) > 0)

+ I(HPO(g) > 0) + I(dist(g) < 1Mb),

where CG(g) is equal to 1 when g falls into one of the Clin-
Gen categories: Sufficient Evidence, Emerging Evidence,
Autosomal Recessive; and I(c) = 1, when a condition c is
met and 0 otherwise.

As an example consider gene g = TBR1 ranked as first
in evaluation of structural variant involving chromosome 2
(exemplary case study from the main page of the web ser-
vice). This gene is annotated in ClinGen, so CG(g) = 1,
there are 38 disrupted distant enhancer-promoter interac-
tions, i.e. EPdis(g) > 0, also the HPO(g) > 0 as several ab-
normal phenotypes have been found in HPO, and finally
the distance of the TBR1 gene from the breakpoint is small
enough, i.e. dist(g) < 1Mb. In total we get a Total Patho-
genecity Score equal to 4.

TADeus2 rank gene table

The table is ordered by the aforementioned ranking score
in the descending order. Genes with the equal scores
are secondary sorted by the number of the disrupted
enhancer–promoter interactions and the distance from the
rearrangement breakpoints. For the convenience of the
user the final importance ranking is color-coded with
a dark-pink to white scale. Additionally, for a broader
perspective, the disease and inheritance type from Online
Mendelian Inheritance in Man (OMIM) (45) and pLI score
from Genome Aggregation Database (gnomAD) (46), were
added.

SVs/CNVs pathogenicity assessment

To evaluate the pathogenicity of a rearrangement
TADeus2 uses the state-of-the-art, third-party software:
TADA (available only for autosomes) (47) and Classi-
fyCNV (48) as well as an original statistical significance
p-value.

TADA automatically ranks Copy Number Variants
(CNVs) based on a extensive catalogue of functional anno-
tations supported by enrichment analysis. The software is
based on a machine-learning classifier to accurately predict
and prioritize pathogenic deletion or duplication to produce
a well-calibrated pathogenicity score.

ClassifyCNV, uses pre-parsed publicly available
databases to calculate a pathogenicity score for each
duplication and deletion. Importantly, the tool is an
implementation of the 2019 ACMG guidelines for variant
interpretation that provide a set of criteria to score variants
and place them into one of the five classification tiers (49).

Finally, we propose calculation of an empirical p-value
to assess the statistical significance of the predicted number
of interrupted interactions between the cis-regulatory ele-
ments, which is a good predictor of SVs pathogenicity (50).

To this end we compute the null hypothesis probabil-
ity distribution––the probability distribution for all possi-
ble numbers of disrupted interactions induced by a random
breakpoint. We sample 104 loci and compute the number of
potential disruptions that would occur because of a break-
point in that loci. The resulting distribution is approximated
by a mixture of the 0-concentrated Dirac distribution and
the geometric distribution:

P(X = k|P, δ) =
⎧⎨
⎩

δ, for k = 0
(1 − δ)P(1 − P)k−1, for k > 0
0, for k < 0

for some P ∈ (0, 1) and � ∈ (0, 1) parameters, which
we estimated from the data. The proportion of break-
points in all genome loci that do not disrupt any pre-
dicted promoter–enhancer interactions is an estimator of
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� (0.0924), while P (0.01174) was estimated as the maxi-
mum likelihood estimation (MLE). As a result, the smallest
number of enhancer–promoter interactions broken by a re-
arrangement breakpoint that is statistically significant (i.e.
P-value ≤ 0.05) is equal to 246.

Implementation and architecture of TADeus2 web server

TADeus2 is implemented as a Django application using
MySQL database as data storage. Fragments of code from
HiCExplorer (51) are reused in the track plot module. All
the presented command-line tools (e.g. TADA, classify-
CNV) incorporated in TADeus2 are accompanied with
a responsive and user-friendly graphical interface developed
with Bootstrap v4. Additionally, java-script snippets enable
customization of forms and export of any user-defined plots
that are produced using the python matplotlib package. Fi-
nally, TADeus2 provides the rest-API that can be utilized
by external applications.

RESULTS AND DISCUSSION

Diagnosis workflow of TADeus2 web server

The input of TADeus2 consists of breakpoint coordinates
(hg38) previously identified experimentally. The analysis
starts with the selection of an adequate Hi-C matrix (cur-
rently, data from 8 different cell-types are available). The
Hi-C matrix is displayed as a triangle plot (upper triangle
rotated by 45◦) and TADs structure is visualized (red lines),
in order to investigate the SV role in reorganization of the
domains (often linked to symptomatic gene misexpression).
Based on the type of a variant the user should choose ei-
ther syntenic mode (deletion or duplication), or breakpoint
mode (translocation, inversion). The former, presents a con-
tinuous sequence of a genomic region and is designed to
generate a ranked table of putative disease-causing genes.
The latter integrates two genomic fragments from differ-
ent loci (e.g. located at distinct chromosomes) as if it was
a continuous genome chunk, allowing visualization of the
new rearrangement. To use this mode the user should spec-
ify the coordinates of the breakpoints and the direction
of the fused strands (e.g. in the case of translocation be-
tween P and q arms, a forward reverse strand fusion oc-
curs). The breakpoint view also includes wild-type regions
that compose the rearrangement. Further analysis (in both
modes) includes an integration of additional tracks con-
taining publicly available or self-uploaded datasets. After
the selection of disease causing putative genes (based on
the TADeus2rank gene table or the interpretation of par-
ticular tracks e.g. gnomAD pLI) the user should focus on
the characterization of the cis-regulatory landscape within
the region of interest. This can be achieved by: (i) iden-
tification of candidate enhancers (CEs) based on the his-
tone marks (H3K27ac, H3K4me1), chromatin accessibil-
ity (DNAseI), and conservation; (ii) investigation of the
track with experimentally validated enhancers; (iii) anal-
ysis of putative enhancer-promoter interactions based on
Virtual 4C. Finally, verification of the regulatory elements,
enhancer-promoter interactions, disrupted genes should be
further confirmed experimentally. For the convenience of

the reader, the overview of the clinical diagnosis workflow
is also presented in Figure 1.

Validation of TADeus2 gene ranking scheme

In order to test TADeus2 accuracy a detailed search of liter-
ature was performed to find well-described cases of position
effects generated by SVs and CNVs. For each case, break-
points, clinical presentation and genes that according to au-
thors contribute to the disease were collected. A table rank-
ing disease-causing putative genes close to the SV/CNV was
generated only for the chromosome where the disease caus-
ing gene was present. In total, 21 distinct cases were found
and used to validate the TADeus2 ranking method (Sup-
plementary Table S1). For 18 (85.7%) cases, the genes con-
tributing to the disease were predicted as the strongest can-
didates (top scores if compared to the rest of the genes local-
ized on the same chromosome). In the remaining 3 (14.3%)
cases, genes were predicted as the most probable candidates
with lower scores (see Supplementary Table S1).

Below we present in detail two selected cases from the set
described above.

Examples of analysis workflows provided by TADeus2 in a
clinical diagnosis setting

Case 1––Position effect in a balanced translocation neigh-
bouring FOXG1 gene. Murcia Pienkowski et al. identified
the exact structure of a balanced chromosomal transloca-
tion (46,XX,t(6;14)(p25.1;q12)) in a patient with epileptic
seizures and severe developmental delay (40). The break-
point on chromosome 6 disrupted theTXNDC5 gene in
the second intron (chr6:7903201 hg38), while chromosome
14 was damaged in non-coding DNA (chr14:29266318).
TADeus2 ranking was used to establish genes that have
a higher probability of being responsible for the disease.
On chromosome 6 the highest score was assigned to gene
DSP. At the same time on chromosome 14 FOXG1 was cho-
sen as the gene with the highest probability to impact the
phenotype (Supplementary Table S1).

Based on the clinical picture that the patient displayed
we decided to conduct the next steps of the analysis us-
ing data Hi-C from neural progenitor cells (NPC). The fol-
lowing tracks have been added to the breakpoint view:
Genes coloured by pLI score, Virtual 4C for promoter re-
gions (±2.5 kb from transcription start site (TSS)) for DSP
and FOXG1 and experimentally validated functional ele-
ments from NCBI database (Figure 2). The result indicate
that FOXG1 lost contact with 4 experimentally verified en-
hancers, while DSP did not lose any, making FOXG1 the
most probable cause of the disease (see the red box in Fig-
ure 2). Indeed, at least 11 translocations located in prox-
imity of FOXG1 in patients with Rett-like syndrome have
been described. Furthermore, it has been proposed that loss
of only one active FOXG1 enhancer is not clinically rel-
evant (52). This is consistent with our results as the an-
alyzed translocation leads to displacement of two appar-
ently important enhancers: hs433 and hs342; and two en-
hancers with unknown impact on textitFOXG1: hs1168 and
hs598. hs433 is thought to bring other enhancers into physi-
cal contact with FOXG1 (53), while hs342 is the main candi-
date for the regulation of FOXG1 expression (52). Overall,
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Figure 1. TADeus2 overview of the clinical diagnosis workflow. The above diagram outlines the subsequent steps recommended for the SVs/CNVs evalu-
ation. The pipeline starts with the specification of a pair of coordinates accompanied by a Hi-C matrix of interest. Using two different views the structural
rearrangements can be visualized and inspected. Next, based on numerous indicators of disease-causing putative genes candidates for further analysis
can be selected. Finally, position effects can be evaluated thanks to provided databases from UCSC e.g. H3K27ac or experimentally verified regulatory
elements. All the obtained outcomes are candidates for any further confirmation with wet experiments.

TADeus2 indicated correctly the gene responsible for the
disease as well as important regulatory elements that might
have been at the root of the patient phenotype. Importantly,
further experimental investigation of cis-regulatory land-
scape encompassing FOXG1 might shed more light into the
etiology of the patients phenotype.

Case 2––Position effect in an inversion accompanied with
a deletion located nearby DLX5 and DLX6 genes. Kerry
Brown et al. identified a paracentric inversion of the long
arm of chromosome 7, inv(7)(q21.3q35) in five patients with
hearing loss and craniofacial defects (54). The breakpoint in
q21.3 (accompanied by a 5.1 kb deletion (chr7:96,935,329-
96,940,443; hg38)) is located within non-coding region, 65–
80 kb away from DLX5 and DLX6 genes, while the 7q35
breakpoint disrupts the CNTNAP2 gene, between exon two
and ten.

First, we usedTADeus2 to analyze the potential role of
7q35 breakpoint in the molecular etiology of hearing loss
and craniofacial defects. Characterization of the chromatin
architecture surrounding the breakpoint region revealed no
genes within the TAD except CNTNAP2 (Figure 3A). How-
ever, the pLI score for CNTNAP2 was equal to zero, sug-
gesting that disruption of one copy of CNTNAP2 has a low
probability of being responsible for the abovementioned
defects. Indeed, the spatiotemporal expression analysis of
CNTNAP2 during mouse embryonic development revealed
no expression in the majority of tissues linked to the pa-
tient’s phenotype (54). Moreover, the CNTNAP2-/- mice
present no abnormalities in craniofacial and inner ear de-
velopment (55). Therefore, for further analysis we focused
on the 7q21.3 breakpoint region.

The TADeus2 ranking list pointed DLX5 and DLX6
as genes with a high probability of being responsible for
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Figure 2. Analysis of a balanced translocation 46,XX,t(6;14)(p25.1;q12) in a patient with epileptic seizures and severe developmental delay. Visualization
of the fusion chromosome der(14) (A) and wild type chromosomes: chromosome 14 (B) chromosome 6 (C). NPC Hi-C data was used to generate the
chromatin architecture (top track). The figure contains the following tracks: gene gnomAD pLI score (bottom track) in color-scale (0 = blue and 1 = red),
virtual 4C for promoter regions (±2.5 kb from TSS) for FOXG1 and DSP and experimentally validated functional elements. The enhancers displaced by
the translocation are marked with the red rectangle.
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Figure 3. Analysis of the inversion inv(7)(q21.3q35) linked to the craniofacial defects and hearing loss. (A) Visualisation of the 7q35 breakpoint located
between CNTNAP2 exon two and ten. Stem cell derived myoblasts were used to visualise the chromatin architecture (top track) combined with gene
gnomAD pLI score (bottom track) in color-scale (0 = blue and 1 = red). (B) Visualisation of the breakpoint in q21.3 located centromeric to DLX5 and
DLX6. The Hi-C data was used from stem cell derived myoblasts (top track), followed by analysis of gene gnomAD pLI scores, and also cis-regulatory
elements (middle tracks). The putative interactions between DLX5, DLX6 promoters (±2.5 kb from TSS) and non-coding DNA were investigated using
Virtual 4C (bottom track). The enhancers affected by inversion are marked with the red rectangle.

these developmental abnormalities (top two genes with
rank score: 300), with the pLI score equal to 0.2184 and
0.9213, respectively (Supplementary Table S1). Based on
these results we extended our analysis by implementing
the TADeus2 browser tracks with: experimentally validated
functional elements from NCBI database and virtual 4C for
DLX5 and DLX6 promoter regions (±2.5 kb from TSS).
Multiple enhancers are located within the genomic region
affected by the inversion, and in close 3D proximity with
DLX5 and DLX6 promoters (based on virtual 4C).

This suggests that the inversion might disrupt long-range
contacts between six experimentally validated enhancers (in
the red rectangle) and promoters of DLX5 and DLX6, most
likely leading to a misregulation of these two genes (Fig-
ure 3B).

Importantly, DLX5 is expressed in the otic placode and
vesicle (involved in formation of inner ear vestibular struc-
tures), and in the semicircular canals of the inner ear (56).
Deletion of DLX5 and DLX6 leads to dysplastic ears and
congenital deafness (Chromosome 7 Annotation Project,
http://www.chr7.org), which is consistent with the mouse
phenotype. The DLX5 knockout as well as DLX5 and
DLX6 double knockout mice are characterized by the cran-
iofacial malformations and abnormalities in the ear de-

velopment (56–58). Collectively, TADeus2 results align
with literature results suggesting that changes in the DLX5
and DLX6 gene dosage caused by disruption of enhancer-
promoter connections may lead to the patient phenotype.

CONCLUSIONS AND FUTURE PLANS

In the following article we presented TADeus2 web server
with all its features. The tool is an online solution for vi-
sualization and analysis of SVs and CNVs in the context
of chromatin conformation. Thanks to an easy to use and
user-friendly interface, TADeus2 is suitable as a handful
framework for preliminary clinical diagnosis of patients for
non-bioinformatician experts.

The future directions for the improvement of the web
server include additional expansions of the breakpoint view
that would allow the view of more breakpoint coordinates
at once (particularly useful for visualisation of inversions,
duplications, and complex rearrangements, i.e. chromoth-
ripsis). In addition, we plan to implement a functionality
that provides a visualization of chromatin conformation in
3D.

Moreover, to predict the TAD structure affected by the
SVs, Akita software (59) will be used to generate a new Hi-
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C matrix for the rearranged TAD. This functionality is cur-
rently under development, with a beta version available for
the user.

Furthermore, the statistical modeling of chromatin orga-
nization disorders caused by structural variants will be fur-
ther developed to achieve higher accuracy in its assessment.
Lastly, we state that TADeus2 will benefit from regular up-
dates using the wealth of data publicly available.

DATA AVAILABILITY

TADeus2 is publicly available at https://tadeus2.mimuw.
edu.pl. Detailed tutorial, help pages, short videos present-
ing functionality of application, and a FAQ section are
provided. The tool is free and open to all users and there
is no login requirement. TADeus2 source code and in-
stallation instructions are available at https://github.com/
bposzewiecka/tadeus2. The software is distributed under a
GNU General Public License v3.0.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Schöpflin,R., Kraft,K., Kempfer,R., Jerković,I., Chan,W.-L. et al.
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