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ABSTRACT

With the dramatic increase of pangenomic analysis,
Human geneticists have generated large amount of
genomic data including millions of small variants
(SNV/indel) but also thousands of structural vari-
ations (SV) mainly from next-generation sequenc-
ing and array-based techniques. While the iden-
tification of the complete SV repertoire of a pa-
tient is getting possible, the interpretation of each
SV remains challenging. To help identifying hu-
man pathogenic SV, we have developed a web
server dedicated to their annotation and ranking (An-
notSV) as well as their visualization and interpre-
tation (knotAnnotSV) freely available at the follow-
ing address: https://www.lbgi.fr/AnnotSV/. A large
amount of annotations from >20 sources is inte-
grated in our web server including among others
genes, haploinsufficiency, triplosensitivity, regula-
tory elements, known pathogenic or benign genomic
regions, phenotypic data. An ACMG/ClinGen com-
pliant prioritization module allows the scoring and
the ranking of SV into 5 SV classes from pathogenic
to benign. Finally, the visualization interface displays
the annotated SV in an interactive way including pop-
ups, search fields, filtering options, advanced colour-
ing to highlight pathogenic SV and hyperlinks to the
UCSC genome browser or other public databases.
This web server is designed for diagnostic and re-

search analysis by providing important resources to
the user.

GRAPHICAL ABSTRACT

INTRODUCTION

Clinical genetics applications are using more and more
high throughput technologies in diagnostic and research
settings. Current sequencing techniques encompassing tar-
geted (panel and whole exome) and whole genome se-
quencing (WGS) but also array technologies are iden-
tifying tremendous amount of human variations (1,2).
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Figure 1. Schematic overview of the AnnotSV and knotAnnotSV workflow. The web server architecture comprises a two-tiered framework: first an annota-
tion engine with AnnotSV (submitting a query, processing the annotations) and second a visualization and filtering interface with knotAnnotSV (showing
results, generating the visualization and filtering system).

They include single nucleotide variants (SNV), small
insertion/deletions (indel) and structural variations (SV).
In particular, WGS generates more and more reliable SV
calls in the context of human genetics studies. SV are of spe-
cific interest as they play an important role either in genome
evolution or as a disease mechanism. Research and clinical
communities still face major challenges in annotating and
accurately classifying SV. Specific tools for annotation and
prioritization are required for helping human geneticists to
reliably and quickly interpret clinically relevant SV.

AnnotSV was developed to fulfil these requirements and
was regularly updated since the first release (3) introducing
a prioritization module from the more to the less pathogenic
SV (version 2.0) and a phenotype matching module as well
as an improved web based visualization service (version
3.0).

PROGRAM DESCRIPTION AND METHODS

General description of the web server

There are two major parts in the program workflow (Figure
1), first an annotation engine with AnnotSV and second a
visualization and filtering interface with knotAnnotSV. An-
notSV is a fast and efficient tool to annotate and classify
the SV identified from the human genome. This tool aims
at providing annotations useful (i) to interpret SV potential
pathogenicity and (ii) to filter out potential false positive
variants from all the identified SV.

Inputs/Outputs

The web server accepts queries in three different ways: chro-
mosomal coordinates and SV type (e.g. chr11:66 286 491–
66 289 295 del) for a quick single SV analysis and a VCF
(Variant Call Format) (4) or a BED file for multiple SV re-
quests. In order to test the general use of the interface, an
input example is available on the web page. Optionally, the
user can also submit a VCF file with the SNV/indel calls
from any sequencing experiment as input from the same
sample. These annotations can be of substantial help to
identify possible false positive SV calls (i.e. observing het-
erozygous SNV/indel at the same position of a large dele-
tion) or report a second variant for a recessive disease. The
output contains the overlaps of the SV with relevant ge-
nomic features where the genes refer to RefSeq (5) or EN-
SEMBL (6) genes (user defined) as well as phenotypic data
or a pathogenic scoring of each SV (Figure 1). Output can
be either visualized in a web browser directly, using a spe-
cific link, or downloaded as an html file or a tab separated
file (tsv file).

Genomic annotations: categories and data sources

Genomic annotations can be performed using either the
GRCh37 or GRCh38 build of the human genome (user
defined). Some of the annotations are linked to the gene
name and thus can be provided independently of the
genome build. Numerous relevant annotations are pro-
vided encompassing the following categories: Gene, Reg-
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Table 1. Summary of annotation sources and their versions available in
the current version

Annotations source Version

...Gene annotations
Gene annotations (RefSeq) 8/17/2020
Gene annotations (ENSEMBL) 10/24/2020
...Regulatory Elements annotations
Promoter data (RefSeq) 8/17/2020
Promoter data (ENSEMBL) 10/24/2020
EnhancerAtlas 2.0 6/11/2019
GeneHancer Licence required
...Gene-based annotations
DDD disease 12/3/2020
OMIM 11/7/2020
ACMG ACMG SF v2.0
Gene intolerance (gnomAD) V2.1.1
Gene intolerance (ExAC) 8/23/2016
Haploinsufficiency (DDD) 7/13/2020
Haploinsufficiency and triplosensitivity
(ClinGen)

12/18/2020

Exomiser 20/08/2020 (v2007)
NCBI gene ID 12/18/2020
...Annotations with known pathogenic genes or genomic regions
ClinVar 12/12/2020
ClinGen 12/18/2020
OMIM 11/7/2020
dbVar 12/2/2020
...Annotations with known pathogenic SNV/indel
ClinVar 12/12/2020
...Annotations with known benign genes or genomic regions
gnomAD (GRCh37) 06/03/2019 (v2.1)
ClinVar 12/12/2020
ClinGen 12/18/2020
DGV annotations 2/25/2020
DDD annotations (GRCh37) 3/18/2019
1000 genomes annotations (GRCh37) 5/19/2017
1000 genomes annotations (GRCh38) 11/5/2017
Ira M. Hall’s lab annotations 12/31/2018
...Annotations with features overlapped with the SV
COSMIC annotations Licence required
TAD boundaries annotations 10/24/2017
...Breakpoints annotations
GRCh37 FASTA genome 3/20/2009
GRCh38 FASTA genome 1/23/2014
Repeated sequences annotations 7/16/2020
Segmental Duplication annotations 10/8/2020
ENCODE blacklist annotations 2018 (v2)
GAP regions annotations 10/8/2020

ulatory elements, Pathogenic genomic regions, Benign ge-
nomic regions and Breakpoints. As an example, ∼30
000 benign SV (Gain, Loss, Insertion, Inversion) and 20
000 pLI (probability of being Loss-of-function Intolerant)
and LOEUF (Loss-of-function Observed/Expected Upper
bound Fraction) annotations were retrieved from the gno-
mAD database (7). Around 400 pathogenic regions (Gain,
Insertion, Loss), 1100 haploinsufficiency/triplosensitivity
genomic regions and 35 benign SV from the ClinGen (8).
All the annotations sources and their corresponding version
are given in Table 1 and the exhaustive output annotations
are listed in Supplementary Table S1.

AnnotSV adjusts the overlapping method between each
SV and annotation databases depending on the annotation
features. Known pathogenic genes or genomic regions need
to be fully overlapped with the SV to annotate, while benign
genes or genomic regions need to be fully overlapping with

the SV to annotate (Supplementary Figure S1). Genes are
reported starting with a single base overlapped.

In order to make sure AnnotSV remains a prime resource
for researchers and geneticists, data annotations are regu-
larly updated (once or twice a year) and novel sources are
integrated to meet new needs.

Genomic annotations: full and split visualization modes

Annotation is provided into 2 modes: one directly related
to the full-length SV (Full mode) and one related to each
gene within the SV (Split mode). The Full mode integrates
the annotations and ranking of the highest scoring elements
overlapped while, the Split mode provides detailed anno-
tations for each overlapped gene (ID, OMIM (9), haploin-
sufficiency etc.). With the Split mode, users have access to
the SV location within each overlapped gene (e.g. ‘exon3-
intron11’, ’txStart-intron19’ etc.) and each of these genes
is evaluated with respect to individual phenotypic features
observed in the patient.

Phenotype-driven prioritization of SV

Prior biological knowledge and phenotype information
may help to identify disease genes from human sequencing
and array data. Collecting a full and detailed phenotypic
profile of the individuals being investigated will certainly
improve the chance of prioritizing the correct causative SV
(10–12). For this, the patient’s phenotype needs to be coded
using the Human Phenotype Ontology (HPO) (13). Using
Exomiser (14), AnnotSV scores each SV taking into ac-
count the most relevant overlapped gene (i.e. the one having
the most similar phenotypes with the phenotypic profile un-
der investigation). Genes overlapped with an SV are scored
from the lowest (0.0) to the highest similarity (1.0) so that:

- Genes previously associated with disease can be easily
highlighted,

- Genes not previously associated with disease can be high-
lighted,

- Genes associated with diseases that have little or no simi-
larity to the observed phenotypes can be easily removed.

New ACMG/ClinGen based ranking

To assist clinical laboratories in the classification and re-
porting of SV, the ACMG has developed professional
standards in collaboration with the National Institutes of
Health (NIH)––funded Clinical Genome Resource (Clin-
Gen) project (15). An automatic SV scoring based on these
recommendations (15) has been implemented in AnnotSV
which permits each SV to be categorized in one of the
following classes: class 1 (benign), class 2 (likely benign),
class 3 (variant of unknown significance), class 4 (likely
pathogenic) and class 5 (pathogenic). The comprehensive
and detailed scoring guidelines are available in the Supple-
mentary Table S2.

Interface: annotation, visualization and filtering system

A user-friendly web server interface is freely available online
(https://lbgi.fr/AnnotSV/runjob) to annotate, rank, visual-
ize and filter SV. To help identifying human pathogenic SV,

https://lbgi.fr/AnnotSV/runjob
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knotAnnotSV displays the annotated SV in an interactive
way including popups, search fields, filtering options, ad-
vanced colouring to highlight pathogenic SV and hyperlinks
to the UCSC genome browser (16) or other public databases
(Figure 2). The annotation is available for the SV as a whole
(Full mode or Compact mode in knotAnnotSV) or divided
for each overlapped gene (Split mode or Expanded mode
in knotAnnotSV). The Full lines are sorted with the most
likely pathogenic SV first. Split lines can be displayed below
each corresponding Full line and genes are sorted with the
most likely pathogenic first.

The SV lines are coloured depending on their SV type
(e.g. duplication in blue, deletion in red). Each gene in the
split lines is coloured according to their LOEUF score (gra-
dient from the highest haploinsufficiency value in red to the
lowest haploinsufficiency value in green). Fully overlapped
gene harbour completely coloured cells while partially over-
lapped genes are partially coloured. This interface includes
many functionalities (Table 2) among others hyperlinks to
external databases (GeneCards (17), OMIM etc.) and direct
link to the UCSC genome browser with specific highlight to
the region of interest.

Implementation

AnnotSV is written in Tcl/Tk and runs on all Unix plat-
forms with a standard Tcl/Tk 8.5 installation including four
packages (‘http’, ‘json’, ‘tar’ and ‘csv’). Bedtools (v2.25 and
higher) is required. Optionally, bcftools (v1.10 and higher)
can be used for VCF handling and a minimal Java 8 instal-
lation is required for the Exomiser dependencies. In order
to provide a ready to start installation of AnnotSV, each
annotation source (that do not require a commercial li-
cense) is automatically downloaded during the installation.
knotAnnotSv is written in Perl and runs on all Unix plat-
forms with a standard Perl installation (≥5.22) including
2 CPAN libraries (‘YAML::XS’ and ‘Sort::Key::Natural’).
knotAnnotSV implements DataTables (https://datatables.
net/) which is a plug-in for the jQuery Javascript library that
brings advanced features to HTML tables.

The web application is based on the PHP Symfony frame-
work and the jQuery library for the frontend. Commands
are sent to the compute nodes (Linux servers under Ubuntu
18.04) using the SLURM scheduler (v15.08).

RESULTS AND USE CASES

In order to assess the running performance of the web
server, datasets from different sources (CGH/SNP arrays,
WES, WGS) were annotated (Table 3). In total, from 46 to
3,400 SV ranging in size from 50 bp to 205 Mb were anno-
tated using the GRCh37 build of the human genome taking
into account 2 different situations: with or without HPO
and with or without sample SNV/indel. As a result, the web
server completed the annotation for these SV within a rea-
sonable time frame (∼1–27 min) and with minimal mem-
ory (∼100 Mo–1.5 Go) (Table 3). The running time depends
mainly on the number of overlapped genes (indirectly both
on the SV number and the SV size) resulting in as many
annotations split lines. Taking into account additional in-
formation especially the HPO scoring impacts the running
time of the web server.

Then, we tested the ability of our web server to highlight
pathogenic SV in different situations. The challenges in pri-
oritizing functionally and clinically relevant SV has been
addressed from array-based techniques and next-generation
sequencing datasets (see Supplementary methods).

Case study 1: SNP array (Causal regulatory element over-
lapped)

SNP array (Affymetrix 2.7M) in a patient with Rieger
anomaly (MIM# 137600) identified 3 losses and 3 gains of
one copy. Among those SV, a 950 kb deletion at heterozy-
gous state on 4q25 localized 194 kb before the PITX2 gene.
This deletion without any known gene encompasses PITX2
regulatory elements (Supplementary Figure S2). Deletions
located in PITX2 are already known to cause the Axenfeld-
Rieger syndrome (18). This illustrates how the annotation
of regulatory elements can identify causative SV.

Case study 2: CGH array (Known pathogenic SV overlapped)

Prenatal diagnosis using a CGH array (Agilent® 180K)
in a foetus with retrognathism and cleft palate revealed
among 11 SV (4 gains and 7 losses of one copy ranging
from ∼62 kb to 3.2 Mb) a single de novo 3.2 Mb heterozy-
gous deletion close to the SOX9 gene. Direct submission of
the deletion coordinates (chr17:66,426,540–69,629,770) to
AnnotSV revealed the existence of known pathogenic Copy
Number Variant (CNV) in ClinGen and OMIM (Supple-
mentary Figure S3). Deletions of regulatory elements from
the SOX9 gene have been already described in a Pierre-
Robin sequence (19).

Case study 3: WGS (Repeated elements highlighted around
the breakpoints)

WGS in two affected siblings with a Mainzer-Saldino
syndrome (MIM# 26692) identified ∼1400 deletions and
∼2000 duplications per patient using SoftSV (20) and CA-
NOES (21). Among those SV, a 6.7 kb tandem duplication
in the IFT140 gene (22) was highlighted. The breakpoints
of the duplication of exon 26 to exon 30 (chr16:1 565 629–
1 571 297) overlapped two distinct repeated elements from
the Alu family (AluJb and AluJr) potentially suggesting a
recurrent mechanism (Supplementary Figure S4).

Case study 4: Multiple cases with custom annotations

In the contexts of cohort analysis or periodic negative cases
re-analysis, users can provide SV from multiple samples at
once (Supplementary Figure S5). Complementary annota-
tions added in the input file appear as new columns in the
output (e.g. Sample Names, associated phenotype etc.).

Our workflow addresses the need for a user-friendly, in-
tegrated annotation and visualization SV tool to help the
analysis and biological interpretation of SV derived from
small SNP/CGH array to large NGS datasets, and to guide
precision medicine.

https://datatables.net/
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Figure 2. knotAnnotSV interface overview. The interface includes multiple annotations columns with detailed popup. Annotation mode includes presen-
tation of annotation for the Full SV (Compact) or the detailed Split by gene view (Expanded). Each annotation column can be easily filtered. External
links allows the user see the SV in the UCSC genome browser.

Table 2. Summary of knotAnnotSV functions available in the current version

Features Description

Display modes COMPACT Display only the “Full” AnnotSV lines, giving a SV view
EXPANDED Display both “Full” and “Split” AnnotSV lines, giving a SV + gene view
SINGLE SV FOCUS Display only the “Full” and “Split” AnnotSV lines of a single SV (by

double-clicking on a full line in compact mode)
Data knotting Lines sorting Lines are sorted according to these priorization rules: ACMG class >

Exomiser Score > OMIM morbid > LOEUF bin (this last one is applied on
split lines only)

Tooltips Hover annotation with mouse to display related informations
SV type Color coding The “Full” lines are highlighted depending on their SV type (e.g. duplication

in blue, deletion in red). Split lines have a white background
LOEUF Color coding Gene annotations are red-to-green color-coded depending on the gene

LOEUF values. The color is full or truncated depending on the overlapping
feature of the SV

Regulatory elements Regulatory elements, whose targets are not overlapped by SV (hence absents
from “Gene name” list), are top-listed and ranked according to their Exomiser
and morbid features

External links UCSC genome browser Click on the “AnnotSV ID” to open the SV in the UCSC Genome browser.
The SV region is automatically highlighted in light blue and zoomed out by
1.5x for a better genomic contextualisation

OMIM, GeneCards Click on the blue hyperlinks to open the corresponding entry web page
Data handling Values Sorting Click on the column headers to sort values. Come back to the original sorting

by clicking on the header of the first column (AnnotSV ID)
Word Searching Search words to extract matching records in the displayed annotations as well

as in the OMIM, Pathogenic and Gene Name tooltips
Numerical Filtering Filter a range of numerical values by preceding a value with the “>”, “>=”,

“<” and “<=” symbols (e.g. to select frequencies less than 1%, type “<0.01”)
Filtering Out Filter out the numerical values or words respectively preceded with “!=” or “!”

(e.g. “! word” or “!= value”)
Filter Saving At each handling step, all the set-up filters are locally stored

DISCUSSION AND FUTURE UPDATES

Thanks to the many genomic initiatives around the world,
CGH and SNP arrays or sequencing experiments generate a
tremendous amount of human structural variations leading
to the need of specific annotations tools. There are several
online tools available like VEP (23) or DeAnnCNV (24) (for
review see (25)). Based on these annotations, SV prioritiza-
tion is gaining interest with a few programs like SVScore

(26) and recently machine learning methods paving the fu-
ture of SV interpretation (27,28). Among those, AnnotSV
has been widely used owing to its large amount of avail-
able annotation sources and multiple functionalities includ-
ing false positive detection and prioritization. Here we pro-
pose a web server allowing quick and robust annotation
and visualization of SV including phenotype driven and
ACMG/ClinGen compliant ranking.
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Since the initial release of the program (v1.0) (3), we have
tripled the available data sources in our annotation engine,
including current versions of the largest available datasets
like gnomAD (7), DGV (29), DDD (30) but also gene rele-
vant information such as haploinsufficiency and triplosen-
sitivity from the ClinGen (8), the pLI and LOEUF from
ExAC/gnomAD, the OMIM morbid gene list (9). We pro-
vide also annotations of regulatory elements from Gene-
Hancer (31) (upon Licence agreement) and Enhancer At-
las (32) as well as specific data for breakpoint analysis such
GC content and the presence of repeated elements. Users
own annotations (e.g. patient’s SNV/indel. . . ) can also be
added for annotation. The addition of a phenotype driven
module powered by Exomiser (14) will help to automati-
cally integrate the phenotypic data using HPO (13) in large
scale studies and score the relation between a gene and the
patient’s phenotype. As described below, the prioritization
module has been added in the second version of AnnotSV
and a major update is presented in this version (v3.0). Con-
sequently, less annotations columns are displayed and are
directly integrated in the ranking. To our knowledge, this
makes our web server the most comprehensive online SV
annotation, ranking, filtering and interpretation tool (Sup-
plementary Table S3).

However, we plan to update on a regular basis the an-
notations sources already available and provide new ones.
Mobile element insertions (MEI) are rare but sometimes
recurrent genomic events that can have dramatic impact
in pathology (33,34). Identification of known polymorphic
MEI can be of high importance, thus implementation of
specific databases such as dbRIP (35) can be very interest-
ing. False positive calls are still a major issue for SV callers
(36). Although, we have already implemented the possibil-
ity to report SNV/indel genotype of the same sample to-
gether with the SV annotations, more can be done. For ex-
ample, reporting internal occurrence of SV calls may help
to remove recurrent technical false positives. At the inter-
face level, knotAnnotSV is optimized for handling CGH to
WES scale data. In fact, DataTables processing of the html
output is performed on the user browser side, reducing in-
terface fluidity after 1000 lines (Full/Split). The next devel-
opments of knotAnnotSV will be focused on performance
enhancement through a server-side processing. Along those
lines on a more technical point of view, a database backend
will be implemented. This will further improve the annota-
tion running time.

The ACMG/ClinGen recommendations provide a
framework to score each SV. AnnotSV is compliant with
those recommendations but some of the proposed scoring
criteria are not easily accessible and/or requires close
evaluation of the clinical context for a given patient. For
example, inheritance patterns are not yet included as well
as cases from published literature, public databases, and/or
internal lab data. However, many ranking improvements
are planned. Among the known SV types (i.e. deletions,
duplications, insertions, inversions, translocations or even
more complex rearrangements), the ACMG-based scoring
is only supported for CNV (i.e. gain and loss). As each SV
can arbitrary be summarized as a set of novel adjacencies,
new SV types will be scored soon using their breakpoints
analysis. Indeed, complex forms of SV such as triplica-
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tions, inverted duplications, insertional translocations, and
chromothripsis could be analysed at the breakpoint-level
to determine how genes are disrupted, fused, and/or
misregulated by breakpoints or to reveal signatures of
diverse DNA repair mechanisms (37). Currently, even if
not scored, each SV is ranked on the interface respectively
according to its Exomiser score, number of overlapped
genes, OMIM and LOEUF.

We believe that AnnotSV and knotAnnotSV will be of
great interest and use for the audience interested in hu-
man genomics including medical geneticists, cytogeneti-
cists, bioinformaticians and genomics scientists.

DATA AVAILABILITY

The web server is available for free public usage
at https://lbgi.fr/AnnotSV. Examples are available
on the running page. The source code is avail-
able from https://github.com/lgmgeo/AnnotSV and
https://github.com/mobidic/knotAnnotSV.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Francioli,L.C., Khera,A.V., Lowther,C., Gauthier,L.D., Wang,H.
et al. (2020) A structural variation reference for medical and
population genetics. Nature, 581, 444–451.

8. Rehm,H.L., Berg,J.S., Brooks,L.D., Bustamante,C.D., Evans,J.P.,
Landrum,M.J., Ledbetter,D.H., Maglott,D.R., Martin,C.L.,
Nussbaum,R.L. et al. (2015) ClinGen –– the clinical genome
resource. N. Engl. J. Med., 372, 2235–2242.

9. Hamosh,A., Scott,A.F., Amberger,J., Valle,D. and McKusick,V.A.
(2000) Online Mendelian Inheritance in Man (OMIM). Hum. Mutat.,
15, 57–61.
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