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ABSTRACT

Understanding the pathological impact of non-
coding genetic variation is a major challenge in med-
ical genetics. Accumulating evidences indicate that
a significant fraction of genetic alterations, includ-
ing structural variants (SVs), can cause human dis-
ease by altering the function of non-coding regula-
tory elements, such as enhancers. In the case of
SVs, described pathomechanisms include changes
in enhancer dosage and long-range enhancer-gene
communication. However, there is still a clear gap
between the need to predict and interpret the med-
ical impact of non-coding variants, and the exis-
tence of tools to properly perform these tasks. To
reduce this gap, we have developed POSTRE (Pre-
diction Of STRuctural variant Effects), a computa-
tional tool to predict the pathogenicity of SVs impli-
cated in a broad range of human congenital disor-
ders. By considering disease-relevant cellular con-
texts, POSTRE identifies SVs with either coding
or long-range pathological consequences with high
specificity and sensitivity. Furthermore, POSTRE not
only identifies pathogenic SVs, but also predicts the
disease-causative genes and the underlying patho-
logical mechanism (e.g, gene deletion, enhancer dis-
connection, enhancer adoption, etc.). POSTRE is
available at https://github.com/vicsanga/Postre.

INTRODUCTION

Structural Variants (SVs) represent one of the greatest
sources of genetic variation in the human genome (1,2). Re-
cent estimates based on the use of short and long read se-
quencing indicate that a typical human genome contains
more than 10.000 SVs, which most often (90%) reside within
non-coding sequences (3,4). This group of genetic alter-
ations includes: deletions, duplications, inversions, inser-
tions, and translocations. Their size ranges from a few base
pairs (<50) to several megabases (MDb) (5). SVs can cause

phenotypic diversity and a broad set of human disorders, in-
cluding congenital abnormalities and various cancer types
(6). The pathogenicity of SVs can be triggered by two main
mechanisms: (i) direct effects on genes (e.g. ‘coding’ path-
omechanisms: changes in gene dosage, gene truncations,
formation of fusion transcripts) and (ii) changes in the non-
coding regulatory landscape of disease relevant genes that
alter their expression levels (i.e. ‘long-range’ pathomecha-
nisms) (6-8). However, it is currently challenging to predict
or interpret the functional consequences of SVs. This is par-
ticularly true for SVs that affect gene expression through
long-range regulatory mechanisms (3,6,8) due to the lim-
ited understanding of the non-coding regulatory genome
and the cell-type specific functions of distal regulatory el-
ements, such as enhancers.

Genome-wide association studies (GWAS) for human
complex diseases highlight the functional and medical rele-
vance of non-coding sequences, as the vast majority (>90%)
of complex-disease associated variants are located within
the non-coding fraction of the human genome (9-12). Al-
though genetic studies of mendelian disorders have pref-
erentially focused on protein-coding sequences (13,14), ac-
cumulating evidences indicate that non-coding alterations
can often contribute to this type of diseases (15-23).
Non-coding variants associated with either complex or
mendelian disorders are mainly located within putative en-
hancers (10,24). Enhancers are distal cis-regulatory ele-
ments (25,26) that positively control the expression of their
target genes in space and time, and are major determinants
of cell-type specific gene expression programs (27-30). En-
hancers have been globally identified in hundreds of hu-
man cell types and tissues using universal epigenomic ap-
proaches (31-33). Enhancers can control gene expression
over large genomic distances (>1 Mb) (34-36), often skip-
ping proximal genes while controlling the expression of
more distally located ones (37). Consequently, linking en-
hancers with their target genes is not an obvious task. In
this regard, 3D genome organization studies based on Hi-
C technology (38) revealed that genomes are organized in
large (Mb-scale) self-interacting domains often referred to
as topologically associating domains (TADs) (39). TADs
represent fundamental regulatory domains as (i) they fa-
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cilitate enhancer—gene interactions within them (6,39-41)
and (i) insulate genes from contacting ectopic enhancers
located in other TADs (42). SVs can disrupt TAD organi-
zation, which in turn can rewire enhancer-gene communi-
cation and lead to pathological changes in gene expression
(6,7,42). This can occur through two alternative long-range
regulatory mechanisms: (i) SVs can lead to gene silencing
(loss of function (LOF)) by disconnecting genes from their
cognate enhancer/s (i.e. enhancer disconnection) (43), or
through the deletion of enhancers (i.e. enhancer deletion)
(44); (i1)) SVs can lead to gains in gene expression (gain
of function (GOF)) by enabling enhancers to interact with
non-target genes (i.e. enhancer adoption/hijacking) (45), or
by duplicating enhancers (46). Nevertheless, predicting the
pathological consequences of TAD disruption is compli-
cated by the fact that, besides TAD organization, other ge-
netic and epigenetic features also contribute to productive
gene-enhancer communication (7,47-53).

Since gene expression programs change in space and time,
it is fundamental to assess the pathological impact of SVs
in the relevant cellular contexts. For instance, a deletion
in chromosome (Chr) 17 causes a pathogenic downregu-
lation of SOX9 in the neural crest but not in other cell
types, such as embryonic stem cells (ESCs) or chondrocytes
(36). Importantly, this deletion eliminates enhancers that
are specifically active in neural crest cells (NCC) and that,
consequently, control SOX9 expression in this cell type but
not in others. Additionally, the same SVs might differen-
tially affect the expression of the same gene depending on
the cellular context. For example, a deletion could elim-
inate enhancers in one cell type in which the gene is ac-
tive and lead to gene silencing (pathogenic LOF), whereas
in another cell type in which the same gene is inactive,
the deletion could eliminate a TAD boundary and lead
to gene overexpression through enhancer adoption mecha-
nisms (pathogenic GOF) (6). Therefore, although the recur-
rency of non-coding SVs within specific genomic loci could
help identifying the genes involved in certain disorders, the
exact pathomechanisms can only be predicted and experi-
mentally validated if cell type specific regulatory landscapes
(i.e. enhancers and TADs) are considered. During the last
few years, and partly due to the efforts of large international
consortia, different types of genomic data (e.g. epigenomic,
transcriptomic and Hi-C data) have been generated in hun-
dreds of different human cell types and tissues (54,55).
Furthermore, most of this data is available through pub-
lic databases such as GEO (56). In principle, these genomic
datasets could be integrated in order to predict the patho-
logical consequences of SVs in a cell type-specific man-
ner (7). Nonetheless, finding the appropriate datasets for
the disease of interest, as well as their subsequent process-
ing, analysis and integration can be time-consuming and
may require advanced bioinformatic skills. Consequently,
the diagnosis and interpretation of how SVs might cause
human disease remains complicated and the pathogenic-
ity of SVs identified in hundreds of patients is currently
unknown (often referred to as Variants of Uncertain
Significance (VUS)) (57). To overcome these limitations,
it is essential to implement user-friendly computational
tools that can be used by a broad scientific community
(7,8).
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Taking the previous challenges into account, we devel-
oped POSTRE (Prediction Of STRuctural variant Effects),
a computational tool that, thanks to its user-friendly graph-
ical interface, facilitates the cell type-specific analysis of SVs
implicated in congenital disorders. Compared to other SV
analysis tools, POSTRE is able to predict both coding and
long-range pathomechanisms in a cell type/tissue-specific
manner. The current version of POSTRE can handle SVs
potentially implicated in limb, craniofacial, cardiac and
neurodevelopmental congenital abnormalities, thus cover-
ing a broad set of congenital diseases (58-63). Here we ex-
tensively describe how POSTRE works and illustrate how
it can predict the pathological consequences of SVs, par-
ticularly those implying long-range regulatory mechanisms,
with high sensitivity and specificity.

MATERIALS AND METHODS
Key definitions

The terms LOF, GOF, candidate gene, causative gene and
phenotype appear recurrently throughout the manuscript.
To avoid misunderstandings, it is important to clearly define
these terms:

e LOF (Loss of Function): pathogenic loss of gene func-
tion or expression through either coding or non-coding
mechanisms.

e GOF (Gain of Function): pathogenic gain of gene func-
tion or expression through either coding or non-coding
mechanisms.

e Candidate gene: gene whose regulatory domain (TAD) or
sequence (e.g gene deletion) is altered by a SV. A candi-
date gene is not necessarily involved in the disease etiol-
ogy (i.e. candidate genes include both causative and non-
causative genes).

e Causative gene: gene predicted to be involved in the dis-
ease etiology. All causative genes are candidate genes.

e Phenotype: the phenotypes of the investigated patients
and associated SVs are described according to the Hu-
man Phenotype Ontology (HPO) (64), which provides
a standarized vocabulary of phenotypic abnormalities.
Check the genePhenoScore Methods section for more de-
tails.

POSTRE pathogenicity score

POSTRE is a software developed to predict the pathogenic-
ity and underlying pathomechanisms (‘coding’ or ‘long-
range’) of SVs implicated in a broad set of congenital dis-
orders. The tool requires as input: (i) the type of SV (i.e.
deletion, duplication, inversion or translocation), (ii) the ge-
nomic coordinates of the SV breakpoints and (iii) the pa-
tient phenotype/s (i.e. type of congenital abnormality) (Fig-
ure 1).

When evaluating the pathogenicity of a SV, POSTRE first
considers the phenotype/s associated with the SV in order
to select cell types/tissues relevant for such phenotype/s
(Supplementary Data 1) (e.g, two different embryonic brain
prefrontal cortex datasets for neurodevelopmental defects).
Next, for each of the selected cell types/tissues, an in-
dependent pathogenic prediction is performed using cell-
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Figure 1. POSTRE Overview. (A) User Input: For each SV identified in a p

atient, POSTRE requires (i) the type of SV (Deletion, Duplication, Inversion

or Translocation), (ii) the genomic coordinates of the SV breakpoints at base-pair (bp) resolution and (iii) the patient’s phenotype (i.e. type of congenital

abnormality) according to HPO terms. (B) Software internal proceeding: cell
each of the selected cell types/tissues, specific genomic data (e.g. gene expres:

types/tissues considered relevant for the patient’s phenotype are selected. For
sion profiles, enhancer maps) are loaded to predict the SV pathogenicity. Each

of the cell types/tissues considered as relevant for the patient’s phenotype is independently assessed. TADs are used as a proxy to determine the regulatory
domains and genes potentially affected by the SV. To evaluate the pathogenicity of the candidate genes several features, such as dosage sensitivity (DS)
or previous associations with the patient phenotype, are considered. In addition, for those candidate genes that are not directly disrupted by by the SV,

long-range regulatory mechanisms resulting in either a gain (GOF) or loss

(LOF) of gene expression are considered. (C) Output: heatmap providing an

overview of the predictions for each candidate gene and relevant cell type/tissue. Genes considered as pathogenic are highlighted in red (Loss of Function,

LOF) or green (Gain of Function, GOF). For genes predicted as pathogenic,

a detailed report describing the genetic and molecular basis of the prediction is

provided. The report includes information such as a simplified graphical abstract of how the SV affects the candidate gene, details about enhancer changes

in the regulatory domain of the candidate gene or a link to visualize relevan

t genomic data in a genome browser.
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type/tissue specific genomic data (i.e. gene expression pro-
files, enhancer maps and TAD maps; Supplementary Data
1). More specifically, the SV breakpoints are mapped in the
context of TADs identified in the selected cell-type/tissue.
Once the affected TADs (i.e. regulatory domains) are de-
termined, all the genes located within them are selected
as potential candidates associated with the patient disease
(i.e. candidate genes). Subsequently, POSTRE integrates a
set of genetic and genomic features in order to assign a
pathogenicity score (PS) to each candidate gene consider-
ing in parallel both LOF and GOF scenarios. These gene PS
are independently calculated in each of the cell types/tissues
considered as relevant for a given phenotype. In addition,
POSTRE offers the possibility to compute the PS using
two alternative running modes (i.e. Standard and High-
Specificity; see details below). Finally, all candidate genes
are ranked according to their PS in each of the considered
cell types/tissues.

The features used to calculate the gene PS can be broadly
divided into the following categories or sub-scores:

Gene-phenotype relationships (gene PhenoScore)
Gene expression (gene ExpressionScore)
Enhancer activity (gene EnhancerScore)

Gene features (geneFeatureScore):

1. Dosage sensitivity (dosageSensitivityScore)
2. Breadth of polycomb domains in promoter regions
(polycombScore)

Gene-phenotype relationships: computing the

genePhenoScore

The gene PhenoScore metric is used to quantify the relation-
ship between the candidate genes and the SV associated
phenotype. Before describing how the gene PhenoScore was
calculated, we briefly explain how the associations between
genes and phenotypes were established.

Firstly, we obtained a collection of Human Pheno-
type Ontology (HPO) terms (64) for each of the con-
sidered patient phenotypic categories (i.e. Cardiovascular,
Craniofacial/Head-Neck, Limbs and Neurodevelopmen-
tal). HPO terms represent standardized phenotypic cate-
gories that facilitate the annotation of clinical abnormal-
ities. HPO terms are organized following a hierarchical
and nested structure. For example, the HPO term Absent
speech (HP:0001344) belongs, following a hierarchical or-
der, to the Delayed speech and language (HP:0000750),
Neurodevelopmental abnormality (HP:0012759), Abnormal-
ity of the nervous system (HP:0000707) and Phenotypic ab-
normality (HP:0000118) categories. In POSTRE, a set of
reference HPOs, together with all their nested and more
specific terms, were selected for each of the considered
phenotypes. Following the previous example, when con-
sidering neurodevelopmental phenotypes we used Neu-
rodevelopmental abnormality (HP:0012759) as a reference
HPO, which, among others includes the Delayed speech
language (HP:0000750) and Absent speech (HP:0001344)
HPO terms. In this regard, the reference HPOs se-
lected for the patient phenotypes considered in POSTRE
were:
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Cardiovascular: Abnormality of the cardiovascular sys-
tem (HP:0001626)

e Head-Neck: Abnormality of head or neck (HP:0000152)
Limbs: Abnormality of limbs (HP:0040064)
Neurodevelopmental: Neurodevelopmental abnormality
(HP:0012759)

To retrieve all the HPO terms associated with each
of the reference HPOs, we used the /ip.obo file from the
Downloads/Ontology section in the HPO website (64).

On the other hand, human genes were also anno-
tated according to HPO terms. For each gene present
in OMIM (65), all its associated HPO terms were re-
trieved using the genes_to_phenotype.txt file from the
Downloads/Annotation section in the HPO website (64).
Next, genes associated with at least one of the HPO terms
present within the reference HPO phenotypic groups de-
scribed above were linked with the main patient pheno-
types considered by POSTRE (i.e. Cardiovascular, Head-
Neck, Limbs or Neurodevelopmental). For example, if
a gene is only associated with the Delayed speech lan-
guage (HP:0 000 750) term, it will still be linked with
the Neurodevelopmental phenotype because it is contained
within the more general Neurodevelopmental abnormality
(HP:0012759) HPO category.

A similar approach was used to associate human genes
with mouse phenotypes as defined in the Mammalian Phe-
notype Ontology (MPO) (66). MPO terms, which are equiv-
alent to HPOs, are also organized in a hierarchical and
nested manner. As described for HPOs, a set of reference
MPOs and all their nested and more specific terms were se-
lected for each of the considered phenotypes:

e Cardiovascular:  Cardiovascular

(MP:0005385)

e Head-Neck: Craniofacial phenotype (MP:0005382) and
abnormal neck morphology (MP:0012719)

e Limbs: Limbs/digits/tail phenotype (MP:0005371)

e Neurodevelopmental: Behavior/neurological phenotype

(MP:0005386)

system  phenotype

To retrieve all the MPO terms associated with each of
the reference MPOs, we used the mp.obo file from the OBO
Foundry website (67). Next, to link human genes with MPO
terms, we used the HMD_HumanPhenotype.rpt file from
MGD (68). Lastly, human genes associated with at least one
of the MPO terms present within the reference MPO phe-
notypic groups described above were linked with the main
patient phenotypes considered by POSTRE (i.e. Cardiovas-
cular, Head-Neck, Limbs or Neurodevelopmental).

The previous relationships between human genes and
human/mouse phenotypes were used to compute the
genePhenoscore. When considering the phenotype associ-
ated with a SV (POSTRE input), a candidate gene receives
a genePhenoscore = 1 if it is associated with the same phe-
notype in humans, a genePhenoscore = 0.5 if it is associ-
ated with the same phenotype in mice but not in humans
(this is only applied in the Standard Running Mode) and a
genePhenoScore = 0 otherwise. These genePhenoscore cri-
teria are applied by default, but they can be modified by
the user with the Advanced Parameters options: if the Gene-
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Patient Pheno option is set to ‘No’, a candidate gene will
get a genePhenoscore = 1 as far as it is associated with
at least one phenotype in humans (regardless of whether
it matches the phenotype associated with the SV), and a
genePhenoscore = 0.5 if it is associated with at least one phe-
notype in mice but not in humans (this is only applied in the
Standard Running Mode) and a gene PhenoScore = 0 other-
wise.

Dosage sensitivity: computing the dosageSensitivityScore

The dosageSensitivityScore is used to quantify the dosage
sensitivity of the candidate genes. It is based on Haploin-
sufficiency (HI) and Triplosensitivity (TS) scores, depend-
ing on whether LOF or GOF scenarios are considered, re-
spectively.

HI gene scores were retrieved from two different sources:
(i) HI scores ranging between 0 (low HI) and 1 (High
HI) were obtained for each gene from (69-71); (ii) Clin-
Gen (ClinGen_haploinsufficiency_gene_GRCh37.bed) (72):
genes with strong evidence for dosage sensitivity (ClinGen
score = 3) were assigned a HI score = 1. Then, between
these two alternative HI scores, the highest one was selected
for each gene. Next, genes with HI scores > 0.85 were as-
signed such value as their final_HI _score, while genes with
HI scores < 0.85 were assigned a final_HI _score = 0.

TS scores ranging between 0 (low TS) and 1 (High TS)
were obtained for each autosomal gene from (71). Next,
genes with TS scores > 0.85 were assigned such value as
their final_T'S_score, while genes with TS scores < 0.85 were
assigned a final _T'S_score = 0.

Genes that are not located in autosomal chromosomes
(e.g ChrX) lack TS scores. Therefore, since HI genes are
also usually TS (71), for genes in sexual chromosomes
the final_HI_scores were used as proxy for TS (i.e. fi-
nal TS _score = final_HI score).

Note: For the HI and TS scores, the thresholds were set to
0.85 based on the analyses of the causative genes reported
for positive control patients (Tables 1 and 2), since among
the HI and TS scores for these causative genes, the lowest
HI/TS score was 0.85.

Finally, the dosageSensitivityScore is computed as fol-
lows:

e dosageSensitivityScore LOF = final_HI _score
o dosageSensitivityScoreGOF = final TS _score

Breadth of polycomb domains in promoter regions: computing
the polycombScore

The polycombScore was used to quantify the breadth
of polycomb domains in gene promoters. Previous work
showed that genes whose promoters are covered by broad
polycomb/H3K27me3 domains when inactive largely cor-
respond with major developmental genes frequently im-
plicated in congenital disorders (73,74). Moreover, these
developmental genes display high enhancer responsiveness
(49,75,76). The polycombScore ranges from 0 (no or narrow
polycomb domain) to 1 (broad polycomb domain).

To compute the polycombScore two different approaches
were considered.

Nucleic Acids Research, 2023, Vol. 51, No. 9 e54

e Approach#1: H3K27me3 ChIP-seq data generated
in ESC (GSE24447, H3K27me3: SRRO067372, in-
put: SRR067371), NCC (GSE108518; H3K27me3:
SRR6418921, input: SRR6418919) and cardiomy-
ocytes (GSES85628; H3K27me3: SRR4032228, in-
put: SRR4032231) were used independently to call
H3K27me3 peaks using MACS2 (77) with the broad
peak calling mode. Peaks with a fold-enrichment >3
and Q-value <0.1 were considered. Subsequently, peaks
within 1 kb of each other were merged using bedtools
(78), and associated with a protein-coding gene when
overlapping a transcription start site (TSS). Next,
as previously described in (49), the size distribution of
H3K27me3 peaks associated with TSS was analyzed with
findiplist() (inflection R package; https://cran.r-project.
org/web/packages/inflection/vignettes/inflection.html).
The findiplist() function provides the coordinates of the
inflection point, as well as the upper and lower limit
values containing it. The H3K27me3 peak size corre-
sponding to the upper limit value was selected as a cutoff
for each sample: 6689 bp for ESC, 6719 bp for NCC, and
8020 bp for cardiomyocytes (Supplementary Figure S1).
Lastly, genes with H3K27me3 peaks > than the cutoff
calculated for each cell type (e.g. 6689 bp for ESC) in at
least one of the corresponding cell types (ESC, NCC or
cardiomyocytes) were assigned a polycombScore = 1.
All other genes were assigned a polycombScore = 0.

e Approach#2: It is based on the repressive tendency score
(RTS) described in (74), a metric that quantifies the as-
sociation between genes and broad H3K27me3 domains.
This metric is computed considering data generated in
hundreds of different cell types. RTS ranges from 0 (no
or narrow polycomb domain) to 1 (broad polycomb do-
main). Based on RTS, three groups of genes were de-
fined in (74): () ‘regulatory’ genes (high RTS), (ii) ‘struc-
tural’ genes (medium RTS) and (iii) ‘housekeeping’ genes
(low RTS). ‘Regulatory’ genes were assigned a polycomb-
Score =1 and the rest were assigned a polycombScore = 0.

Finally, each gene was assigned the highest polycomb-
Score obtained using any of the two approaches described
above.

Computing the geneFeatureScore

This metric results from the aggregation of the polycomb-
Score and the dosageSensitivityScore.

For this metric to be >0 either the polycombScore or the
dosageSensitiveScore must be >0.85 in the Standard run-
ning mode, while both scores must be >0.85 in the High-
Specificity running mode. The geneFeatureScore is com-
puted as follows:

geneFeatureScore LOF

__ polycombScore + dosage SensitivityScore LOF
- 2

geneFeatureScoreGOF

__ polycombScore + dosage SensitivityScoreG OF
N 2

GZ0Z JequisnoN 20 uo 1senb Aq +99/60//¥58/6/1.S/801e/leu/woo dno olwapeose//:sdiy Woll papeojumo(]


https://cran.r-project.org/web/packages/inflection/vignettes/inflection.html

e54 Nucleic Acids Research, 2023, Vol. 51, No. 9

Gene expression: computing the geneExpressionScore

The geneExpressionScore is used to incorporate gene ex-
pression levels into POSTRE’s PS. A detailed list of the gene
expression datasets considered for the different patient phe-
notypes, together with the methodologies used to quantify
gene expression in each dataset, is provided in Supplemen-
tary Data 1.

Considering the expression status of the candidate genes
is particularly relevant for loss of function (LOF) situa-
tions, as the disease-causative genes must be expressed in
the relevant cell types/tissues (for both ‘coding’ and ‘long-
range’ cases). We defined a minimum (FPKM = 1) and a
maximum (FPKM = 10) expression threshold: genes with
FPKM < 1 are considered as not expressed and are assigned
a gene ExpressionScore = 0; genes with FPKM > 10 are con-
sidered to be expressed and are assigned a gene Expression-
Score = 1; genes with 1 < FPKM < 10 are subject to a 0—
1 min-max normalization to determine its gene Expression-
Score, considering as min-max values the expression thresh-
olds.

Changes in enhancer activity: computing the geneEnhancer-
Score

The gene EnhancerScore quantifies changes in enhancer ac-
tivity between Control and Patient alleles. Firstly, enhancers
are annotated in the different cell types/tissues consid-
ered by POSTRE. To annotate enhancers, we considered
H3K27ac peaks located at least (minimum required dis-
tance) 10kb away from any protein-coding gene TSS. De-
pending on the cell type/tissue, H3K27ac peaks were either
already available or called using MACS2 (77). For some
cell types/tissues, chromatin accessibility (e.g. DNAse-seq,
ATAC-seq) data and/or ChIP-seq data for other regu-
latory proteins (e.g. p300) were available in addition to
H3K27ac. In those cases, enhancers were identified as re-
gions showing overlapping peaks for H3K27ac and other
available proteins/chromatin accessibility. The ChIP-Seq
datasets used to annotate enhancers in the different cell
types/tissues together with the methodologies applied in
each case are more extensively described in Supplementary
Data 1. In addition, H3K27ac ChIP-seq bigwig files were
also obtained for each of the relevant cell types/tissues.
These H3K27ac bigwig files were either already available
in public repositories or generated with deepTools (79) us-
ing bamCoverage (reads per genome coverage (RPGC) nor-
malization). Next, for each cell type/tissue, the enhancer
lists and H3K27ac bigwig files were combined to quan-
tify enhancer activity as the maximum H3K27ac levels for
each enhancer using the big Wig Average Over Bed UCSC bi-
nary tool. As a result, each enhancer was assigned an en-
hancerIndividual Activity score according to the following
formula:

enhancer Individual Activity
=max(H3K27acBigwigSignal)

Then, for each candidate gene an enhancerActivity Con-
trol metric is calculated as the sum of the enhancerIndivid-
ualActivity scores assigned to the enhancers located within
the control (i.e. without SV) regulatory domain of the candi-
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date gene (Supplementary Figures S2 and S3). Likewise, an
enhancerActivity Patient metric is calculated as the sum of
enhancerIndividual A ctivity scores assigned to the enhancers
located within the rearranged regulatory domain of the can-
didate gene (see ‘Rearranged regulatory domains’ section
below for more details) (Supplementary Figures S2 and
S3). We assume that individual enhancer activities are not
affected by the SVs (e.g. H3K27ac levels of an enhancer
are the same after relocation in the genome by an inver-
sion). For LOF, the enhancerActivity Patient value is com-
puted only considering the cognate enhancers that remain
within the rearranged regulatory domain of the candidate
gene (enhancerActivity Patient LOF). In contrast, for GOF,
the enhancer Activity Patient value is computed considering
both the remaining cognate enhancers as well as the ectopic
enhancers located within the rearranged regulatory do-
main of the candidate gene (enhancerActivity PatientGOF).
These distinct criteria for either LOF or GOF were de-
fined taking into consideration our current understanding
of enhancer-gene communication (80,81). Briefly, although
compensatory mechanisms (i.e. no changes in gene expres-
sion) whereby cognate enhancers are substituted by ectopic
ones due to SVs are theoretically possible, to the best of
our knowledge, there are not reported evidences to support
them. In contrast, enhancer adoption mechanisms leading
to GOF effects have been previously described, particularly
for genes displaying broad polycomb domains and charac-
terized by their high enhancer responsiveness (45,49,75,76).

Next, the final gene EnhancerScores are computed as fol-
lows:

o geneEnhancerScoreLOF: If  enhancerActivity Patient-
LOF < enhancerActivityControl (i.e. the candidate gene
shows higher enhancer activity in the Control/wild-type
regulatory domain), then geneEnhancerScoreLOF = 1.
Otherwise, the gene EnhancerScore LOF = 0.

o geneEnhancerScoreGOF: If  enhancerActivity Patient-
GOF > enhancerActivityControl (i.e. the candidate gene
shows higher enhancer activity in the Patient/rearranged
regulatory domain), then geneEnhancerScoreGOF = 1.
Otherwise, the geneEnhancerScoreGOF = 0.

Rearranged regulatory domains

For each candidate gene, its control regulatory domain
(containing its cognate enhancers) is delimited by the co-
ordinates of the TAD where the gene is located (Supple-
mentary Figures S2a and S3a). To predict long-range (en-
hancer mediated) pathogenic effects, it is essential to prop-
erly reconstruct the patient regulatory domains (i.e. rear-
ranged regulatory domains). Depending on the SV type,
and whether the SV is Intra-TAD (not crossing a TAD
boundary and, thus, only affecting one TAD) or Inter-TAD
(crossing a TAD boundary and, thus, affecting multiple
TADs), the rearranged regulatory domains are computed
differently:

Deletions

e Intra-TAD: The rearranged regulatory domain includes
the enhancers located in the control regulatory domain,
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minus those located in the deleted area (Supplementary
Figure S2b)

e Inter-TAD: The rearranged regulatory domain includes
the enhancers located in the non-deleted parts of the two
TADs that are merged due to the loss of a TAD boundary
(Supplementary Figure S2c).

Inversions

e Intra-TAD: inversions within one TAD are considered to
simply relocate enhancers inside of the same regulatory
domain. As currently implemented in POSTRE, these
rearrangements are not considered to alter the regula-
tory domain of the candidate gene (Supplementary Fig-
ure S2d).

e Inter-TAD: inversions crossing TAD boundaries will lead
to the shuffling of two TADs at each of the inversion
breakpoints. At each breakpoint, the regulatory domain
of a candidate gene will include the enhancers located in
the non-inverted part of its original TAD plus the en-
hancers located in the inverted part of the other TAD
(Supplementary Figure S2e).

Translocations

e Balanced translocations are modeled by considering that,
for the two affected chromosomes (e.g. ChrA and ChrB),
the fragment of ChrA that is associated with the ChrA
centromere merges with the fragment from ChrB that
is not associated with ChrB centromere, and vice versa
(Supplementary Figure S3b). Translocations will lead to
the shuffling of two TADs at each of the translocation
breakpoints. At each breakpoint, the regulatory domain
of a candidate gene will include the enhancers located in
the non-translocated part of its original TAD plus the en-
hancers located in the translocated part of the other TAD
(Supplementary Figure S3b).

Duplications

e Intra-TAD: The rearranged regulatory domain includes
the enhancers located in the control regulatory domain
plus those that are duplicated (Supplementary Figure
S3c).

e Inter-TAD: If the duplication includes a TAD boundary,
then two different scenarios are considered: (i) if the du-
plication does not include the candidate gene (i.e. the gene
is not duplicated), then the candidate gene regulatory do-
main is not considered to be affected (Supplementary
Figure S3d); (ii) if the duplication includes the candidate
gene (i.e. the gene is duplicated), a new regulatory domain
including the candidate gene will be created (i.e. novel or
neo-TAD). In this context, the enhancers potentially reg-
ulating the candidate gene will be all those present in the
control regulatory domain plus those located in the newly
created regulatory domain (Supplementary Figure S3e).

Calculating the pathogenic score (PS)

To calculate the PS, the sub-scores described in previous
sections are integrated. For each candidate gene and cell
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type/tissue analyzed, PS are computed assuming both LOF
and GOF scenarios. Moreover, PS are computed differently
depending on whether or not the SVs directly affect gene se-
quences.

I. Long-range pathomechanisms: candidate genes sequence
not directly affected by the SV

PS for LOF

PSlong Range LOF

_ (enhScLOF + expSc + featScLOF + phenoSc)
N 4
where  enhScLOF  corresponds  with  geneEn-
hancerScoreLOF, expSc with  geneExpressionScore,

featScLOF with geneFeatureScore LOF and phenoSc with
genePhenoScore.

PS for GOF

Long-range GOF pathomechanisms can occur through (i)
upregulation of already active genes due to duplications di-
rectly affecting some of its cognate enhancers; (ii) upregu-
lation of either active or inactive genes due to interactions
with ectopic enhancers (i.e. enhancer adoption). The PS-
longRange GOF is computed differently for these two GOF
scenarios:

If the SV is predicted to cause ectopic interactions be-
tween the candidate gene and non-cognate enhancers (e.g.
through TAD fusion, neo-TAD formation or TAD shuf-
fling), the gene ExpressionScore is not considered relevant:

PSlong RangeG O F

_ (enhScGOF + featScGOF + phenoSc)
B 3

where enhScGOF corresponds with gene EnhancerScore-
GOF, featScGOF with geneFeatureScoreGOF and phenoSC
with genePhenoScore.

If the SV is not predicted to cause ectopic interactions be-
tween the candidate gene and non-cognate enhancers (e.g.
intra-TAD duplication), the gene ExpressionScore is consid-
ered important:

PSlong RangeGOF,
_ (enhScGOF + expSc + featScGOF + phenoSc)
N 4

where enhScGOF corresponds with gene EnhancerScore-
GOF, expSc with geneExpressionScore, featScGOF with
geneFeatureScoreGOF and phenoSc with gene PhenoScore.

II. Coding pathomechanisms: candidate genes sequence di-
rectly affected (deleted, truncated or duplicated) by the SV

If the candidate gene is deleted or truncated, only LOF will
be evaluated and the PS for GOF will be set to 0. If the gene
is duplicated, only GOF will be assessed and the PS for LOF
will be set to 0.
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PS for LOF

PScoding LOF
_ (expSc + featScLOF + phenoSc)
N 3

where expSc corresponds with geneExpressionScore,
featScLOF with geneFeatureScore LOF and phenoSc with
genePhenoScore.

PS for GOF

PScodingGOF

_ (expSc + featScGOF + phenoSc)
N 3

where expSc corresponds with geneExpressionScore,
featScGOF with geneFeatureScoreGOF and phenoSc with
genePhenoScore.

If the SVs cause a gene deletion or truncation, then long-
range pathomechanisms are not considered for those can-
didate genes. However, if the SVs cause gene duplication/s,
long-range pathomechanisms involving enhancer adoption
and the formation of new TADs (neo-TAD) can also occur
(6,82). Hence, for SVs resulting in gene duplications, coding
and long-range GOF PS are computed and the highest one
is selected as the most likely pathomechanism.

Given all the previous PS models, POSTRE applies them
as follows:

1 POSTRE evaluates whether the SV directly affects the
candidate gene sequence (i.e. ‘coding’) or not (i.e.‘long-
range’).

2 Based on the impact of the SV over the candidate gene,
the corresponding GOF and LOF PS models are applied.

3 Each candidate gene gets two PS scores: PS_GOF and
PS_LOF. If any of these two PS scores is higher than a
pathogenic threshold (0.8), then a detailed report describ-
ing the predicted pathomechanism is provided.

POSTRE software installation

POSTRE is built with the Shiny framework (83) and, thus,
most of its code is written in R. Regarding the user inter-
face, it has been developed using Shiny libraries and custom
html, css and javascript code.

The full set of instructions (including videos and tu-
torials) explaining how to download and run POSTRE
is provided in GitHub https://github.com/vicsanga/Postre.
Briefly, the user needs to install R (version > = 3.5.0) and
then simply run the following command in the R

e console: source( ‘https:Ilraw.githubusercontent.com/
vicsangal Postrelmain/ Postre_wrapper. R’ ).

POSTRE can also be easily uploaded to a server (e.g.
shinyapps.io) and accessed online as a normal web app.
More details on POSTRE can be found in the dedicated
GitHub webpage (https://github.com/vicsanga/Postre).
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POSTRE main functionalities

e Single SV Submission: Allows the user to submit one SV
and analyze it in the context of one or multiple pheno-
types. If pathogenic events are found, POSTRE provides
a detailed report explaining the molecular basis of the
predictions. This report contains a set of graphics and text
that facilitate the interpretation of the SV pathogenic-
ity. It also provides links to different external resources
(e.g. Online Mendelian Inheritance in Man (OMIM) (65),
MedGen (84) and Mouse Genome Database (MGD)
(68)) containing information about the gene/s affected
by the SV. Lastly, the user can also visualize disease-
relevant genomic data within the affected locus through
the UCSC genome browser (85).

e Multiple SVs Submission: Allows the user to submit mul-
tiple SVs simultaneously and to assign multiple pheno-
types to each of them. All the downstream predictions
are summarized in a set of tables: (i) a table present-
ing a pathogenic score and labelling each analyzed SV
as pathogenic or not-pathogenic; (ii) a table summariz-
ing the detected pathogenic events by phenotype, gene,
and type of pathological mechanism (i.e. coding or long-
range). In addition, a detailed report for each of the sub-
mitted SVs can be easily obtained by executing a Single
Submission job for the SV of interest.

e Explore previous SVs: Allows the user to navigate
POSTRE predictions for patient SVs reported in public
databases. The predicted pathogenic events are presented
through different tables, as the ones obtained upon Mul-
tiple SVs Submission. The detailed report for each of the
analyzed SVs can be easily obtained by executing a Single
Submission job for the SV of interest.

e Advanced features: When running a single SV or a multi-
ple SV submission job, POSTRE allows the user to mod-
ify the default configuration with different parameters:

The running mode can be either: (i) the Standard Run-
ning Mode or the (ii) High-Specificity Running Mode (dif-
ferences between the running modes are described in previ-
ous ‘Methods’ sections). To predict a candidate gene as dis-
ease causative, POSTRE requires by default that such gene
is linked in humans or mice with the same phenotype asso-
ciated with the investigated SV. If this requirement is inac-
tivated, then the only requirement for a disease causative
gene is to be associated with any kind of disease pheno-
type and not necessarily with the one associated with the
SV. Users can also upload their own TAD map. In this
case, the uploaded TAD map will be used as a reference for
any of the predictions performed, regardless of the selected
phenotype/s.

TAD maps annotation

POSTRE uses TADs as a proxy of gene regulatory do-
mains in order to predict the long-range pathomechanisms.
POSTRE also allows users to upload their own TAD maps
to be used as reference when performing the predictions.
All genes found within the TAD/s affected by a SV are ini-
tially considered as potentially involved in the patient phe-
notype (i.e. candidate genes). Depending on the patient phe-
notype, POSTRE uses TAD maps generated in specific cell
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types/tissues (Supplementary Data 1). When TAD maps
are not available for a cell type/tissue of interest, ESC TAD
maps are used instead (based on the general stability of
TADs among different cell types (39)). TAD maps were ob-
tained from publically available repositories through differ-
ent approaches (Supplementary Data 1):

e TAD coordinates already available (no processing
needed).

e TAD coordinates inferred from available TAD boundary
maps. In this case, TADs are defined as the regions lo-
cated between neighboring TAD boundaries.

e TAD coordinates obtained with DomainCaller (https://
github.com/XiaoTaoWang/domaincaller/) and the 50kb
contact matrices provided in . 4iC files.

Additional tools and resources

The genomic data displayed in the UCSC genome browser
and accessible through POSTRE reports is hosted either
at the CyVerse Discovery Environment (https://de.cyverse.
org), or at the GEO database (56).

Reference genome

The reference genome currently handled by POSTRE is
hgl9. Accordingly, all genomic coordinates provided in
the manuscript and the supplementary material correspond
with this reference genome.

Randomizing SVs location in the genome

To randomize the location of ‘real’ SVs (genetic alter-
ations, either pathogenic or not pathogenic, found in ex-
istent individuals), each SV was randomly relocated in
the genome while maintaining its size in a 1000 iteration
process. In addition, for deletions, duplications and in-
versions, the randomly selected chromosomes were large
enough to accommodate the randomized rearrangements,
since some of the SVs might be larger than some chro-
mosomes. When randomizing the location of a SV, all its
originally assigned phenotypes were maintained. Overall,
a new set of randomized SVs with the same properties as
those of the ‘real’ SVs (size, phenotypes), but with differ-
ent locations in the genome, were obtained during each
iteration.

Matching SVs by number of candidate genes

To match SVs based on the number of associated candi-
date genes, two different groups of SVs were considered: (i)
the set of ‘real’ SVs (either pathogenic or not pathogenic)
and (ii) all the randomized SVs generated during the iter-
ations described above. Then, in a 1000 iteration process,
25 000 SVs were randomly selected from the randomized
SV dataset. Next, each ‘real SV’ was matched with one
of the randomized SVs based on the number of candidate
genes by applying the nearest neighbor matching method
(without replacement and ratio = 1) using Matchlt (https://
cran.r-project.org/web/packages/MatchIt/Matchlt.pdf). In
addition, to minimize possible confounding factors, only
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matches between SVs of the same type and associated with
the same phenotype were allowed. In the end, 1000 subsets
of random SVs matched by the number of associated can-
didate genes with the ‘real’ SVs were obtained.

Benchmarking of SV analysis tools

Pathogenic scores (PS) were computed for different SV
datasets using CADD-SV, STRVCTVRE, TADA and
SVScore (86-89). Similarly to POSTRE, TADA and
STRVCTVRE provide pathogenic scores for the analyzed
SVs in a 0-1 range (0 = not pathogenic; 1 = pathogenic)
and, thus, no further processing was required. For CADD-
SV, the maximum of span and flank raw scores were
used as an indicator of SV pathogenicity, followed by a
min-max-normalization. For SVScore, pathogenic scores
were computed with default parameters, followed by a
min-max normalization. For CADD-SV and SVScore, the
min and max values for the normalization were deter-
mined considering all the pathogenic scores computed
by each tool after analyzing all the SVs associated with
the patient and healthy control cohorts used in this
work.

POSTRE computes PS for each of the phenotypes as-
sociated with a SV, whereas the rest of the tools compute
one PS per SV. To eliminate this difference, during the
benchmarking, for each SV we only considered the max-
imum PS computed by POSTRE among all the pheno-
types associated with a SV. For the tools that can only ana-
lyze copy number variants (CNVs) (i.e. CADD-SV, TADA
and STRVCTVRE), the PS for inversions and transloca-
tions were set to 0. Similarly, since STRVCTVRE only pre-
dicts pathogenicity for SVs that affect exons, the PS scores
for SVs not affecting exons were set to 0. Moreover, since
TADA can only handle SVs in autosomal chromosomes,
the PS for SVs located in sexual chromosomes were set
to 0.

TADEUS2 (90) prioritizes candidate genes using (i) hap-
loinsufficiency scores, (ii) number of interrupted enhancer-
promoter interactions, (iii) the distance from the SV break-
points and (iv) the phenotypic data associated to the candi-
date genes in different databases. Overall, these four features
are combined into a gene PS that ranges from 0 to 4. Based
on the FOXGI case study available in TADEUS2 webpage
(https://tadeus2.mimuw.edu.pl), we considered that a candi-
date gene was predicted as disease causative by TADEUS2
if its PS > 3.

POSTRE test files

The coordinates of the SVs in positive control patients
(Table 1 and Table 2), the 270 patients analysed in Fig-
ure 4 and the 500 largest SVs found in healthy individu-
als in gnomAD (analysed in Table 3) can be downloaded
in a POSTRE friendly format from the testFiles directory
available in POSTRE’s GitHub page (https://github.com/
vicsanga/Postre). These files can be directly uploaded and
analyzed with POSTRE with the Multiple SV submission
form. For more details about how to create a file for a mul-
tiple SV submission with POSTRE, check POSTRE’s user
guide.
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RESULTS
POSTRE overview

POSTRE is a software developed to predict the patholog-
ical impact of SVs implicated in a broad set of congen-
ital abnormalities (i.e. limb, craniofacial/head&neck, car-
diac or neurodevelopmental). In comparison with previous
tools (87) (see POSTRE benchmarking section for more de-
tails), POSTRE can analyze SVs with direct effects on pro-
tein coding genes as well as SVs acting through long-range
regulatory mechanisms that alter gene expression. Further-
more, POSTRE can analyze not only Copy Number Vari-
ants (CNVs) (i.e. deletions and duplications) (86-88), but
also inversions and balanced translocations. In this section
we provide an overview of the tool (Figure 1).

In order to analyze SVs identified in patients with con-
genital defects, POSTRE requires three main inputs (Figure
la): (1) the type of SV (i.e. deletion, duplication, inversion or
translocation) (ii) the genomic coordinates of the SV break-
points and (iii) the patient phenotype/s (i.e. type of con-
genital abnormality: limb, craniofacial /head&neck, cardiac
or neurodevelopmental). Once the input data is submit-
ted (Figure 1b), the cell types/tissues considered most rele-
vant for the patient phenotype are selected for downstream
analysis (Supplementary Data 1). Moreover, for each cell
type/tissue, multiple developmental stages and/or in vitro
differentiation time-points are typically analyzed. For in-
stance, NCC obtained at two different time-points through
an in vitro differentiation protocol are used for the study of
craniofacial abnormalities (43,91), while two different de-
velopmental stages of the embryonic brain prefrontal cor-
tex are analyzed for neurodevelopmental disorders (92).
POSTRE uses three main types of genomic information
for each of the selected cell types/tissues: (i) gene expres-
sion profiles (based on RNA-Seq), (ii) active enhancer maps
(based on ChIP-Seq) and (iii) TAD maps (based on Hi-C).
Both gene expression profiles and active enhancer maps are
specific for each cell type/tissue and developmental stage.
However, due to the relative scarcity of Hi-C data, some of
the TAD maps used by POSTRE were generated in cellu-
lar contexts different than the ones relevant for each phe-
notype (e.g. ESC TAD map for limb phenotypes; Supple-
mentary Data 1). This is justified by the general stability of
TADs among different cell types (39) and by the use of TAD
maps generated in ESC to successfully annotate regulatory
domains disrupted by SVs associated with limb or cran-
iofacial abnormalities (43,45). Once the relevant genomic
data is loaded, the impact of the SV is independently eval-
uated for all the considered cell types/tissues. Firstly, the
SV breakpoints are mapped to the genome attending to the
location of TADs, which are used as a proxy to determine
the regulatory domains affected by the genetic rearrange-
ment. Subsequently, all the genes located in the disrupted
TADs are considered as potentially affected by the SV (i.e.
candidate genes) through either coding or long-range mech-
anisms. Then, all the candidate genes are ranked according
to multiple features in order to estimate their likelihood of
being involved in the patient disease (i.e. causative genes).
A summary of these features is presented below:

o Gene features:
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1.  Dosage sensitivity (e.g haploinsufficiency or
triplosensitivity): deviations from the normal
dosage (i.e. number of copies), or expression levels,
can be detrimental for some but not all genes.
Hence, it is important to know whether the affected
genes are dosage sensitive or not.

2. Breadth of polycomb domains in promoter regions:
genes whose promoters are covered by broad
polycomb/H3K27me3 domains when inactive of-
ten correspond with major developmental genes im-
plicated in congenital disorders (73,74). Moreover,
this type of genes are characterized by their high
enhancer responsiveness (49,75,76), which might be
attributed to the presence of promoter CpG islands
that prevent DNA methylation, facilitate enhancer-
gene communication and, overall, provide a permis-
sive chromatin environment.

e Gene expression: the expression status of the candidate
genes is particularly relevant for LOF situations, as in
those cases, the disease-causative genes must be expressed
in the relevant cellular context to be involved in the pa-
tient condition. For GOF situations gene expression is
also considered, except when enhancer adoption is pre-
dicted, given that a pathogenic upregulation of a disease
causative gene can occur either through the overexpres-
sion of an already active gene, or through the ectopic acti-
vation of an inactive gene (see Methods for more details).

e Enhancer changes: for the candidate genes that are not di-
rectly disrupted by the SV, long-range regulatory mecha-
nisms are considered instead. In addition, for duplicated
genes, given the possibility of enhancer adoption through
neo-TAD formation (82), long-range pathogenic events
are also evaluated (see Methods for more details). Briefly,
the enhancer activity associated to each candidate gene is
estimated as the sum of the H3K27ac levels present at
all the enhancers found within their TAD in the pres-
ence (patient) or absence (control) of the SV (93) (see
Materials and Methods and Supplementary Figures S2
and S3 for more details). Then, differences in enhancer
activity between the patient and control situations are
computed for each candidate gene. For LOF, the can-
didate genes should lose enhancer activity (i.e. control
enhancer activity > patient enhancer activity) through
the deletion of cognate enhancers or enhancer discon-
nection pathomechanisms (43,44). For GOF, the candi-
date genes should gain enhancer activity (i.e. control en-
hancer activity < patient enhancer activity) through the
duplication of cognate enhancers (46,94,95) or enhancer
adoption/hijacking pathomechanisms (96).

e Gene-phenotype annotation: genes previously associated
with the patient phenotypic category (e.g. limb malfor-
mation) are considered particularly relevant. This infor-
mation is obtained from OMIM (65) and MGD (68)
databases.

Based on the previous criteria, each candidate gene will
receive an overall pathogenic score (PS) between 0 and
I, with a PS = 1 meaning that the gene fulfills all the
pathogenic criteria for a certain cell type/tissue (see Meth-
ods for more details). Then, these pathogenic scores are
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Table 1. Overview of POSTRE analysis for SVs causing congenital abnormalities through experimentally validated long-range mechanisms

a) Patients description

Phenotype

REHEDS SV type SCOICIRLES (SRS Pathological mechanism investigated by | Ref.
Nr (hgl9) gene POSTRE

1 Inversion chr6:10355280-99103873 TFAP24 LOF by enhancer disconnection through TAD shuffling Head&Neck  (43)
2 Deletion chr17:68663405-68738405 SOX9 LOF by enhancer deletion through intra-TAD deletion Head&Neck  (36)
3 Duplication chr17:68020547-70038208 KCNJ2 GOF by enhancer adoption through neo-TAD formation Limbs (82)
4 Deletion chr2:221278232-223014332 PAX3 GOF by enhancer adoption through TAD fusion Limbs (45)
5 Duplication chr2:219907598-220954793 IHH GOF by enhancer adoption through neo-TAD formation Limbs (45)
6 Duplication chr7:156437229-156692706 SHH GOF by enhancer duplication through intra-TAD duplication Limbs (46)

Loss of function (LOF), gain of function (GOF), reference (Ref.).

b) Information of the affected TADs and number of candidate genes

Patient | Coordinates affected TADs

Nr

(hgl9)

chr6:8080000-10440000

Number of genes on
affected TADs
(candidate genes)

¢) Summary of POSTRE results for the six patients

Experimentally validated

Causative Non-causative
gene gene

! chr6:97520000-99760000 6
Causative

2 chr17:68640000-70560000 1 Predicted 5 0
3 chr17:67280000-68640000 5 by POSTRE

chr17:68640000-70560000 1 64
4 chr2:220440000-222880000 5

chr2:222880000-223520000 Total 6 64
5 chr2:219280000-220240000 46

hr2:22044 -222

¢hr2:220440000 880000 Causative genes correctly identified: 5/6; 83% (Sensitivity)
6 chr7:155600000-157200000 7 Non-causative genes correctly identified: 64/64; 100% (Specificity)

Total: 70

Table 2. Overview of POSTRE analysis for SVs previously predicted to cause congenital abnormalities through long-range mechanisms

POSTRE confirms

POSTRE confirms

Putative Phenotype S“]sl)le ct.edl suspected mechanism suspected mechanism Additional . edicted?
causative SV type N patients investigated by pat l;llng.lm with with Additional causative genes predicted?
gene POSTRE MECHAREM Standard Running  High-Specificity Running
Mode? Mode?
Translocation . .
LOF by o o Yes, with Standard in 2/6 SVs
SATB2 Inv:rrsion 6 Neurodey. enhancer disconnection Yes, 100% (6/6) Yes, 100% (6/6) Yes, with High-Specificity in 1/6 SVs
- GOF by o o Yes, with Standard in 1/1 SVs
ARX Duplication ! Neurodev. enhancer duplication Yes, 100% (1/1) Yes, 100% (1/1) Yes, with High-Specificity in 1/1 SVs
. LOF by o o
- Deletion 4 Neurodev. enhancer deletion Yes, 100% (4/4) Yes, 100% (4/4) No
. LOF by o o
Translocation 7 Neurodev. enhancer disconnection Yes, 100% (7/7) Yes, 100% (7/7) No
. LOF by o o Yes, with Standard in 2/6 SVs
Deletion 6 Neurodey. enhancer deletion Yes, 100% (6/6) No, 0% (0/6) Yes, with High-Specificity in 2/6 SVs
MEF2C  Translocation
LOF by o o Yes, with Standard in 1/5 SVs
Inve(:)rrsion 3 Neurodey. enhancer disconnection Yes, 100% (5/5) No, 0% (0/5) No, with High-Specificity in 0/5 SVs
. . LOF by o o
Deletion 5 Limbs enhancer deletion Yes, 100% (5/5) Yes, 100% (5/5) No
DLX5-6  Translocation
. LOF by o o Yes, with Standard in 1/2 SVs
Invz:sion 2 Limbs enhancer disconnection Yes, 100% (2/2) Yes, 100% (212) No, with High-Specificity in 0/2 SVs
BCLI1IB Translocation 2 Neurodev. LO.F by . Yes, 100% (2/2) Yes, 100% (2/2) No
enhancer disconnection
. LOF by o o Yes, with Standard in 1/1 SVs
SLC2A41 Translocation 1 Neurodev. enhancer disconnection Yes, 100% (1/1) No, 0% (0/1) No, with High-Specificity in 0/1 SVs
Lo GOF by o o
NR2F2  Duplication 1 Neurodev. enhancer duplication No, 0% (0/1) No, 0% (0/1) No
CTNNA2 Translocation 1 Neurodev. LO.F by . No, 0% (0/1) No, 0% (0/1) No
enhancer disconnection
Total 41 95% (39/41) 66% (27/41)

Loss of function (LOF), gain of function (GOF), neurodevelopmental (Neurodev.)
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used to rank all the candidate genes across the consid-
ered cell types/tissues (Figure 1¢). Moreover, genes with a
PS > 0.8 are highlighted as potentially pathogenic and a
detailed report is provided for each of them. These reports
contain a set of graphics, text and links to different exter-
nal resources (e.g. UCSC genome browser with enhancer
and TAD maps) to illustrate why a candidate gene is pre-
dicted as pathogenic in a specific cell type/tissue due to the
SV (Supplementary Data 2).

In addition, POSTRE allows users to simultaneously an-
alyze multiple SVs, each potentially associated with multi-
ple phenotypes, in an automatic and sequential manner.

POSTRE performance with experimentally validated SVs
causing disease through long-range mechanisms

To evaluate POSTRE performance, we initially focused on
a set of six patients with SVs causing congenital abnor-
malities (limb or craniofacial) compatible with POSTRE’s
analysis pipeline (Table la; Supplementary Data 3 and 4).
Importantly, each of these SVs pathogenically affects the
expression levels of only one gene through experimentally
validated long-range pathomechanisms (36,43,45,46,82). A
summary of POSTRE’s results for these six patients is
shown in Table 1b-c and more details can be found in Sup-
plementary Data 4.

After mapping the breakpoints of the six SVs with re-
spect to TADs in the relevant cell types/tissues, a total of
70 candidate genes (genes whose TADs are disrupted) were
identified (Table 1b). Remarkably, for five out of six pa-
tients, POSTRE successfully predicted the single causative
gene whose expression is affected by each SV as well as the
implicated long-range pathomechanism (Table 1c). Over-
all, POSTRE achieved a sensitivity of 83% and a specificity
of 100% (i.e. no false positive genes predicted) at the gene
level for this limited, albeit relevant, patient group (Table
1¢). For example, for a patient with craniofacial abnormal-
ities carrying a heterozygous inversion in Chro6 (i.e. patient
Nr 1 in Table la and Supplementary Data 3), POSTRE
predicted the physical disconnection between TFAP2A and
some of its cognate enhancers in NCC (i.e. enhancer dis-
connection) (Figure 2). POSTRE’s report indicates that this
enhancer disconnection can lead to the loss of TFAP2A ex-
pression in NCC and the emergence of craniofacial defects,
in agreement with the experimentally validated pathomech-
anism (43). POSTRE assigned TFAP2A a high pathogenic
score because (i) it is highly expressed in NCC, (ii) it loses
enhancer activity in NCC due to the inversion, (iii) it is
a dosage sensitive gene, (iv) its promoter displays a broad
polycomb domain when it is inactive and (v) it has been
previously associated with craniofacial (head&neck) abnor-
malities in OMIM and MGD (Figure 2; Supplementary
Figure S4; Supplementary Table S1). Similarly, for a patient
with limb abnormalities carrying a heterozygous deletion
in Chr2 (i.e. patient Nr 4 in Table la and Supplementary
Data 3), POSTRE successfully predicted a pathogenic gain
of PAX3 expression in the limb due to an enhancer adop-
tion mechanism (Figure 3). It is worth mentioning that, al-
though the deletion eliminates one of the EPHA4 alleles,
POSTRE did not predict this gene as pathogenic. This is
in perfect agreement with the experimental data (45) and
highlights the relevance of considering long-range mecha-
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nisms even when protein-coding genes are directly affected
by SVs. POSTRE assigned P4 X3 a high pathogenicity score
because (i) it gains enhancer activity, (ii) it is a dosage sen-
sitive gene, (iii) its promoter displays a broad polycomb do-
main when it is inactive and (iv) it has been previously asso-
ciated with limb abnormalities in OMIM and MGD (Figure
3; Supplementary Figure S5; Supplementary Table S2).

For one of the six analyzed patients POSTRE did not pre-
dict the causative gene due to limitations in the available
genomic data (Patient Nr 6 in Table 1a and Supplementary
Data 3). Briefly, previous work showed that, in this patient,
a duplication in Chr7 spanning the ZRS enhancer led to
abnormally high SHH expression levels in the embryonic
limb (46). Notably, the ZRS enhancer is active and con-
trols SHH expression in a rather limited number (<4%) of
cells within the developing limb bud (i.e. zone of polarizing
activity (ZPA)) (97). In contrast, the genomic data used by
POSTRE was generated from bulk human limb buds rather
than isolated ZPA cells. As a result, it was not possible to
detect the ZRS enhancer, which precluded the prediction of
SHH as the relevant gene in this patient.

POSTRE performance with SVs previously predicted to
cause human congenital abnormalities through long-range
mechanisms

Next, we focused on a set of 41 patients with phenotypes
compatible with POSTRE and carrying SVs previously
predicted to cause congenital abnormalities through long-
range mechanisms that, nevertheless, have not been fully ex-
perimentally validated (Table 2; additional information for
these patients, including the SV genomic coordinates, can
be found in Supplementary Data 3) (98). The experimental
validation of the long-range pathomechanisms predicted in
these patients was considered incomplete because (i) the im-
pact of the SV in gene expression is either not evaluated, or
not evaluated in the appropriate cell type/tissue for the in-
vestigated diseases (e.g. analysis in patient blood cells for a
neurodevelopmental disorder) and/or (ii) the exact patient
SV is not analysed (e.g. engineered deletion created to eval-
uate part of the effects of a translocation which relocates
some enhancers away from its target gene) and, thus, the full
impact of the SV is not known (e.g. total number of disease
causative genes).

When analyzing these 41 patients with POSTRE using
the Standard mode, the previously proposed causative genes
and long-range pathomechanisms were successfully pre-
dicted in 95% of the cases (Table 2, Supplementary Data 4).
The proposed pathological mechanisms included (i) LOF
by enhancer deletion and enhancer disconnection, and (ii)
GOF by enhancer duplication (Table 2). For the cases where
the tool identifies the causative gene and where multiple SVs
were available, predictions were still pathogenic regardless
of whether the SV breakpoints were close or distally lo-
cated with respect to the target genes, as depicted for SATB2
(Supplementary Figure S6). The sensitivity dropped to 66%
when using the High specificity mode. The reason for this
reduction is that some of the causative genes, MEF2C and
SLC2AI, do not display broad polycomb domains when
they are not active, one of the gene features required by the
High-specificity mode. Among the analyzed patients, it is
worth highlighting one of them (DECIPHER ID: 260 836;
FOXGI patient Nr 8 in Supplementary Data 3) carrying

GZ0Z JequisnoN 20 uo 1senb Aq +99/60//¥58/6/1.S/801e/leu/woo dno olwapeose//:sdiy Woll papeojumo(]



PAGE 13 OF 27 Nucleic Acids Research, 2023, Vol. 51, No. 9 e54

A B

Cell typesltissues

Max Enhancer differences
m NeuralCrestEarly| NeuralCrestLate| PalateCS20 | Pathomechanism [ TFAP2A - NeuralCrestLate

TFAP2A Long-Range (1)

Enhancer number Enhancer activity
(H3K27ac levels)

FBXL4 - = - Long-Range (0.67)

25 2500
POU3SF2 - - - Long-Range (0.66)

15 1250
EEFI1E1 - = - Long-Range (0.61) .
MMS22L - - - Long-Range (049) O u 0
SLC35B3 - i i Long-Range (0.41) Control [l Patient

C chr6:7612981-10972981 (hg19) chr6:96536222-101050824 (hg19)

Breakpoint Breal|<point

hESC Hi-C

NeuralCrestLate
H3K27ac | ( |
.l . I 1 1] 1 1 AT
- -
EEF1E1 SLC35B3 TEAP2A MMS22L POU3E2
TAD TAD
B Enhancers M Breakpoints
D

Graphical summary of TFAP2A regulatory domain in NeuralCrestLate

Control Scenario

| TAD TAD

i
oopn-
"TFAP2A :
4 enh 5
Breakpoint Breakpoint
Inversion

Patient Scenario

. TAD TAD
18 enh TFAP2A
6 enh
Breakpoint Breakpoint

Figure 2. POSTRE results for the T7FAP2A patient (Patient Nrl in Table 1). (A) An inversion in Chr6 was previously shown to cause craniofacial abnor-
malities through the disconnection between TFAP2A and its Neural Crest Cell (NCC) cognate enhancers, resulting in the haploinsufficient expression of
TFAP2A4 in NCC (43). The inversion was analyzed by POSTRE and, among the candidate genes, T7FAP2A was the only one considered as pathogenic
in two human NCC in vitro differentiation stages (NeuralCrestEarly and NeuralCrestLate) and the embryonic palate from Carnegie stage 20 (Palate
CS20) (see Supplementary Data 1 for more details). The maximum pathogenic score (Max PS) computed for every candidate gene among the different cell
types/tissues is shown to the right. (B) Enhancer activity (H3K27ac levels; see Materials and Methods) and number of enhancers associated with TFAPA2 A
in NCC (NeuralCrestLate) are shown in the absence (Control) or presence (Patient) of the inversion. (C) Genome browser view of the two TADs affected
by the inversion. The inversion breakpoints are highlighted in red and the TFA P2 A cognate enhancers in NeuralCrestLate in green. (D) Graphical abstract
illustrating the changes in the regulatory landscape of TFAP2A due to the inversion in NeuralCrestLate. The green ovals represent enhancers (enh).
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Figure 3. POSTRE results for the PAX3 patient (Patient Nr4 in Table 1). (A) A deletion in Chr2 was previously shown to cause limb abnormalities through
an enhancer adoption mechanism leading to P4 X3 ectopic expression in the developing limb bud (45). The deletion was analyzed by POSTRE and, among
the candidate genes, P4 X3 was the only one considered as pathogenic in two human limb bud developmental stages (EmbryonicLimbl, EmbryonicLimb2)
(See Supplementary Data 1 for more details). The maximum pathogenic score (Max PS) computed for every candidate gene among the different cell
types/tissues is shown to the right. (B) Enhancer activity (H3K27ac levels) and number of enhancers associated with PAX3 in embryonic limb buds
(EmbryonicLimbl) are shown in the absence (Control) or presence (Patient) of the deletion. (C) Genome browser view of the two TADs affected by the
deletion. The deletion is highlighted in orange and the limb bud active enhancers in EmbryonicLimbl in green. (D) Graphical abstract illustrating the
changes in the regulatory landscape of PAX3 in EmbryonicLimbl due to the deletion. The green ovals represent enhancers (enh).
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a deletion located close to FOXGI and showing neurode-
velopmental defects. There has been some discrepancy re-
garding the mechanism whereby this deletion might affect
FOXG]I expression. It was originally proposed that the dele-
tion could eliminate a TAD boundary and cause FOXGI
overexpression through an enhancer adoption mechanism
(99). However, subsequent work indicated that this dele-
tion could lead to FOXGI downregulation by eliminating
some of its cognate brain enhancers (100), which is in agree-
ment with FOXGI haploinsufficiency causing brain congen-
ital abnormalities (e.g. Rett Syndrome) (101). Importantly,
POSTRE also predicted that this deletion could cause a loss
of FOXGI expression in the brain prefrontal cortex through
the deletion of relevant enhancers (Supplementary Figure
S7).

In addition to the accurate identification of the previ-
ously proposed causative genes, POSTRE predicted a few
additional genes as causative for some of the analyzed SVs
(Table 2, Supplementary Figure S8). For example, for one
of the deletions predicted to cause the loss of MEF2C ex-
pression in the embryonic brain prefrontal cortex through
a long-range mechanism (MEF2C patient Nr 11 in Supple-
mentary Data 3), POSTRE also identified NR2F] as a po-
tentially causative gene (Supplementary Figure S9). In this
case, POSTRE predicted a coding LOF mechanism, as the
deletion eliminates one of the NR2FI alleles. Both MEF2C
and NR2FI have been previously associated with neurode-
velopmental defects (102,103). Therefore, the deletion could
cause the loss of both NR2FI and MEF2C function through
distinct mechanisms, which in turn might define the pheno-
typic spectrum of this patient. This illustrates how direct
and long-range effects could be simultaneously elicited by a
single SV (99,104).

These examples (FOXGI patient Nr 8§ and MEF2C pa-
tient Nr 11) highlight that it is important to consider all pos-
sible mechanisms (i.e. coding LOF, coding GOF, long-range
LOF, long-range GOF) when evaluating the pathogenic im-
pact of SVs, as this might provide a better understanding of
the etiology and phenotypic variability of human disease.

It is worth mentioning that POSTRE always computes in
parallel LOF and GOF scores for the candidate genes (see
Methods). Consequently, POSTRE might predict that, due
to the same SV, a particular candidate gene loses some cog-
nate enhancers (i.e. LOF), while simultaneously gaining a
larger amount of ectopic enhancers (i.e. GOF). When this
situation is encountered POSTRE will predict both LOF
and GOF for the same candidate gene, since it is not possi-
ble to determine which of the two pathomechanisms might
prevail. This is well illustrated by one of the SATB2 cases
presented in Table 2 (SATB2 patient Nr 6 in Supplemen-
tary Data 3), in which POSTRE predicts that an inversion
causes SATB2 to lose 23 cognate enhancers (40% reduction
in cognate enhancer activity; LOF) and to gain 34 ectopic
enhancers (19.3% increase in total enhancer activity; GOF)
in the embryonic prefrontal cortex (Supplementary Figure
S10, Supplementary Table S3).

Lastly, we analyzed a set of previously reported patients
with SVs (n = 21) acting through ‘coding’ pathomecha-
nisms and affecting disease causative genes included in Ta-
bles 1 and 2 (Supplementary Table S4, Supplementary Data
3, Supplementary Data 4). POSTRE correctly identified

Nucleic Acids Research, 2023, Vol. 51, No. 9 e54

the causative gene and the suspected ‘coding’ pathomech-
anism (e.g. deletion, truncation or duplication of a disease
causative gene) for all the analyzed SVs (Supplementary Ta-
ble S4).

Assessment of type-1 error rate (false positives)

Having shown that, when analyzing previously described
pathogenic SVs, POSTRE can effectively discriminate be-
tween disease causative and non-causative genes (Table 1),
we then wanted to assess POSTRE capacity to discriminate
between non-pathogenic and pathogenic SVs. This is par-
ticularly important considering the abundance of structural
variation in humans, with a typical genome carrying >10
000 SVs (3,4). For this purpose, SVs from healthy individu-
als available in gnomAD (105) were selected, as the majority
of these variants are expected to be non-pathogenic. Firstly,
we randomly selected 10 000 SVs (8136 Deletions, 1821 Du-
plications, 43 Inversions and 0 translocations) and analyzed
them using the four different phenotypic categories cur-
rently handled by POSTRE (i.e. craniofacial/head&neck,
neurodevelopmental, limb and cardiovascular). Each SV-
phenotype association is independently analyzed, result-
ing in a total of 40 000 SV-phenotype predictions. Chiefly,
POSTRE did not predict any pathogenic effect for most
of the SV-phenotype associations (96.8% non-pathogenic
for the Standard mode; 99.2% non-pathogenic for the High
Specificity mode) (Table 3a). In general, pathogenic SVs
tend to be larger and, consequently, affect a higher num-
ber of genes than non-pathogenic ones (99,106). This size
difference is readily observed between previously reported
pathogenic SVs analyzed with POSTRE (Tables 1 and 2)
and those selected from healthy individuals (Table 3b). To
evaluate whether these size differences could explain the low
% of pathogenic predictions among SVs from healthy indi-
viduals, we also tested POSTRE performance after selecting
the largest SVs present among healthy individuals. Briefly,
considering that the smallest SV included in Table 1 was 75
kb, we selected 2980 SVs > 75 kb (11 920 SV-phenotype as-
sociations), as well as the top 500 largest SVs from gnomAD
(2000 SV-phenotype associations). Importantly, POSTRE
still reported most of these SV-phenotype associations as
non-pathogenic, even for the top 500 largest SVs (98.3%
for High-Specificity mode; 89.5% for Standard mode) (Ta-
ble 3a). Furthermore, considering the 500 largest SVs and
the Standard running mode, we found that the percentage
of SVs predicted as pathogenic was significantly smaller (P-
value < le-3) than upon randomization of their genomic lo-
cations (Supplementary Figure S11a). This holds also true
after matching the original and randomized SVs by the
number of candidate genes (Supplementary Figure S11b).
These randomization tests suggest that non-pathogenic SVs
are not randomly distributed across the human genome and
support the use of SVs from healthy individuals to estimate
false positives.

On the other hand, the fact that some SVs found in
healthy individuals are predicted as pathogenic by POSTRE
does not necessarily imply that these are false positive pre-
dictions. For example, some of these SVs might indeed be
pathogenic but, due to the incomplete penetrance and vari-
able expressivity that characterizes many congenital disor-
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Table 3. Analysis of non-pathogenic (control) SVs with POSTRE

A POSTRE prediction results

% of SV-phenotype associations
identified as non-pathogenic

Standard
Running Mode

Subset 1 (10K controls) 96.8% 99.2%

High-Specificity
Running Mode

Subset 2 (2980 controls) 91.7% 98.5%

Subset 3 (500 controls) 89.5% 98.3%

B Analysis of the size distribution for the different groups of SVs in base pairs

1st Quartile m 3rd Quartile

All gnomAD controls (>100K) 107 547 3566

Subset 1 (10K controls) 106 560 3538
Subset 2 (2980 controls) 102468 148862 268102
Subset 3 (500 controls) 426885 543023 822252
Pathogenic SVs Table 1 & 2 404592 887812 2409324

ders, might not always result in a phenotypic abnormal-
ity (107). In agreement with this possibility, when analyz-
ing with TADA (88) those CNVs (TADA can only han-
dle deletions and duplications) from healthy individuals
that POSTRE predicted as either pathogenic (for any of
the SV associated phenotypes) or non-pathogenic, TADA
pathogenic scores were significantly higher for the CNVs
predicted as pathogenic by POSTRE (Supplementary Fig-
ure Sllc). In addition, TADA also classified as pathogenic
a large percentage of the CNVs that POSTRE predicted as
pathogenic (Supplementary Figure S11d).

Altogether, these results show that POSTRE controls well
the Type-1 errors (false positives).

Database of POSTRE predictions for patients with congeni-
tal abnormalities carrying SVs

POSTRE can be used to analyze large cohorts of pa-
tient SVs described in the literature and/or deposited in
databases (104,108-111), many of which are currently con-
sidered as variants of uncertain significance (VUS) (57).
The systematic analysis of large SV cohorts might (i) iden-
tify relevant disease loci based on recurrence, (ii) predict
novel pathological mechanisms for already known disease-
relevant genes and (iii) provide testable hypothesis regard-
ing the pathogenicity of VUS. To illustrate this, we analyzed
a set of 270 patients described in (104,110) (Supplementary
Data 3) carrying balanced SVs and CNVs (Figure 4A) and
displaying phenotypes compatible with POSTRE. Many
of these SVs are associated with multiple phenotypes (e.g.
craniofacial and neurodevelopmental alterations), and we
independently analysed each SV with respect to each of its
associated phenotypes with POSTRE (417 SV-phenotype
associations) (Figure 4B). POSTRE predicted pathogenic
events in 59% and 23% of the SV-phenotype associations
analysed with the Standard and High-Specificity modes,
respectively (Figure 4B, Supplementary Data 4), which is
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considerably higher than for the healthy controls described
in Table 3 (Figure 4C). Furthermore, these percentages of
pathogenic predictions were significantly higher than those
obtained upon randomization of the SV locations in the hu-
man genome (P-value < le-3) (Supplementary Figure S12).

POSTRE does not simply identify SVs with pathogenic
potential, but also predicts the cellular context in which the
SVs might elicit their pathogenic effects as well as their po-
tential mechanism of action. In this regard, when consider-
ing all the predicted pathological events with the Standard
running mode, 57% corresponded to long-range regulatory
effects (Figure 4D, E), highlighting the potential prevalence
of this type of pathomechanism. Moreover, ‘long-range’
pathological mechanisms are particularly abundant (80%)
among balanced SVs (i.e. inversions and translocations),
while ‘coding’ pathomechanisms are more common (70%)
among CNVs (i.e. deletions, duplications) (Figure 4D, E).
On the other hand, when considering POSTRE pathogenic
predictions (Standard running mode) for all 270 patient
SVs, the average number of candidate genes was 31.3, while
the average number of predicted causative genes was 1.8
(Figure 4F). The average number of candidate genes was
clearly higher than for the patients described in Table 2 (8.3;
Supplementary Figure S8), probably because the SVs in
these 270 patients tend to be larger (Supplementary Figure
S13). However, the number of predicted causative genes was
rather similar between these two patient cohorts (1.8 versus
1.2; Figure 4F and Supplementary Figure S8). This suggests
that POSTRE can facilitate the prioritization of disease-
relevant genes even when many candidate genes are poten-
tially affected by large SVs. Nevertheless, 41% of the 417 SV-
phenotype associations were not predicted as pathogenic
by POSTRE, which highlights the need to keep improving
POSTRE scoring criteria, the functional characterization
of the non-coding genome and to incorporate genomic data
from additional human cell types in order to reveal the full
pathogenic spectrum of structural variation.

Overall, for more than half of the analyzed SVs in this
270 patient cohort, POSTRE predicted a pathogenic event
as well as an underlying pathomechanism (Figure 4, Sup-
plementary Data 4), which can improve the current under-
standing of these disorders and facilitate the design of ex-
perimental strategies to uncover their molecular etiology
(7). All these predictions are available through POSTRE’s
Explore Previous SVs section, enabling users to browse
them by patient, gene, phenotype or pathological mecha-
nism. To illustrate the usefulness of these results, we now
describe POSTRE predictions for a couple of the investi-
gated patients (Figure 5):

Patient UTRS (dbVar): patient with Pierre Robin se-
quence (PRS), a syndrome associated with craniofacial ab-
normalities. This patient carries a translocation (UTRS in
dbVar, 268030 in ClinVar) considered as a VUS in Clin-
Var (Figure 5SA). POSTRE predicted that this translocation
could cause a pathogenic loss of SOX9 expression in NCC
through an enhancer disconnection mechanism (Figure 5B—
D) (please note that for one of the considered NCC stages,
a potential GOF through enhancer adoption is also pre-
dicted, although with a smaller PS). This LOF prediction is
supported by previous work (36), where some of the NCC
enhancers that are disconnected from SOX9 due to the
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Figure 4. POSTRE analysis for a cohort of 270 patients involving 417 SV-phenotype associations. (A) Frequency of the different types of SVs in the patient
cohort. (B) Percentage of SVs predicted as pathogenic by POSTRE for the indicated phenotypes using the Standard or High-Specificity modes. N = total
number of SVs associated with each of the indicated phenotypes. NDD: neurodevelopmental defects. (C) Percentage of SV-phenotype associations predicted
as pathogenic for the 270 patient cohort (Pathogenic, blue) and for all the SVs found in healthy individuals analyzed in Table 3 (Healthy, purple). (D) Pie
chart showing the relative abundance of the main pathological mechanisms (i.e. coding GOF, coding LOF, long-range GOF, long-range LOF) among
the SV-phenotype associations predicted as pathogenic for the 270 patient cohort. (E) Percentage of predicted coding and long-range pathomechanisms
when considering: (i) all SVs, (ii) only deletions (Del) and duplications (Dup) or (iii) only inversions (Inv) and translocations (Trans) in the SV-phenotype
associations predicted as pathogenic for the 270 patient cohort. (F) Violin plots showing the number of candidate (purple, left) and causative (green,
right) genes identified by POSTRE (Standard running mode) for each of the analyzed SV-phenotype associations predicted to be pathogenic. Each dot

corresponds to a SV-phenotype association. RM= running mode.
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Figure 5. Long-Range LOF predictions for UTR8 and DGAP270 patients. (A) Patient UTRS displays craniofacial abnormalities (Pierre Robin Sequence)
and carries a translocation with breakpoints in Chr10 and Chrl7, which is currently classified as a VUS in ClinVar. (B) The UTRS translocation was
analyzed by POSTRE and, among the candidate genes, SOX9 was the only one considered as pathogenic in two NCC in vitro differentiation stages
(NeuralCrestEarly, NeuralCrestLate) (see Supplementary Data 1 for more details). (C) Genome browser view of one of the TADs affected by the UTRS
translocation, in which SOX9 is located. The translocation breakpoint is highlighted in red and the NCC active enhancers in NeuralCrestLate in green.
(D) Enhancer activity (H3K27ac levels) and number of enhancers associated with SOX9 in NCC (NeuralCrestLate) are shown in the absence (Control)
or presence (Patient) of the UTRS translocation. (E) Patient DGAP270 displays neurodevelopmental defects and carries an inversion in ChrX, which is
currently classified as a VUS in ClinVar. (F) The DGAP270 inversion was analyzed by POSTRE and, among the predicted disease causative genes, PCDH19
showed the highest pathogenic score in the embryonic prefrontal cortex gestation week 18 (PfcGw18) (see Supplementary Data 1 for more details). (G)
Genome browser view of one of the TADs affected by the DGAP270 inversion, in which PCDH 19 is located. The inversion breakpoint is highlighted in
red and the prefrontal cortex active enhancers in PfcGw18 in green. (H) Enhancer activity (H3K27ac levels) and number of enhancers associated with
PCDHI9 in the prefrontal cortex (PfcGw18) are shown in the absence (Control) or presence (Patient) of the DGAP270 inversion.
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translocation were deleted in hESC using CRISPR /Cas9
technology. Notably, the deletion of those enhancers sig-
nificantly and specifically reduced SOX9 expression upon
differentiation of hESC into NCC, supporting that SOX9
LOF through long-range mechanisms could lead to PRS.

Patients U152 and DGAP270 (dbVAR): patients with
neurodevelopmental defects carrying a deletion (U152, db-
Var) or an inversion (DGAP270, dbVar) in ChrX. In both
cases, POSTRE predicted LOF for PCDHI9 in the brain
prefrontal cortex through either coding (U152) or long-
range regulatory mechanisms (DGAP270). PCDHI9 is
associated with neurodevelopmental disorders, especially
with epilepsy and intellectual disability (112-114). In the
case of DGAP270, the associated inversion was listed as
a VUS in ClinVar (ID: 267917) (Figure SE). Notably,
POSTRE predicted that the inversion could cause a loss
of PCDH]I9 expression in the embryonic brain prefrontal
cortex through an enhancer disconnection mechanism (Fig-
ure SF-H). In addition, a potential GOF through enhancer
adoption for SHROOM4 and FOXP3 was also predicted
for the DGAP270 patient, although with a smaller PS than
for PCDH19. Moreover, while PCDH19 is predicted as dis-
ease causative with both the Standard and High-Specificity
Running Modes, SHROOM4 and FOXP3 are only predicted
as disease causative with the Standard Running Mode.

POSTRE benchmarking

Several computational tools to analyze SVs have been devel-
oped during the last few years: TADA (88), CADD-SV (86),
SVScore (89), STRVCTVRE (87), TADeus2 (90), ClinTAD
(115), VEP (116). A detailed comparison between POSTRE
and other available tools is presented below (see Methods,
Figure 6 and Table 4 for more details):

Type of SVs. Most of the currently available tools to in-
terpret SVs (e.g. TADA, STRVCTVRE, VEP, CADD-SV,
ClinTAD) can only analyze CNVs (i.e. deletions and dupli-
cations). In contrast, POSTRE, SVScore and TADeus2 can
also analyze inversions and translocations.

Computing  pathogenic scores. Some tools provide
pathogenic scores (PS) for each of the analyzed SVs (e.g.
POSTRE, TADA, CADD-SV, SVScore, STRVCTVRE).
These PS can be very useful to rank and prioritize SVs
among large SV cohorts. Several tools (POSTRE, TADA,
STRVCTVRE) provide PS in a 0 (not pathogenic) - 1
(pathogenic) range. POSTRE PS for a given SV corre-
sponds with the maximum PS computed for the candidate
genes associated with the SV (POSTRE predicts one PS
per SV-associated phenotype, but for this task only the
maximum PS among all the computed SV-phenotype
associations was considered for each SV). To compare
POSTRE PS with the ones computed by other methods
(STRVCTVRE, TADA, SVScore and CADD-SV), we
computed PS for the SVs found in the patient cohorts
described in previous sections (positive controls with
long-range pathogenic events: Tables 1 and 2; 270 patient
cohort: Figure 4). For SVScore and CADD-SV, PS were
normalized to 0-1 (see Materials and Methods).
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When considering all SVs, POSTRE outperformed the
rest of the tools and its PS were higher on average (Fig-
ure 6 a-b). This is expected given that most of the available
tools can only handle CNVs (STRVCTVRE, CADD-SV,
TADA), and, thus, inversions and translocations were as-
signed a PS = 0 when analyzed with these tools (see Ma-
terials and Methods). When considering only CNVs from
the 270 patients cohort, the PS were quite similar for all the
tools (Figure 6C). Since coding pathomechanisms are par-
ticularly abundant among these SVs (Figure 4E), this sug-
gests that all tools show a similar performance when ana-
lyzing this type of pathomechanism. In contrast, when an-
alyzing CNVs from the positive control patients (Tables 1
and 2), which are enriched in long-range pathomechanisms,
the highest PS were obtained with POSTRE, followed by
CADD-SV and TADA (Figure 6d). Overall, STRVCTVRE
was the tool providing the smallest PS (Figure 6d), which
is expected as this tool only considers coding pathomecha-
nisms.

Pathogenic labelling. Most of the tools that compute PS
for SVs do not clearly classify those variants as pathogenic
or non-pathogenic (pathogenic labelling). In contrast, both
POSTRE and TADA explicitly label pathogenic SVs, thus
enabling us to compare these two tools for this task
(POSTRE predicts pathogenicity per SV-associated phe-
notype, but for this task SVs were considered pathogenic
if pathogenicity was predicted for any phenotype). Firstly,
when considering all positive controls in Tables 1 and
2, POSTRE clearly outperformed TADA, as 44/47 cases
(94%) were predicted pathogenic by POSTRE vs 18/47
(38%) by TADA (Figure 6¢). This is expected since TADA
can only analyze CNVs. Based on this limitation, we
then restricted our analyses to the CNVs from the pos-
itive control patients (22 of the 47 SVs in positive con-
trol patients are CNVs). POSTRE and TADA predicted
pathogenicity for 20/22 (91%) and 18/22 (82%) CNVs, re-
spectively (Figure 6E). Therefore, when considering only
CNVs, although POSTRE identified more positive con-
trols as pathogenic, there were very few SVs not correctly
predicted as pathogenic by each tool: POSTRE failed to
identify patients Nr6 in Table 1 (SHH) and NR2F2 Nr
1 in Supplementary Data 3, while TADA did not predict
pathogenicity for patient Nr 2 in Table 1 (SOX9) in addi-
tion to patients MEF2C Nr 7, ARX Nr 1 and NR2F2 Nr
1 in Supplementary Data 3. Furthermore, we analyzed the
SVs from the 270 patient cohort described in previous sec-
tions. When evaluating all these SVs, POSTRE predicted a
larger percentage as pathogenic (64% versus 48%), while if
we only considered CNVs (144 SVs), TADA predicted more
of them as pathogenic (90% vs 58%) (Figure 6¢). POSTRE
might show lower sensitivity for this set of CNVs because
it performs cell-type specific predictions; i.e. POSTRE will
not predict a SV as pathogenic unless a meaningful patho-
logical mechanism is detected for a relevant cell type/tissue
(e.g. a deletion near an active disease relevant gene will
not be predicted pathogenic unless some active enhancers
are found to be deleted in the same cell type/tissue), while
TADA predictions are not limited by the cellular context
restriction. Lastly, when analyzing SVs from healthy indi-
viduals (99% are CNVs), POSTRE displayed higher speci-
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Figure 6. Benchmarking of SV analysis tools. (A-D) The SVs found in the different patient cohorts were analyzed with POSTRE, SVScore (89), CADD-
SV (86), TADA (88) and STRVCTVRE (87). (A, B) Pathogenic scores for all the SVs found in (A) the 270 patient cohort described in Figure 4 or (B)
the positive control patients with long-range pathomechanisms described in Tables 1 and 2. (C, D) Pathogenic scores for the CNVs found in (A) the 270
patient cohort described in Figure 4 or (B) the CNVs present in the positive control patients with long-range pathomechanisms described in Tables 1 and
2. (E) Percentage of SVs predicted as pathogenic by either POSTRE (blue) or TADA (green) when considering all the SVs or only CNVs found in the
indicated patient cohorts (i.e. the positive control patients from Tables 1 and 2; 270 patient cohort described in Figure 4). In addition, the percentage of
SVs (99% CNVs) predicted as pathogenic when considering the SVs (N = 12 718) found in the healthy individuals analyzed in Table 3. (F) Ratio between
Sensitivity (fraction of SVs predicted as pathogenic from the 270 patient cohort described in Figure 4) and 1 - Specificity (fraction of SVs predicted as
pathogenic from all the SVs found in the healthy individuals analyzed in Table 3), considering either all SVs or only CNVs. (G) Identifying and ranking
disease causative genes, comparison between POSTRE and TADEUS2 (90). Percentage of SVs among selected positive control patients from Table 1 and
Table 2 where: (i) the known causative gene is predicted, (ii) additional causative genes are predicted, and (iii) the known causative gene is ranked first
among all the considered candidate genes.
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Table 4. POSTRE comparison with other SV analysis tools (8690,115,116)

Nucleic Acids Research, 2023, Vol. 51, No. 9 e54

POSTRE |StrVCTVRE| VEP | ClinTAD SVScore |CADD-SV| TADA TADeus2
87) (116) (115) (89) (86) (88) (90)
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ficity than TADA (POSTRE predicted 11% as pathogenic
and TADA 24%) (Figure 6¢). Overall, if the prediction re-
sults for both patients and healthy controls are considered
together, we found that the sensitivity/(1-specificity) ratios
are larger for POSTRE (Figure 6f) when considering ei-
ther all SVs (POSTRE = 5.8, TADA = 2) or only CNVs
(POSTRE = 5.3, TADA = 3.8).

Ranking genes based on pathogenicity. Among the bench-
marked tools, only POSTRE and TADEUS?2 predict and
rank disease-causative genes. However, TADEUS2 can only
analyze one SV at a time and the prediction results have
to be screened manually, thus complicating a comparative
analysis for large SV datasets. Therefore, in order to com-
pare POSTRE and TADEUS? for this task, we selected 21
SVs associated with positive control patients (Table 1 pa-

tients: all SVs (n = 6); Table 2 patients: for each gene of in-
terest (SATB2, ARX, FOXGI, MEF2C, DLX5-6, BCLI11B,
SLC2A41, NR2F2, CTNNA2) we selected one SV of each
type (i.e. one inversion, one translocation and one dele-
tion) (n = 15)). Notably, POSTRE predicted the correct
disease-causative gene in 18/21 cases (86%) and TADEUS2
in 14/21 cases (67%) (Figure 6g). POSTRE failed to iden-
tify SHH, NR2F2 and CTNNA? as disease causative genes,
while TADEUS did not predict SOX9, KCNJ2, MEF2C (in
1 out of 3 cases), DLX5-6 (in 1 out of 3 cases), BCLIIB,
NR2F2 and CTNNA2. Furthermore, we also compared
the number of SVs for which additional disease-causative
genes (besides the already known ones) were predicted.
POSTRE predicted additional causative genes for 3/21
(14%) SVs and TADEUS?2 for 15/21 (71%) (Figure 6g).
Lastly, we also compared how often the known disease-
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causative genes were ranked as the most pathogenic accord-
ing to the PS computed by each tool. In 19/21 cases (90%),
POSTRE ranked the known disease-causative gene as the
most pathogenic, whereas this number dropped to 10/21
(48%) for TADEUS2. Overall, these comparisons suggest
that POSTRE shows a better performance when identify-
ing and ranking disease causative genes. Furthermore, in
contrast to POSTRE, TADEUS?2 only considers the loss of
enhancer-promoter interactions due to SVs, but not GOF
long-range pathomechanisms.

Information about disease mechanisms. Pathogenic scores
do not provide information regarding the mechanisms (e.g.
causative gene/s, disease-relevant cellular context, ‘coding’
vs ‘long-range’ mechanisms, etc.) whereby a SV might ac-
tually cause a disease. In this regard, there are tools that
provide different layers of descriptive information for the
genomic loci affected by the SVs (e.g. VEP (116), Clin-
TAD (115), TADEUS2 (90), CADD-SV(86) or POSTRE),
including the genes directly affected or located close to
the SV breakpoints, the recurrence of SVs within the
same locus in patients with similar phenotypes, the pres-
ence of cis-regulatory elements, etc. In this context, the
tools with graphical user interfaces (GUIs) (e.g. POSTRE,
TADEUS2, VEP) generally provide more and easier to un-
derstand information.

Overall, POSTRE is rather unique regarding its annota-
tion features:

e POSTRE performs cell-type specific predictions attend-
ing to the patient phenotype. Considering the cellular
context in which a SV might manifest its pathogenicity
is particularly relevant in the case of long-range path-
omechanisms, as enhancers display high tissue specificity.
However, with a few exceptions (99,104), most available
tools do not consider the patient phenotype when esti-
mating the pathogenicity of SVs. POSTRE takes into ac-
count the patient phenotype in order to select the ge-
nomic data and cellular context/s in which the impact
of the SV should be modeled, as well as to prioritize
the disease-causative genes. Although this strategy allows
POSTRE to accurately predict both coding and long-
range pathomechanisms, it also restricts its applicabil-
ity to certain diseases/phenotypes. However, this lim-
itation should be reduced as functional genomic data
becomes available for an increasing number of human
cell types/tissues and is incorporated into POSTRE’s
pipeline.

e POSTRE provides the users with cell-type specific
pathogenic reports. These reports can inform about the
developmental stages or cellular contexts where the SV
might exert a pathogenic effect. Moreover, the reports can
also facilitate the design of downstream experimental or
in silico analyses to further characterize and validate the
disease etiology and the SV pathomechanisms.

e POSTRE is, to the best of our knowledge, the only tool
that distinguishes between GOF and LOF mechanisms
and that can detect all major types of long-range path-
omechanisms (i.e. enhancer adoption, enhancer duplica-
tion, enhancer disconnection and enhancer deletion).
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Multiple SVs as input. Considering the large number of
SVs typically present in a human genome (around 10 000)
(3,4) as well as the increasing sizes of the patient cohorts in
which SVs are identified (104,110), SV analysis tools should
be ideally able to accept multiple SVs as input. However,
not all the evaluated tools (Table 4) offer this possibility
and some of them can only analyze one SV at a time (e.g.
TADeus2).

Required computational skills and user experience. Tools
designed to predict the pathogenicity of SVs or any other ge-
netic alteration should be ideally usable by a broad scientific
community, including scientists with limited computational
skills. This is particularly relevant considering that the in
silico interpretation of SVs might often involve the usage
of not one, but several, computational tools, each of them
with its own strengths and weaknesses (117). One way to
improve tool usability is through the development of GUIs.
However, some of the current available SV prediction tools
(e.g. TADA) work strictly through command line interfaces,
thus complicating their usage. In contrast, POSTRE can be
executed with a user-friendly GUI that provides the user
with detailed graphical and written reports for those SVs
predicted as pathogenic.

DISCUSSION

SVs can affect gene function through either coding (e.g.
gene deletions, gene fusions) or long-range (e.g. enhancer
adoption, enhancer disconnection) mechanisms, which in
turn can significantly contribute to human disease, phe-
notypic diversity and evolution (1,2,6,118). SVs acting
through coding mechanisms have been described for mul-
tiple human disorders (119-121). In addition, recent ad-
vances in whole-genome sequencing are revealing that SVs
with long-range pathological consequences might be also
highly prevalent (8,121,122). However, the prediction of
these long-range pathomechanisms is challenging, partly
due to the still incomplete characterization of enhancers
across different human cell types and our limited under-
standing of the factors controlling enhancer-gene commu-
nication. Consequently, there is a lack of tools for predicting
and annotating the pathological effects of SVs considering
both coding and long-range mechanisms. In this work, we
have presented POSTRE, a user-friendly software that can
be used to analyze SVs implicated in a broad range of con-
genital abnormalities.

In comparison with previous computational tools ded-
icated to the pathological analysis of SVs (see POSTRE
benchmarking section for more details), POSTRE offers
several advantages:

i. POSTRE is not restricted to CNVs, as it can handle all
major types of SVs (i.e. deletions, inversions, duplica-
tions and translocations).

ii. POSTRE is capable of predicting both coding and long-
range pathogenic effects and can distinguish between
a wide variety of pathomechanisms (e.g. gene deletion,
gene truncation, gene duplication, enhancer adoption,
enhancer disconnection, enhancer deletion, enhancer
duplication). Long-range mechanisms are predicted as-
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iii.

suming that genes and enhancers located within the
same TAD can effectively communicate with each other
(42) and that developmental genes (i.e. broad polycomb
domains in promoter regions) show high enhancer re-
sponsiveness (49,75,76). However, accumulating evi-
dences indicate that additional factors (e.g. linear dis-
tance, CpG islands, promoter DNA methylation, type
of core promoter elements) can also influence enhancer-
gene compatibility within TADs (49,52,53,81,123). As
these factors are uncovered and characterized, they
could be incorporated into POSTRE’s scoring system in
order to further improve its specificity. It is worth men-
tioning that SVs can be implicated in congenital defects
with a recessive inheritance (e.g. a point mutation affect-
ing one allele and a CNV deleting the other). However,
as currently implemented, POSTRE is oriented towards
the prediction of SVs causing dominant disorders and
its capacity to identify SVs implicated in recessive phe-
notypes has not been specifically evaluated.

POSTRE considers the cellular context to predict the
pathological effects of SVs. To achieve this, POSTRE
uses functional genomics information (e.g. gene ex-
pression levels, enhancer maps) generated in cell
types/tissues deemed important for the patient pheno-
type (e.g. different brain developmental stages for neu-
rodevelopmental defects). As a result, POSTRE not
only predicts whether a SV is likely to be pathogenic
but also the cellular context where such pathogenicity
might be manifested, which can facilitate downstream
experimental and/or in silico analyses. Furthermore,
the independent evaluation of a given SV in various
cell types/tissues offers the possibility of identifying ei-
ther different candidate genes or different pathological
mechanisms involving the same candidate gene depend-
ing on the cellular context (6). However, considering
the cellular context can also introduce certain limita-
tions, as illustrated by the patient described in Table 1 in
whom upregulation of SHH due to the duplication of its
cognate ZRS enhancer causes limb abnormalities (46).
The ZRS enhancer drives SHH expression specifically
within the ZPA (124), which only represents a small
fraction of all the limb cells during embryogenesis. Con-
sequently, since POSTRE uses bulk genomic data gen-
erated in whole limb buds (125,126), the ZRS enhancer
can not be identified and SHH appears as an inactive
gene, thus precluding POSTRE from successfully pre-
dicting the effects of the patient duplication. In addi-
tion to the problem of using bulk data from heteroge-
neous tissues, the lack of genomic data for the appropri-
ate developmental stages or differentiation time points
may also affect the identification of pathologically rele-
vant genes. Nevertheless, recent advances in single-cell
genomics are expected to dramatically expand the cat-
alogue of cell types and developmental stages in which
gene expression profiles and enhancer maps can be ex-
plored (127-129). Therefore, as single-cell datasets are
generated in human embryos, we will incorporate them
into POSTRE in order to expand its applicability to-
wards additional congenital abnormalities and improve
its current sensitivity.
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One major topic in the field of data sciences, particularly
in the health care area, is model interpretability (130,131).
Dealing with complex models complicates the user capac-
ity to understand and learn from the predictions, which, in
the biomedicine field, can limit the impact that such mod-
els can have on disease diagnosis or treatment (132,133).
POSTRE’s scoring criteria are built on a set of simple
and comprehensible rules based on the current knowledge
about enhancers and the pathological relevance of genes,
thus conceptually resembling the scoring criteria proposed
in (90,104). Hence, since the scoring criteria are simple, it
is also easier to explain the results to the user. However,
there is an increasing tendency towards using artificial in-
telligence to create prediction models. Currently, the stan-
dard option to create such models consists on providing a
group of variables (predictors) measured in a set of obser-
vations and with a certain outcome associated to each ob-
servation (response variable). Next, during a training phase,
a machine learning method automatically assigns a weight
to each of the predictors and builds a model to predict the
response variable (134). During this phase, complex inter-
actions among the predictors may be automatically estab-
lished in the model, which complicate the capacity to in-
terpret it afterwards. On top of that, if the training data
does not faithfully recapitulate the general population, it
can create biases in the algorithm criteria through overfit-
ting (134). Since databases used to train SV classifiers are
biased towards coding deleterious effects due to the scarcity
of reported SV with long-range pathogenic effects, the clas-
sifiers can also suffer from the same bias and, thus, might
not be appropriate for the prediction of non-coding (e.g.
long-range) pathomechanisms, as reported for TADA (88).
In the case of POSTRE, since coding and long-range effects
are evaluated independently (see Methods), the problem of
coding effects dominating with respect to long-range effects
is avoided, and overfitting in this context is minimized.

In summary, POSTRE is a user-friendly software to pre-
dict the pathomechanisms whereby SVs can cause congen-
ital disorders. POSTRE can handle all major types of SVs,
considers both coding and long-range mechanisms and per-
forms its predictions in a cellular context-dependent man-
ner. Altogether, these features make POSTRE rather unique
among SV prediction tools, particularly with respect to en-
hanceropathies, for which there is still a clear need for tools
capable of linking non-coding variation with human disease
(24).

DATA AVAILABILITY

POSTRE is publicly available at https:/github.com/
vicsanga/Postre  and  https://doi.org/10.5281/zenodo.
7732896. Its source code and the full set of instructions
(including videos and tutorials) explaining how to down-
load and run it are provided there. POSTRE software is
distributed under a GNU General Public License v3.0.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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