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Abstract

severe DCM.

their fundamentally unbiased nature.

Background: Cardiovascular disease (CVD) is the leading cause of death in the developed world. Human genetic
studies, including genome-wide sequencing and SNP-array approaches, promise to reveal disease genes and
mechanisms representing new therapeutic targets. In practice, however, identification of the actual genes contributing
to disease pathogenesis has lagged behind identification of associated loci, thus limiting the clinical benefits.

Results: To aid in localizing causal genes, we develop a machine learning approach, Objective Prioritization for
Enhanced Novelty (OPEN), which quantitatively prioritizes gene-disease associations based on a diverse group of
genomic features. This approach uses only unbiased predictive features and thus is not hampered by a preference
towards previously well-characterized genes. We demonstrate success in identifying genetic determinants for
CVD-related traits, including cholesterol levels, blood pressure, and conduction system and cardiomyopathy
phenotypes. Using OPEN, we prioritize genes, including FLNC, for association with increased left ventricular
diameter, which is a defining feature of a prevalent cardiovascular disorder, dilated cardiomyopathy or DCM. Using
a zebrafish model, we experimentally validate FLNC and identify a novel FLNC splice-site mutation in a patient with

Conclusion: Our approach stands to assist interpretation of large-scale genetic studies without compromising

Background
Genetic variant discovery offers two potential clinical ben-
efits: improved estimation of disease risk for individual
patients, and identification of novel therapeutic targets [1].
Although the predictive utility of common disease variants
has been modest, unexpected connections between genes
and diseases, such as the role of the complement pathway
in age-related macular degeneration [2], have emerged to
steer treatment strategies in promising, unforeseen direc-
tions [3].

Genetic studies can contribute to target discovery only
if the genes underlying the genotype-phenotype relation-
ship can be identified unambiguously. In the case of
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genome-wide association (GWA) studies, the associated
single nucleotide polymorphism (SNP) is typically only a
proxy for a block of variants with closely correlated
genotypes, so that the associated SNP is often termed a
tag SNP. The associated blocks can be separated by
many tens of kilobases (kb), and can overlap dozens of
genes [4], any one of which might harbor the causal
variant. The interpretation of sequencing-based studies
of human disease has also been challenging: the thou-
sands of potentially deleterious mutations in the human
genome have made it difficult to pinpoint the actual
causal gene(s) [5].

To resolve this ambiguity, investigators have turned to
‘pathway' approaches, where increased confidence in the
causality of genes is derived from genes at multiple loci
sharing some functional aspects [6]. Although such ap-
proaches have helped identify some commonality amongst
genes at implicated loci, such as the importance of the
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skeletal system in determining height [7], they typically
rely in whole or in part on biased, investigator-driven gene
annotation - for example, Gene Ontology (GO) terms
[8-11], protein-protein interactions from studies targeting
specific proteins of interest [12,13], or published abstract
co-occurrence [14]. This presents a paradox - despite
starting from unbiased genome-wide data, such pathway
approaches tend to identify only well-studied genes.

Genetic research in cardiovascular disease (CVD) has
fit the general pattern described above. Our understanding
of both Mendelian and complex forms of CVD has bene-
fited from the application of genome-wide technologies,
with hundreds of loci implicated in such important disease
traits as cholesterol and triglyceride level [15], cardiac
conduction phenotypes [16-20], and disorders of cardiac
muscle [21,22]. Nonetheless, progression from this vast
catalog of data towards actual therapeutic targets has been
hampered by the inability to separate causal genes from
bystanders.

As an aid to interpreting large-scale association and
sequencing data in CVD, we have developed a strategy
we term Objective Prioritization for Enhanced Novelty
(OPEN), a machine learning approach that prioritizes
causal genes based entirely on the sharing of unbiased
genomic features. Our approach uses either GWA loci
or Mendelian disease genes as a source of positive train-
ing examples, and derives a predictive model that can be
applied to score all genes in the genome for likelihood of
disease association. Using publicly available databases,
we compiled >40,000 genomic features capturing diverse
gene characteristics, none of which would be expected
to favor well-studied genes. We assessed our method on
a variety of cardiac traits using cross-validation and ob-
served strong performance. Furthermore, with the help
of OPEN-prioritized gene-disease associations from a
GWA study on left ventricular dimension, we identified
promising candidate causal genes that would otherwise
have failed genome-wide significance criteria. Three of
these genes (SVIL, FLNC, USP13) were validated in a
zebrafish model of cardiac function. Finally, we se-
quenced the exons of these prioritized candidates in
patients with idiopathic dilated cardiomyopathy (DCM),
and found one patient harboring a conserved splice-
site mutation in the novel cardiomyopathy-associated
FLNC gene.

Results

Here we describe 1) an overview of the OPEN approach,
2) assembly of unbiased genomic features we used, 3) the
objective use of prior experimental data to weight training
examples, 4) details of the OPEN algorithm, and 5) an
evaluation of performance, through cross-validation, expe-
rimental follow-up, and genetic sequencing of novel
candidate genes in patients affected with CVD.
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The OPEN strategy for prediction of causal genes

To perform OPEN, we start with a list of genomic loci
associated with a disease of interest, each represented by
a single tag SNP (Figure 1), or, in the case of Mendelian
disease, a list of genes previously implicated by linkage
or whole exome analysis. For GWA, we initially map
each tag SNP to neighboring genes in two steps. First,
we identify an associated block of SNPs in linkage dis-
equilibrium with the tag SNP (using a threshold r* value
of 0.5). Second, we identify all genes overlapping this
block (Figure 1A; Materials and methods). To account
for the fact that enhancers may act at a great distance,
we define genes by an inclusive interval extending 250
kbp to either side of a transcription start site. SNPs that
reside within the gene body, as defined by transcription
start and stop sites, are also assigned to the correspond-
ing gene. Additional SNPs are included on the basis of
linkage disequilibrium and nucleotide distance. For each
phenotype we identify loci containing tagSNPs, and the
gene(s) overlapping these loci represent our initial positive
training examples. At each locus, we then apply a weight
to each gene that reflects proximity to the tag SNP as well
as prior experimental evidence that implicates it in a rele-
vant biological process. Such evidence might include asso-
ciation with a Mendelian form of the disease, an ortholog
in a mouse model that exhibits a cognate phenotype, or
annotation with a GO term that is held by other genes
associated with the disease of interest. We then apply two
rounds of machine learning. The purpose of the first
round is to limit and refine the list of training examples
from among genes at disease-associated loci, while the
second round aims to score candidate genes according to
likelihood of disease association. The output of the first
round is a reduced subset of positive training examples
that stand out relative to their peers at each locus (see
Materials and methods). Genes are not selected from loci
which contain many genes unless they are high-scoring
outliers, while genes at sparse loci (loci containing a small
number of genes within the linkage disequilibrium win-
dow) have a high likelihood of being included. The second
round uses this enriched set of positive examples for train-
ing to derive a predictive model of disease association. For
predictions related to Mendelian disease association,
where there is no ambiguity in SNP-to-gene mapping,
the first round is skipped, and all training examples
are retained for the second round.

Note that, like all other disease gene prioritization
strategies, our positive training sets are derived through
use of the literature and other potentially biased infor-
mation sources. However, OPEN frees itself completely
from investigation bias in its use of unbiased genomic
features to assess similarity among genes and thereby
exploit these refined positive training examples to make
new predictions.
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Figure 1 A decision tree-based approach for causal gene prediction. (A) Mapping of SNPs to neighboring genes using a combination of
linkage disequilibrium (LD) information and the location of recombination hotspots. (B) Workflow applying OPEN for causal gene prediction at
GWA loci. GWA loci are represented by horizontal bars with individual genes represented by vertical bars. The bar height represents the probability
that a gene is causal for the phenotype of interest. Initially, all probabilities are equal. Probabilities are then preliminarily updated based on physical
distance from index variant or, optionally, if any prior experimental evidence links them to the phenotype of interest. These probabilities are used in
the sampling of positive training examples at each locus during the construction of decision trees. After a 'burn-in' phase, only genes meeting a
probability threshold are used as positive training examples. Through cross-validation, the output of the analysis is the log-odds of disease association
for all genes in the genome. GBM, gradient boosting machine. (C) Representation of a sample decision tree used for partitioning positive and negative
training examples. A classifier consists of multiple decision trees combined in an additive manner.

Genomic features

In principle, any gene feature expected to be held (or
avoided) in concert for disease genes can be used in this
approach. However, given our concern for biasing predic-
tions towards well-studied genes, we built an extensive set
of >40,000 features with minimal preference for previously
characterized genes. Genomic features were derived from
publicly available genome-wide expression data, trans-
cription factor binding information (both observed and
predicted), phylogenetic profiles, protein domain orga-
nization, and predicted microRNA (miRNA) targets
(Table 1). In most cases, preprocessing was required to

generate useful predictors. For example, for microarray
analysis, we automated downloading, normalization, clus-
tering, and differential gene expression analysis for 1,437
human and murine microarray data sets obtained through
the Gene Expression Omnibus (GEO) [23]. As a compari-
son to assess the impact of biased features on our predic-
tions, we also downloaded GO annotations and used each
of the 17,156 terms as descriptive features.

Principled prioritization
A recurring message in the interpretation of GWA data
for many traits is that, for a (sometimes small) subset of
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Table 1 Genomic features used in OPEN
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Data type Data source Number of features
Differential mRNA expression GEO - human 15,778
Differential mRNA expression GEO - mouse 4,780
Tissue mRNA expression - percentile Novartis Tissue Atlas 158
Tissue mMRNA expression - percentile Neurocrine Tissue Atlas 2,031
Tissue mRNA expression - comparison Neurocrine Tissue Atlas 141
mRNA expression clusters Liver 148
mMRNA expression clusters Multi-tissue 108
Protein domain organization Interpro 12,624
Predicted conserved TFBS Vista 2,336
Chip-Seq Encode/GEO 2,073
Predicted TFBS PWM (Jasper/Transfac/Uniprobe) 12,624
Predicted conserved TFBS Vista 2,336
miRNA predicted binding sites TargetScan 153
Phylogenetic profiles Ensembl 49

GEO, Gene Expression Omnibus; PWM, position weight matrix; TFBS, transcription factor binding site.

associated loci, the likely causal gene is obvious from
prior experimental work. Such evidence might include
linkage studies of a corresponding Mendelian disease or
might have emerged from the thousands of mouse genetic
models previously generated. In the case of lipid profiles,
for example, 16 of 21 genes involved in Mendelian forms
of cholesterol or triglyceride disorders (Additional file 1)
also harbor common variants significantly associated with
cholesterol/triglyceride levels in GWA studies. Similarly,
at least 10% of loci implicated in height contain at least
one gene that had been previously implicated in skeletal
morphology [7]. We sought to apply this information sys-
tematically as a source for weighting individual gene can-
didates within GWA loci, upweighting specific training
examples that were also causally mutated for a corre-
sponding Mendelian disease or that share GO or mouse
phenotype annotation with genes from other associated
loci (Materials and methods; Additional file 2). We also
used a more stringently defined set of these upweighted
training examples as 'likely positives' for performance met-
rics (see below).

An adaptation of the gradient boosting algorithm for
analyzing genetic loci

In principle, the OPEN approach is compatible with a
number of machine learning algorithms. We selected
and adapted the gradient boosting machine (GBM) algo-
rithm [24], in part because of its suitability for learning
problems where only a small fraction of features exam-
ined are informative [25], and because of the ability to
perform stochastic sampling of training examples, which
is well suited to the problem of finding the most likely
gene(s) explaining the association signal at GWA loci.
GBM, which was a critical component of the winning

'Netflix Grand Prize' solution [26,27], has been used
for a variety of biological and medical machine learn-
ing problems, including deciphering the tissue-specific
splicing code [28] and predicting clinical outcomes in
osteoporosis [29]. GBM builds an additive expansion
of small decision trees (Figure 1B), with each tree par-
titioning genes based on a series of informative features
differentiating positive and negative training examples.
Boosting is used so that successive decision trees focus on
classifying those examples that had been poorly differen-
tiated up to that point. Stochasticity is introduced by
subsampling positive and negative training examples for
each tree.

Machine learning using positive training examples
from GWA loci presents a particular problem because
of the organization of genes in the genome - specifically
the fact that genome often harbors clusters of contiguous
functionally related paralogs. Extreme examples include
the olfactory gene cluster at the 11p15.4 region, the his-
tone cluster at 6p22.1, and the interleukin receptor cluster
at 2q12. If one naively put all genes at all associated loci in
a 'bag' and looked for shared features, one could identify a
feature common to dozens of paralogous genes within
one locus that is not shared by genes within any other
locus. Under the assumption that one or perhaps only a
few genes underlie the GWA signal at any locus, it is
essential to find features shared across loci rather than
within loci. Our stochastic sampling scheme thus sampled
only a single gene at each locus, with probability of
sampling given by its weight.

Performance evaluation
Cross-validation was used to estimate the odds of disease
association for every gene in the genome. We initially
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focused on CVD complex trait phenotypes for which
GWA studies had identified 10 or more significantly
associated loci (Figure 2A-D). These included plasma
concentrations of cholesterol subfractions (high-density
lipoprotein-cholesterol (HDL-C), low-density lipoprotein
(LDL)-cholesterol, total cholesterol), plasma triglycerides,
hypertension/blood pressure, heart rate, and three elec-
trocardiographic phenotypes (QRS duration, QT interval,
PR interval, as well as pooled phenotypes of all of these).

The primary use of our causal gene prioritization is for
the correct ordering of a short list of genes, either within
a locus found through a GWA study or obtained through
filter-based variant prioritization for gene sequencing
studies. We therefore evaluated the results in three ways
compatible with these goals. First we used the area under
the receiver operating characteristic curve (AUROC),
which assesses the probability of successfully discrimi-
nating a randomly chosen positive training example from
a random negative example. Second, we used a permuta-
tion-based assessment of the chance that 'likely positives'
would rank near the top of the list of genes at each disease
locus (Materials and methods). This metric most closely
coincides with the needs of biologists pursuing GWA
signals, pedigree-based linkage peaks or filtered lists of
exome sequencing variants, where the goal is to identify
the most likely candidate among a limited subset of genes.
Finally, we used precision (fraction of predictions that are
correct, also known as positive predictive value) at specific
levels of sensitivity to assess whether an experimentalist
who did not have access to genetic data and instead pro-
ceeded down the list of predictions validating each one by
one would find a high percentage of successes.

Focusing on serum LDL-cholesterol as a phenotype,
cross-validation showed an AUROC of 0.91, indicating
excellent performance (an AUROC of 1 represents per-
fect classification, while a value of 0.5 is no better than
random chance; Figure 2A). Moreover, we were able to
prioritize 28 of the 38 total 'likely positive' genes at or
near the top of their respective loci (P < 0.0001, Fishers
exact test; Figure 2B,C). For example, at the 5q13.3 locus
we prioritized the statin target HMGCR as the most
likely causal gene, despite only using unbiased genomic
features as predictors. Similarly, at the 2p15 locus, we
prioritized EHBP1, which was recently shown to be
associated with the Mendelian LDL-cholesterol gene
and therapeutic target PCSK9 in murine and cellular
models [30]. Overall, performance figures for other car-
diac phenotypes were also excellent, with AUROC values
ranging between 0.75 and 0.9 (Additional file 3). Repeating
the analysis of cardiac phenotypes without the use of prior
information to up-weight training genes resulted in only a
moderate drop in performance (for example, from 0.85
to 0.80 for triglycerides, from 0.84 to 0.78 for cardiac
conduction phenotypes). This suggests that while prior
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evidence is certainly an asset for prediction, it does not
appear to be a requirement.

Performance estimates based on genome-wide preci-
sion or positive predictive value of highly ranked genes
were not as strong as AUROC results for classification
within implicated loci (Additional file 3). The precision
(positive predictive value) at 20% recall (sensitivity) ranged
from 2 to 6% for lipid profile traits, and lower for other
traits. While 2 to 6% precision is far better than would
have been expected by chance (for example 0.1% is ex-
pected for plasma triglycerides, P=6.6 10 ~°), whether it
is sufficient to justify sequential experimental validation of
targets depends on the value of identifying new causal
genes relative to the expense of the experimental validation
effort. Investigators may also have additional orthogonal
evidence that might be used to further enrich posi-
tives within this prioritized list, allowing a pinpointing
of causal genes.

Applying OPEN to non-cardiac traits

Given the breadth of our genomic features, OPEN should
be also effective in pinpointing causal genes across non-
cardiac phenotypes. We therefore extended our approach
to 26 additional non-cardiac traits, including autoimmune,
hematologic, metabolic and cancer phenotypes, and
observed strong success in prioritizing causal genes
(Additional files 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40 and 41).
For example, we successfully prioritize 27 of 35 likely
positives involved in type 2 diabetes and glucose pheno-
types (P <0.0001) with an AUROC of 0.83. Thus, OPEN
generalizes well to non-cardiac traits.

Applying OPEN to the heritable cardiomyopathies

In addition to complex types of CVD, there exist a
number of monogenic forms, which, in aggregate, are
significant contributors to cardiovascular morbidity and
mortality. The most prevalent form of monogenic CVD
are the cardiomyopathies (CMPs), which are debilitating,
frequently fatal diseases of the heart muscle, with a strong
heritable component [31]. CMPs have historically been
classified on the basis of anatomic and physiologic cha-
racteristics as belonging to hypertrophic (HCM), dilated
(DCM) or restrictive subtypes. Genetic linkage studies
have identified a number of disease genes underlying
HCM and DCM. Given that the first presentation of CMP
can be sudden cardiac death, knowledge of such genes
has been of considerable value in clinical care, as it
allows genetic screening of family members, resulting
in careful surveillance of mutation-carrying but asymp-
tomatic individuals and early implantation of life-saving
defibrillator therapy.
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(See figure on previous page.)

HDL, high-density lipoprotein.

Figure 2 OPEN successfully prioritizes causal genes for complex traits. (A) Receiver operating characteristic (ROC) curves for prioritization of
'likely positive' genes for LDL-cholesterol. (B) OPEN effectively prioritizes likely positives for low-density lipoprotein (LDL)-cholesterol within GWA
loci. A histogram shows the distribution of the number of genes prioritized by random chance over 10,000 independent simulations, with arrow
indicating the number prioritized by OPEN (P < 0.0001). (C) OPEN successfully prioritizes the statin target HMGCR at the 5q13.3 locus (left). A
heatmap depicts the six genes at the LDL-associated 5q13.3 locus, with the first four columns indicating which genes are near the index variant,
and which have been annotated with prior evidence via the Gene Ontology (GO), Mouse Phenotype Database (MPD) or through the Online
Mendelian Inheritance in Man (OMIM) database. The final column depicts the OPEN score, with color scheme from beige to dark purple indicating
increasing magnitude of the log odds for disease association provided by OPEN. At the 2p15 LDL-associated locus (right), OPEN ranks the un-annotated
EHBP1 gene highest. (D) Area under the ROC curve (AUROC) values for cardiac (left) and non-cardiac phenotypes (right). EKG, electrocardiogram;

Given that only 25 to 60% of familial cases of DCM or
HCM can be explained by our current census of CMP
genes [32,33], genetic studies of CMP patients remain a
priority. Unfortunately, GWA results have been difficult
to interpret, as causal genes are hard to differentiate
amongst the many genes harboring rare mutations [34].
To provide an unbiased, independent method of prio-
ritizing causal CMP genes, we applied our OPEN ap-
proach to HCM and DCM, using established causal
genes as training examples. OPEN successfully predicted
established CMP genes, as evidenced by an AUROC
of 0.88 and 0.96 for DCM and HCM, respectively
(Figure 3A). The prominent clustering of known CMP
causal genes at the top of the list (Figure 3B; precision at
20% recall of 19% for DCM and 42% for HCM) strongly
suggests that OPEN scores could be integrated with
sequencing data to choose candidates for experimen-
tal validation.

Interpreting GWA study data using Mendelian disease
predictions

We hypothesized that OPEN scores for Mendelian diseases
such as the CMPs could also be useful for interpreting
GWA study results for related phenotypes. For example, a
GWA study of DCM identified two loci at genome-wide
significance [22]. Overlaying OPEN DCM scores for each
of the genes at these loci revealed two promising candi-
dates (Figure 3C): BAG3, a recently identified causal DCM
gene [35], and HSBP7, a gene recently implicated in
protection against tachycardia-induced CMP [36] and
that also caused a reduction in cardiac output upon dis-
ruption in zebrafish [11].

Left ventricular diameter (LVD) is a heritable complex
trait that predicts incident congestive heart failure
and mortality [37]. A recent GWA meta-analysis of LVD
found only a single locus at genome-wide significance
[21], though interestingly, the locus includes PLN (which
encodes phospholamban), a known DCM gene [38]. Given
the phenotypic similarity between DCM and enlarged
LVD, we hypothesized that OPEN scores for DCM would
be useful to prioritize genes at LVD loci, even if these
failed to meet genome-wide significance in GWA analysis.
We first selected all SNPs with a nominal P-value of

510 ° (considerably less stringent than the conven-
tionally accepted threshold of 5 10 ® for significance),
mapped these to neighboring genes, and looked for
any loci where the top-ranked gene (according to
DCM score) had a higher score than that expected
based on random chance (see Materials and methods).
We found 11 such loci (of which 10 were multigenic;
Figure 4). For four of these loci, the top gene accord-
ing to OPEN had been shown to be mutated in DCM
(PLN, ACTN2, TNNT2, TTN) [39], while for two
others, the top gene was known to be mutated in
HCM (MYL2) or an arrhythmogenic form of cardiac
disease (CASQ2) [40]. For two more, the top gene
(GBEI and APOBEC2) affects heart contractile func-
tion in animal models [41,42]. Note that the OPEN
procedure is clean, in the sense that the score for any
given gene is derived from models that never used
that gene in training. Overall, the 'insignificant' LVD
GWA loci were highly enriched for genes causing
inherited abnormalities of the heart muscle (P =8
10, odds ratio = 7.65, Fishers exact test).

Validating prioritized candidates in zebrafish

We focused on the remaining candidates (USPI13,
FLNC, SVIL), which, at the time of our study, had no
known link to cardiac function but were attractive given
that: 1) they were found in loci that had been associated
with LVD; and 2) they had high OPEN scores for DCM
despite having a small number of genes at their locus.
All three ranked highly on our overall genome-wide
ranking of DCM candidates with FLNC being the num-
ber 2 candidate overall, USP13 number 105, and SVIL
number 298. We knocked each of these down in embry-
onic zebrafish and looked for evidence of phenotypic
change. All three demonstrated abnormalities in cardiac
morphology or function (Figure 5). Specifically, micro-
injection of a morpholino targeting USPI3 caused a
dose-dependent decrease in cardiac output. Notably,
this decrease was due to both decreased ventricular
stroke volume and heart rate (Figure 5A). Next,
although previous efforts have described skeletal
muscle-specific defects following morpholino-based
introduction of a premature stop codon in fIncb (one of
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two zebrafish orthologs of human FLNC [43]), cardiac
defects related to FLNC have not been explicitly de-
scribed. Following injection of a splice-blocking morpholino

logical

we noted obvious distention of the atrium and backflow
upon cardiac contraction (Additional file 42). Immuno-
staining

confirmed hypertrophy of atrial
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v

cardiomyocytes (Figure 5B). Additionally, optical mapping
showed a decrease in ventricular conduction velocity in
isolated hearts following fluch splice inhibition com-
pared with sham-injected controls, suggesting alterations
in junctional remodeling and cell-cell coupling (Figure 5B).
Finally, knockdown of our third candidate, SVIL, caused
obvious pericardial edema at low morpholino doses
(Figure 5C) with optical mapping confirming an under-
lying decrease in atrial conduction velocity.

To evaluate the extent to which incorporation of biased
features may compromise prioritization of previously un-
studied genes, we repeated the OPEN predictions for
DCM but included as predictive features >17,000 GO
categories. We noted that our experimentally validated
candidate USP13 dropped from 105 in our overall ranking
of genes in the genome down to 1,614 - which, depending
on the validation strategy and budget, would likely have
removed it from consideration for experimental follow-up.
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decrease in cardiac output, due to both a decrease in heart rate and ventricular stroke volume. (B) Injection of a morpholino (MO) targeting a
specific splicing event in FLNCb (see Materials and methods) caused apparent cardiac-specific defects. Images on the right show embryos at

48 hours post-fertilization (hpf) with decreasing injected morpholino concentration. Optical mapping confirmed a significant decrease in cardiac
conduction velocity in isolated hearts following FLNCb splice inhibition (top right: isochronal maps on right, red box indicates measured region of
interest, isochrones are 5 ms apart). Conduction velocity was unaltered in other regions of the heart (middle right: bar graph, regions examined
were atrial inner curvature (AIC), atrial outer curvature (AOC), AV node (AV), ventricular inner curvature (VIC), and ventricular outer curvature
(VOCQ)). Additionally, FLNCb splice inhibition resulted in increased atrial cardiomyocyte size (bottom left: beta-catenin stained in green, DAPI in
blue, V and A denote ventricle and atria, respectively). RT-PCR confirmed inhibition of the predicted splicing event in FLNCb (bottom right). (C)
Knockdown of SVIL causes cardiac edema as well as noticeable spinal curvature at higher morhpolino doses, with only cardiac edema notable at
lower doses. Images on left again show decreasing morpholino dose at 48 hpf. Optical mapping (right) confirmed a significant decrease in atrial

conduction velocity following SVIL knockdown. ***P < 0.001, **P < 0.01, *P < 0.05.

Validation of prioritized candidates through targeted
exon sequencing in DCM patients

Given our experimental results, we hypothesized that
our prioritized list of DCM candidates may in fact help
identify disease-causing variants in actual patients. We
designed capture probes corresponding to all known
exons of established (34) and candidate (13) DCM genes
and genotyped 60 patients with idiopathic DCM using
next-generation sequencing at extremely high depth
(>700-fold). We focused on mutations with severe delete-
rious consequences, including nonsense, frame-shift, and

canonical splice acceptor/donor disruptions. In addition to
finding several truncating mutations in established DCM
genes (data not shown), we identified in one patient with
severe DCM (left ventricular ejection fraction of 25% and
incessant ventricular tachycardia) a novel splice acceptor
mutation in FLNC (c.3791 - 1 G>C) that is predicted to
lead to exclusion of a 53 amino acid exon and result in a
frame shift. For this patient, no established DCM genes
harbored predicted pathogenic mutations and a survey of
more than 7,500 control samples revealed no comparably
damaging mutations in FLNC (see Materials and methods).
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Although informed consent issues preclude establishment
of segregation at this time, this is, to our knowledge, the
first implication of an FLNC mutation in a CMP.

Discussion

Here we have demonstrated a novel approach (OPEN)
for unbiased disease-gene prioritization following genetic
screening. The OPEN approach is based on the use of
an informative collection of unbiased genomic features
coupled with a principled strategy towards incorporating
prior knowledge in the weighting of training examples.
OPEN provided demonstrably high quality predictions
for CMPs, but also had excellent performance across
multiple disease categories, suggesting that OPEN could
readily be expanded to any trait of interest. We then
demonstrated the practical utility of our approach through
prospective validation of candidate causal cardiovascular
disease genes in zebrafish and through genetic sequencing
of human cardiac disease patients.

With the discovery of a conserved splice site mutation
in FLNC in a patient with DCM, we propose a new
candidate for diagnostic testing of DCM patients. Since
fewer than 50% of DCM patients receive a positive result
from genetic testing [44], additional disease genes are of
particular value, as positive mutation information can
influence intensity of screening and implementation of
preventive therapies. Although FLNC had previously been
linked to myofibrillar myopathy [45], a disease of the skel-
etal muscle, it had not been implicated in cardiac disease.
Consistent with the behavior of such genes as BAG3, DES,
TTN, and CRYAB, FLNC appears to demonstrate plei-
otropy, with varying degrees of skeletal or cardiac manifes-
tations in individual patients.

Interestingly, despite several years of GWA studies, it
is still challenging to identify the most likely causal gene
within a locus, even after exhaustive experimental valid-
ation of multiple candidates [46]. At some loci, such as
the 1p36 hypertension locus, a large number of genes ap-
pear to play a causal role [47]. This multiplicity of causal
genes justifies our strategy of scoring all genes at a locus
rather than simply choosing one candidate as the most
likely.

While broadly applicable, the OPEN approach does
have some notable limitations. First, as in any learning
approach, there was generally poorer performance in
those cases where training information was sparse. How-
ever, even in some cases with an apparent abundance of
training information, such as was available for weight
phenotypes, performance was poor (AUROC 0.65). This
is analogous to what we have seen for phenotype predic-
tions in other organisms [11], as genetic heterogeneity of
a particular phenotype or trait can cause ambiguity in
the predictions, manifesting as poor performance.
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Additionally, precision-recall rates were lower than
expected based on comparable AUROC results; however,
there are several potential explanations for this observa-
tion. First, there is the challenge of knowing the actual
true positive for performance evaluation. We have used
a deliberately simple heuristic approach to selecting a
likely positive', but in many cases this may be incorrect,
and other genes we prioritize at a given locus may be
playing a more substantial causal role. Similarly, there
may be false negatives among those genes we have
ranked highly that have not (yet) been found within
disease-associated loci. Some of these may in fact play a
role in the disease process but lack a common variant that
regulates their expression substantially in the cohorts that
have been studied and thus are not likely to be discovered
through GWA. Additionally, our unbiased genomic fea-
tures may simply be too weak to identify relationships
among causal genes that differ widely in terms of patho-
genic mechanism. Consequently, as unbiased genome-
scale data continue to be generated in disease-relevant
mammalian models and cell culture lines, we expect the
accuracy of the OPEN approach to increase in turn.

Finally, at this time, we were not able to incorporate
expression quantitative trait loci information into our
scheme, in part because it is lacking at sufficient scale for
the majority of human tissues. Moreover, even with ad-
equate expression quantitative trait loci information, one
often fails to pinpoint a single causal gene and can still be
left with a list of genes for further prioritization. However,
this could in the future serve as one of many potentially
valuable orthogonal data types to refine predictions.

Conclusions

We have described a principled strategy for prioritizing
causal disease genes that demonstrates great success in
identifying causal genes for a number of CVD-related
traits. By virtue of its reliance on unbiased predictive
features, our approach should contribute to the discovery
of causal genes using the vast amounts of genetic data
emerging from genotyping and sequencing technologies.
As genetic data continue to emerge from SNP-array and
sequencing technologies, developing techniques capable
of quickly identifying underlying causal genes will be
essential for disease diagnosis and treatment.

Materials and methods

Adaptation of the gradient boosting machine algorithm
for OPEN

The GBM algorithm [24] uses an additive expansion
of decision trees to determine probabilities for objects
(genes in this case) belonging to classes (diseases) of
interest. The boosting aspect refers to the fact that
every successive tree in the expansion focuses on ac-
curately classifying those training examples predicted
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poorly by the previous trees. In this way, the prediction
accuracy is incrementally improved with each successive
tree. Stochasticity is introduced by selecting a subset of
training examples for each tree. For every tree, at each
split point, features are selected to minimize a loss func-
tion (absolute loss, in this case) that reflects the difference
between the actual values of the training examples (1 for
positive training examples and 0 for negative training ex-
amples) and the predicted probabilities (between 0 and 1)
generated by the ensemble of decision trees to that point.
All features are considered for every tree; although this
substantially improves performance in situations where
the percentage of predictive features is very low, which we
expected to be the case for gene-disease predictions, it
requires other measures to prevent overfitting. For GBM,
overfitting is minimized by: 1) selecting only a subset of
training examples per tree; 2) the height of the trees per-
mitted (number of terminal leaves); 3) the weight added to
the log-odds output of each tree (a shrinkage parameter);
and 4) the number of trees in the expansion. We opti-
mized all parameters for disease class prediction.

We used six rounds of eight-fold cross-validation, and
for each round built an additive expansion of sixty small
trees, each with three split points (four terminal leaves).
Cross-validation involved holding out a fraction of loci
from GWA studies, or a fraction of genes for Mendelian
diseases. For each tree, stochasticity was introduced by
using genes from 70% of loci (or in the case of Mendelian
diseases, 70% of genes) to provide positive training exam-
ples. Matching numbers of negative training examples
were selected. After each tree was completed, we updated
the function relating predictive variables to disease class,
which could be transformed to provide a log-odds of
disease association for every gene.

For GWA-based prediction, we took a probabilistic
approach to selecting positive training examples for each
tree. Initially, all genes at a locus were assigned a null
probability of being the causal gene (represented by a
score of 0). We then increased the score by 5 for those
genes with a transcription start site within a certain
distance from the index variant (50 kb), based on the
reasoning that if this proves to be the causal variant, it is
more likely to influence expression of neighboring genes.
Quantitative models of transcription based on empirical
data have documented a substantial contribution of tran-
scription factor binding sites (TFBSs) influencing expres-
sion up to 50 kb from the transcription start site [48].

We also explored upweighting the initial score assigned
to positive training examples based on prior experimental
evidence of involvement in a similar disease or biological
process. The majority of prior GWA experiments have
demonstrated that multiple loci underlying complex traits
include genes already demonstrated to influence a com-
parable trait, either in model organisms, cell lines, or in
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Mendelian forms of the disease. We sought to use this in-
formation for two purposes: reweighting positive training
examples, and performance assessment (see below).
For each complex trait studied, we consulted three
separate ontologies for related terms: the GO, the Mouse
Phenotype Database (MPD), and the Human Phenotype
Ontology Database (derived to characterize diseases
within the Online Mendelian Inheritance in Man (OMIM)
database). To identify GO terms enriched at GWA loci for
a given trait, we took the list of genes close to the index
variant and submitted these to the Funcassociate server
[49]. All GO terms with a multiple hypothesis testing
adjusted P-value of <0.05 and log odds score of >1 were
selected and all genes annotated to those terms and within
GWA loci increased in score by 5. We performed a similar
approach using phenotype-to-gene mappings derived
from MPD. In the small number of cases where no term
was significantly enriched at p-adj <0.05 and log odds
score >1, we relaxed one or both of these criteria if the
annotation and GWA trait appeared consistent from a
biological perspective.

Thus, for every gene within a GWA locus, we in-
creased its initial score by 5 for each form of evidence
that supported its implication in regulating the phenotype
of interest (we did not attempt to optimize the relative
weights contributed by each form of evidence). Thus, a
gene could have a maximum initial score of 20 (5 points
for proximity, and 5 points for implication by OMIM,
GO, and MPD) and a minimum score of 0. For loci where
there was only a single gene, this gene was given a score
of 1. The scores were converted to probabilities by as-
suming a total probability of 1 at each locus. Genes with
a score of 10 or higher were treated as 'likely positives'
(Additional file 2) to assess performance of OPEN
predictions.

For GWA-based prediction, a 'burn-in' set of 20 trees
was used to narrow the number of positive training ex-
amples towards a higher confidence set. At every locus,
each gene started off with a score between 0 and 20, and
a corresponding probability of being the causal gene. For
each tree, 70% of loci were selected, and at each locus, a
single positive training example was selected based on
this probability distribution for causality. Features were
selected to differentiate positive and negative training
examples, and the log-odds of disease association calcu-
lated for each positive training example. The score of the
gene at each locus with the highest OPEN-determined
log-odds of disease association was then increased by 1
and the process repeated. After 20 trees, the total score
for every locus was tallied, and only those genes with
scores >25% of this amount were kept as positive training
examples. The respective scores of these genes were then
fixed and used for probabilistic sampling for the subse-
quent 60 trees.
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For Mendelian disease gene prediction, we did not
require similar elaborate measures to narrow positive
training examples. Consequently, no 'burn-in' period was
used - and 60 trees were built for classification for each
of six rounds of eight-fold cross-validation.

Predictive genomic features used for OPEN

Expression microarray

Overview of microarray processing Microarray data were
analyzed using R/Bioconductor [50]. Raw data were ini-
tially normalized by robust multi-array averaging (RMA)
[51] using a custom Chip Description File (CDF) from
the Michigan Microarray Lab Version 13) [52]. The
Michigan Microarray Lab CDF reanalyzes and matches
each probe sequence to the most current gene anno-
tation and produces summarized expression values. Dif-
ferential gene expression was determined using limma
[53], with a Benjamini-Hochberg [54] adjustment ap-
plied for multiple hypothesis testing.

mRNA tissue expression Complete datasets correspon-
ding to the GNF Body Atlas [55] and Neurocrine Tissue
Atlases [56] were downloaded from GEO (GSE7307). The
GNF atlas includes 158 microarrays corresponding to 79
different human tissue types (2 technical replicates). The
Neurocrine atlas includes 676 microarrays corresponding
to 65 human tissue types or cell lines (normal and/or dis-
eased), from 10 donors (a total of 141 conditions were
available - such as 'normal prostate' or 'diseased prostate’).
Intensities for the GNF arrays were averaged across re-
plicates. For each tissue atlas, the intensity corresponding
to the 75™, 90™ and 99™ percentile across all tissues was
identified. Only those probesets mapping uniquely to a
single gene were considered, and for those genes mapping
to multiple probesets, the probeset with the highest mean
expression across all tissues was used. Each combination
of percentile threshold and array was included as a single
feature, with 1s and Os assigned to genes whose expression
exceeded or fell below the percentile cutoff, respectively.
Imputation was performed for any genes not included on
the microarrays.

Differential gene expression We hypothesized that
genes may have distinctive expression in specific tissues,
although not necessarily having high abundance. Thus,
for each of the 141 tissue or cell line expression datasets
mentioned in 2.1.2, we computed a list of genes that
were significantly over-expressed relative to all other tis-
sues (false discovery rate <0.05). Each gene list constituted
a single feature.

Gene signatures We devised an automated approach to
determine gene signatures for a large number of micro-
arrays experiments deposited in GEO. First we identified
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all experiments performed on the two most commonly
used microarray platforms: Affymetrix Human Genome
U133A Plus 2.0 and Affymetrix Mouse Genome 430 2.0
Array. Next, for each experiment we downloaded all the
corresponding microarrays, normalized them, and per-
formed hierarchical clustering of samples using the hclust
function in the R statistical framework [57]. We defined
individual sample groups based on multiple cutpoints
along the dendrogram (corresponding to tree heights of
0.975, 0.95, 0.925) and evaluated differentially expressed
genes between groups using limma [53]. Features consisted
of genes that were significantly changed (false discovery
rate <0.15) for a given comparison. Separate features were
derived for up- and down-regulated genes. We were able
to derive features from 1,048 data series on the Affymetrix
Human Genome U133A Plus 2.0 platform, and from 389
data series on the Affymetrix Mouse Genome 430 2.0
Array platform.

Model-based clustering We performed model-based
clustering using the mclust package in R to identify genes
with correlated expression patterns [58]. Clustering was
performed on the Neurocrine tissue atlas (108 total clus-
ters), as well as on a dataset of 427 human liver samples
(GSE9588) [59]. Membership in each cluster was used as a
single binary feature.

Transcription factor binding sites

Evolutionarily conserved transcription factor binding
sites A list of predicted TFBSs based on evolutionary
conservation was downloaded from the ECRbase (Data-
base of Evolutionary Conserved Regions) website [60].
The exact file used was tfbs_ecrs.hgl8mm9.v102.txt. In
this file, evolutionarily conserved sites were identified and
mapped to transcription factors in the TRANSFAC v9.4
database [61]. Chromosomal positions provided by
the authors were mapped to Refseq genes within
25 kb, and for each gene the number of each TFBS
was tallied. Four discrete features were created for
each TFBS, with a feature corresponding to whether a
gene had 1, more than 1, more than 2, or more than
3 copies of the TFBS. Thus, a gene with five copies
of a given TFBS would have 1s for all the above fea-
tures while a gene with two copies would have a
score of 1, 1, 0 and O for the four features, respectively.
Since genes vary widely in the number of TFBSs, including
these four different features of varying stringency in-
creased the likelihood of having at least one informative
feature for every TFBS (that is, not predominantly 1s or Os
for every gene).

Chip-Seq and ChIP-chip transcription factor binding
sites The results of 691 individual ChIP-chip or ChIP-Seq
experiments were downloaded from GEO [62] or the
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UCSC Genome Browser [63] and used to generate predict-
ive features. Each binding site was mapped to all nearby
genes (within 10 kb). Since genes could have one or more
nearby binding sites, we determined the number of binding
sites corresponding to the 75, 90 and 99™ percentile.
Each cutoff was used to derive a separate feature.

Predicted transcription factor binding sites Genome-
wide TFBSs were predicted for 809 position weight
matrices (PWMs). The matching of a PWM to a sequence
was determined using an entropy-weighted motif match
score (MMS) defined as:

Zb: > wilog, (f/p,)
]

MMS -

The MMS involves comparing the observed frequency
J»j of base b at each position j in the PWM with the
background frequency of that base p,, in the genome and
summing over the length of the motif. The weight w; at
each position in the PWM is a function of the informa-
tion content:

wp 2- Z log, (f bj)

The MMS thus upweights matches at positions
where there is less ambiguity as to which base is pre-
ferred. We found that this modification resulted in more
consistency between binding sites predicted by PWMs
generated by different motif finding programs and greater
agreement with those predicted using PWMs in publicly
available databases (TRANSFAC [61] and JASPAR [64]).

Thresholds for determining the score required for a
match were determined separately for each motif by
generating the empiric distribution of scores for DNAse
accessible regions across a range of tissues. These scores
were fit to a three-component mixture model using the
mclust package [58]. The three components were inter-
preted as representing 'high confidence’, 'intermediate
confidence' and 'low confidence' binding, and the lowest
value for the 'high confidence' group used as a threshold
for binding. Binding sites were mapped to genes as
described for 'ChIP-Seq and ChIP-chip TFBSs'.

Protein domain composition

Protein domain compositions were extracted from the
file protein2ipr.dat downloaded from the Interpro web
site [65]. For each protein domain, we generated a single
feature corresponding to all proteins with one or more
domains of that type. A total of 12,623 protein domains
were included as features.
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Predicted miRNA binding sites

Predicted target sites for 153 miRNAs were downloaded
from the TargetScan database [66], with targets for each
miRNA used as a single feature.

Phylogenetic profiles

Phylogenetic profiles, consisting of the presence or absence
of human gene orthologs in 49 other species, were down-
loaded from the Ensembl database [67]. Presence or ab-
sence of an ortholog in each species was used as a feature.

Phenotype-to-gene mapping

The 'Catalog of Published Genome-wide association
Studies' was downloaded from [68]. The catalog reports
the top SNPs from >200 GWA study publications, along
with P-values of association and a phenotype descrip-
tion. We mapped nearly all GWA study phenotypes to
an ontology of phenotype(s), based on the Human
Phenotype Ontology [69]. Phenotypes with insufficient
numbers of training examples were pooled into composite
phenotypes (Additional file 43). We selected a P-value
threshold of 5 10 ®, and mapped all SNPs that met this
criterion to the corresponding phenotype. Most pheno-
types included multiple SNPs, often from multiple GWA
study publications. We then mapped SNPs to genes,
broadly following a previously described strategy [14] with
some modifications. An interval was defined for each SNP
to include all SNPs in the HapMap [70] that were within
an r” of 0.5 of the tag SNP. Each interval was then ex-
tended out to the next recombination hotspot, which was
obtained from the SNP Recomb Hots Track in the UCSC
Genome Browser and mapped to hgl8 using the liftover
tool. Given that enhancers can act at considerable dis-
tance, we then extended each locus outward an additional
250 kb. All genes whose transcription start site position
was included within the SNP interval were then mapped
to that SNP (and therefore to the corresponding pheno-
type). If no gene was found within the SNP interval, the
SNP interval was extended 50 kb upstream and down-
stream of the SNP position and the search for overlapping
genes repeated.

For HCM and DCM we started from several recent
reviews [39,71,72] of genes implicated through family
studies and updated these with any additional examples
from the literature and commercial genetic testing panels
that had not been considered (Additional file 44).

Performance assessment

ROC curves

Receiver operating characteristic (ROC) curves evaluate
the sensitivity and specificity of prioritizing true positives.
Although 'true positives' are clear for Mendelian disease
prediction, no such list exists for any GWA trait. Instead
we used the 'likely positive' gene set, which should not be
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biased towards our predictions (see the "Adaptation of the
gradient boosting machine algorithm for OPEN' section
above). The AUROC and precision-recall statistics were
determined using the ROCR R package and in-house
scripts [11]. Statistical significance of the observed pre-
cision at 20% recall was determined by assuming a bino-
mial distribution for the inclusion of 'likely positive' genes
within any given subset of genes.

Permutation approach to assess the significance of gene
rankings

Prioritization of 'likely positives'

We assessed the significance of prioritization of 'likely
positives' by using as our test statistic the number of
times a 'likely positive' candidate was found in the top
three ranked genes across all loci for a trait. For loci with
three genes, we counted the number of instances where
a likely positive gene was in the top two, and for loci
with two genes, we counted the number of instances of
ranking the likely positive gene the higher of the two. To
evaluate the significance of this result, we determined
the null distribution of the test statistic by permuting
the ranks of genes at each loci 10,000 times.

High scoring top-ranked genes at LVD loci

To evaluate the statistical significance of top ranked
scores at the LVD loci, for each locus mapping to n
genes, we generated the null distribution of scores by
randomly sampling 7 genes from the distribution of
scores 10,000 times, and recording the top score for
each iteration. The empirical P-value was computed by
identifying the fraction of iterations with top scores
equal to or greater than the observed score.

To compute the enrichment of cardiomyopathy genes
among LVD loci (478 genes; Additional file 45), we con-
structed a list of 48 genes causally mutated in CMPs
(Additional file 46) and performed Fishers exact test,
assuming a ‘universe' of 21,626 genes. We found seven
genes at the intersection: ACTN2, MYL2, PLN, RYR2,
TMEM43, TNNT2, TTN. We did not consider CASQ2,
which is responsible for a primarily arrhythmogenic phe-
notype in humans, as a success, although it does result in
ventricular defects in animal mutants [40].

Experimental validation of LVD prediction in zebrafish
Zebrafish morpholino injection

ATG- and splice-blocking morpholinos were designed
using Gene Tools oligo design service [73]. Resulting
morpholino sequences were aligned against the zebrafish
genome using BLAST [74] to ensure a lack of off-target
binding. Morpholinos were re-suspended in sterile water
to a concentration of 1 mM and diluted to working
concentration with Danieaus solution (58 mM NaCl,
0.7 mM KCl, 0.4 mM MgSQO,, 0.6 mM Ca(NOs),, 5 mM
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HEPES). Male and female wild-type adult zebrafish were
housed and embryos bred using standard protocols [75].
Morpholinos were introduced into the zebrafish yolk via
microinjection at no later than the two-cell developmental
stage. Injected embryos were then kept at 28.5C in E3
solution (5 mM NaCl, 0.17 mM KCl, 0.33 mM CacCl,,
0.33 mM MgSQO,).

Measurement of cardiac output

Videos at 250 fps of beating hearts were taken from live
48 hours post-fertilization (hpf) embryos using an Axioplan
(Zeiss) upright microscope with a 5 objective lens and a
FastCam-PCI high-speed digital camera (Photron USA).
In-house software (implemented in MATLAB [76]; avail-
able upon request) was used to determine heart rate from
sequential image files, while measurements of ventricular
long and short axis in both diastole and systole were ob-
tained manually for each video using Image]J [77] and used
to estimate chamber volume using standard geometric as-
sumptions. Cardiac output was then calculated as diastolic
minus systolic ventricular volume multiplied by heart rate,
as previously described [11].

Voltage mapping

Hearts were isolated from embryos at 48 hpf and stained
with the transmembrane-potential-sensitive dye di-8-
ANEPPS (Life Technologies, Carlsbad, CA, USA). Resul-
ting fluorescence intensities were recorded with a high-
speed charge-coupled-device camera (RedShirtImaging,
Decatur, GA, USA) and images analyzed using software
implemented in MATLAB [76]. For all comparisons
regions of interest were determined and compared be-
tween morpholino injected embryos and controls from at
least two separate mate pairings using a two-sided
Students ¢-test.

Immunostaining

Hearts were isolated from embryos at 48 hpf and fixed
using Prefer fixative (Anatech, Battle Creek, MI, USA).
Fixed hearts were permeabilized using Phosphate Buffered
Saline with Tween 20 and incubated overnight with a
1:200 diluted mouse anti-beta-catenin primary antibody
(BD Biosciences, San Jose, CA, USA), then subsequently
incubated with a 1:1,000 diluted donkey anti-mouse Alexa
Fluor 488 conjugated secondary antibody (Life Technolo-
gies). Hearts were mounted using ProLong Gold Antifade
Reagent with DAPI (Life Technologies) and imaged using
a Leica SP5X laser scanning confocal microscope at
63 magnification. Resulting images were analyzed
using Image].

Capture-based sequencing
NimbleGens SeqCap EZ Choice technology was used to
construct oligonucleotide probes complementary to all
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exons (Ensembl GRCh37) of 116 genes involved or
predicted to be involved in Mendelian forms of cardiac
disease (Additional file 47). To identify established
DCM candidates, we started from several recent reviews
[39,71,72] of genes identified through family studies and
updated these with any additional examples from the
literature and commercial genetic testing panels. We in-
cluded 13 additional candidates from our OPEN DCM
candidates, primarily guided by interests in proteostasis
and cardiac-specific splicing as well as three prioritized
candidates from the LVD GWAS (FLNC, USP13, SVIL).
Genomic DNA from 60 patients with idiopathic DCM
enrolled in the Heart Failure Clinic at the University of
California San Francisco was prepared using the Kapa
Biosystems Library Preparation Kit, hybridized to the
capture probes, and sequenced on an Illumina HiSeq 2000
sequencer. Multiplexing of 24 samples per lane of the se-
quencer flow cell yielded a median coverage of >700-fold,
with fewer than 30 base pairs per sample having less than
30-fold coverage. Assembly was performed using bwa
[78] and variants called using the GATK [79] (Additional
file 48). Sanger sequencing was used to validate the FLNC
splice site mutation. To assess the rate of FLNC mutations
in controls, Variant Call Format files for the NHLBI
Exome Sequencing Project [34] and 1000 Genomes Pro-
ject [80] (1000 Genomes Project Consortium, 2010) were
downloaded and annotated for functional consequence.
The NHLBI exome data included two rare out-of-frame
deletions (chr7:128498119 CTG > C and chr7:128498167
CCA > C) mapping to the carboxy-terminal 5% of the
protein, a location of enrichment for common indels
[81]. No similarly deleterious mutations were found in
the 1000 Genomes data. Informed consent precludes
re-contacting individuals for further study.

Ethics

Human genetic studies were performed according to in-
stitutional guidelines and with the full approval of the
University of California San Francisco Committee on
Human Research (CHR #H1083-33104 and #10-00207)
and all studies performed were in keeping with the ori-
ginal informed consent forms.

All zebrafish experimental work conforms to the Guide
for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No.
85-23, revised 1996).

Data deposition
Source code is available for download under a Creative
Commons License at [82]. Sequencing data have been
deposited in the Sequence Read Archive (SRA) under
BioProject accession SRP049169.

OPEN predictions for GWA loci are available at
http://cvri.ucsf.edu/~deo/disease_mapping.html.
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Additional files

Additional file 1: Table S1. The genes shared between Mendelian lipid
disorders and GWA loci for lipid traits.

Additional file 2: Table S2. Genes at the overlap of experimental
evidence and GWA loci.

Additional file 3: Table S3. OPEN performance metrics.
Additional file 4: Table S8. OPEN predictions for height.
Additional file 5: Table S9. OPEN predictions for rheumatoid arthritis.

Additional file 6: Table S10. OPEN predictions for electrocardiogram
phenotypes.

Additional file 7: Table S11. OPEN predictions for QT interval.

Additional file 8: Table S12. OPEN predictions for cardiac conduction
phenotypes.

Additional file 9: Table S13. OPEN predictions for platelet phenotypes.

Additional file 10: Table S14. OPEN predictions for white blood cell
phenotypes.

Additional file 11: Table S15. OPEN predictions for leukemia.

Additional file 12: Table S16. OPEN predictions for inflammatory
bowel disease.

Additional file 13: Table S17. OPEN predictions for asthma.
Additional file 14: Table S18. OPEN predictions for uric acid levels.
Additional file 15: Table $S19. OPEN predictions for Alzheimer disease.
Additional file 16: Table $20. OPEN predictions for celiac disease.
Additional file 17: Table S21. OPEN predictions for cancer.

Additional file 18: Table $S22. OPEN predictions for systemic lupus
erythematosus.

Additional file 19: Table $S23. OPEN predictions for breast cancer.
Additional file 20: Table S24. OPEN predictions for colon cancer.

Additional file 21: Table $25. OPEN predictions for high-density
lipoprotein (HDL)-cholesterol.

Additional file 22: Table $S26. OPEN predictions for psoriasis.
Additional file 23: Table $27. OPEN predictions for weight phenotypes.
Additional file 24: Table $28. OPEN predictions for bone density.
Additional file 25: Table $29. OPEN predictions for PR interval.

Additional file 26: Table $30. OPEN predictions for chronic
lymphocytic leukiemia.

Additional file 27: Table $31. OPEN predictions for coronary artery
disease.

Additional file 28: Table $32. OPEN predictions for total cholesterol.

Additional file 29: Table $33. OPEN predictions for type | diabetes
mellitus.

Additional file 30: Table $34. OPEN predictions for LDL-cholesterol.

Additional file 31: Table S35. OPEN predictions for blood pressure
phenotypes.

Additional file 32: Table $36. OPEN predictions for triglycerides.
Additional file 33: Table $37. OPEN predictions for multiple sclerosis.
Additional file 34: Table $38. OPEN predictions for QRS duration.
Additional file 35: Table $39. OPEN predictions for heart rate.
Additional file 36: Table $S40. OPEN predictions for C-reactive protein.
Additional file 37: Table S41. OPEN predictions for glucose phenotypes.

Additional file 38: Table S42. OPEN predictions for RBC and iron
phenotypes.

Additional file 39: Table S43. OPEN predictions for kidney function.

Additional file 40: Table S44. OPEN predictions for primary biliary
cirrhosis.

Additional file 41: Table S45. OPEN predictions for fibrinogen.
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Additional file 42: Video. Cardiac imaging of the flnc morphant.

subsets for machine learning.

Additional file 44: Table S4. Genes used for training for HCM and
DCM predictions.

Additional file 45: Table S7. Genes with nominally significant GWA
loci for LVD.

Additional file 46: Table S5. Genes implicated in Mendelian forms of
cardiomyopathy.

Additional file 47: Table S6. Genes whose exons are included on the
targeted sequencing panel.

Additional file 48: Table S47. Mutations in the 13 candidate DCM
genes sequenced in DCM patients.

Additional file 43: Table S46. Phenotypes merged together into larger

Abbreviations

AUROC: area under the receiver operating characteristic curve;

CMP: cardiomyopathy; CVD: cardiovascular disease; DCM: dilated
cardiomyopathy; GBM: gradient boosting machine; GEO: Gene Expression
Omnibus; GO: Gene Ontology; GWA: genome-wide association;

HCM: hypertrophic cardiomyopathy; hpf: hours post-fertilization; kb: kilobase;

LDL: low-density lipoprotein; LVD: left ventricular diameter; miRNA: microRNA;

MMS: motif match score; MPD: Mouse Phenotype Database; OMIN: Online
Mendelian Inheritance in Man; OPEN: Objective Prioritization for Enhanced
Novelty; PWM: position weight matrix; ROC: receiver operating characteristic;
SNP: single nucleotide polymorphism; TFBS: transcription factor binding site.

Competing interests
The authors declare that they have no competing interests.

Authors contributions

RCD designed the analytic and sequencing approach, performed the coding,
implemented the analysis, and co-wrote the manuscript. GM designed and
carried out the zebrafish experiments. MT provided code for statistical analysis.

PT helped design the targeted sequencing approach. AP carried out the

targeted sequencing approach. CY carried out Sanger sequencing experimental

validation. JFF provided data for the LVD analysis. RSV provided data for the

LVD analysis. RB co-wrote the manuscript. TDM provided patient samples. PYK
provided funds for the sequencing analysis. CAM helped design the zebrafish

experients, provided funding support, and co-wrote the manuscript. FPR
participated in project design and co-wrote the manuscript. All authors read
and approved the final manuscript.

Acknowledgements

The work was funded by NIH awards K08 HL098361 (RCD), DP2 OD017483
(RCD), UO1 HL107440-03 (RCD and FPR), and by an NIH/NHGRI Center of
Excellence in Genomic Science (CEGS) grant (P50 HG004233) (FPR). FPR
was also supported by NIH/NHGRI grant HG001715, an Ontario Research
Fund Research Excellence Award, the Krembil Foundation, the Avon
Foundation and by the Canada Excellence Research Chairs Program.

Author details

!Cardiovascular Research Institute, University of California, San Francisco, CA
94158, USA. 2Department of Medicine, University of California, San Francisco,

CA 94143, USA. *Institute for Human Genetics, University of California, San
Francisco, CA 94158, USA. “California Institute for Quantitative Biosciences,
San Francisco, CA 94143, USA. *Department of Biological Chemistry and

Molecular Pharmacology, Harvard Medical School, Boston, MA 02115, USA.

6Department of Medicine, Brigham and Women s Hospital, Harvard Medical

School, Boston, MA 02115, USA. “Donnelly Centre and Departments of
Molecular Genetics and Computer Science, University of Toronto and
Lunenfeld Research Institute, Mt Sinai Hospital, Toronto, Ontario M5G 1X5,
Canada. ®Department of Epidemiology, Erasmus University Medical Center,
PO Box 2040, 3000, CA, Rotterdam, The Netherlands. *Preventive Medicine
and Cardiology Sections, and Department of Medicine, Boston University
School of Medicine, Boston, MA 02118, USA. '®Framingham Heart Study,

Boston University School of Medicine, Framingham, MA 01702, USA. M Center

for Cancer Genome Discovery and Department of Cancer Biology,
Dana-Farber Cancer Institute, Boston, MA 02215, USA. "*Center for Cancer

Page 17 of 19

Systems Biology (CCSB) and Department of Cancer Biology, Dana-Farber
Cancer Institute, Boston, MA 02215, USA. "*The Canadian Institute for
Advanced Research, Toronto, ON M5G 178, Canada.

Received: 31 March 2014 Accepted: 6 November 2014
Published online: 03 December 2014

References

1.

Altshuler D, Daly MJ, Lander ES: Genetic mapping in human disease.
Science 2008, 322:881 888.

Klein RJ, Zeiss C, Chew EY, Tsai J-Y, Sackler RS, Haynes C, Henning AK,
SanGiovanni JP, Mane SM, Mayne ST, Bracken MB, Ferris FL, Ott J,
Barnstable C, Hoh J: Complement factor H polymorphism in age-related
macular degeneration. Science 2005, 308:385 389.

Ricklin D, Lambris JD: Complement-targeted therapeutics. Nat Biotechnol
2007, 25:1265 1275.

loannidis JPA, Thomas G, Daly MJ: Validating, augmenting and refining
genome-wide association signals. Nat Rev Genet 2009, 10:318 329.
Cooper GM, Shendure J: Needles in stacks of needles: finding
disease-causal variants in a wealth of genomic data. Nat Rev Genet 2011,
12:628 640.

Wang K, Li M, Hakonarson H: Analysing biological pathways in
genome-wide association studies. Nat Rev Genet 2010, 11:843 854.

Lango Allen H, Estrada K; Lettre G, Berndt SI, Weedon MN, Rivadeneira F,
Willer CJ, Jackson AU, Vedantam S, Raychaudhuri S, Ferreira T, Wood AR,
Weyant RJ, Segr? AV, Speliotes EK, Wheeler E, Soranzo N, Park J-H, Yang J,
Gudbjartsson D, Heard-Costa NL, Randall JC, Qi L, Vernon Smith A, M?gi R,
Pastinen T, Liang L, Heid IM, Luan J, Thorleifsson G, et al: Hundreds of
variants clustered in genomic loci and biological pathways affect human
height. Nature 2010, 467:832 838.

Lee |, Blom UM, Wang P!, Shim JE, Marcotte EM: Prioritizing candidate
disease genes by network-based boosting of genome-wide association
data. Genome Res 2011, 21:1109 1121.

Aerts S, Lambrechts D, Maity S, Van Loo P, Coessens B, De Smet F,
Tranchevent L-C, De Moor B, Marynen P, Hassan B, Carmeliet P, Moreau Y:
Gene prioritization through genomic data fusion. Nat Biotechnol 2006,
24:537 544.

Tasan M, Drabkin HJ, Beaver JE, Chua HN, Dunham J, Tian W, Blake JA, Roth
FP: A Resource of Quantitative Functional Annotation for Homo sapiens
Genes. G3 (Bethesda, Md.) 2012, 2:223 233. doi:10.1534/g3.111.000828.
Musso G, Tasan M, Mosimann C, Beaver JE, Plovie E, Carr LA, Chua HN,
Dunham J, Zuberi K, Rodriguez H, Morris Q, Zon L, Roth FP, MacRae CA:
Novel cardiovascular gene functions revealed via systematic phenotype
prediction in zebrafish. Development 2013, 141:224 235.

Lage K, Karlberg EO, St?rling ZM, ?lason P?, Pedersen AG, Rigina O,

Hinsby AM, T?mer Z, Pociot F, Tommerup N, Moreau Y, Brunak S: A human
phenome-interactome network of protein complexes implicated in
genetic disorders. Nat Biotechnol 2007, 25:309 316.

Rossin EJ, Lage K, Raychaudhuri S, Xavier RJ, Tatar D, Benita Y, Cotsapas C,
Daly MJ, International Inflammatory Bowel Disease Genetics Constortium:
Proteins encoded in genomic regions associated with immune-mediated
disease physically interact and suggest underlying biology. PLoS Genet
2011, 7:¢1001273.

Raychaudhuri S, Plenge RM, Rossin EJ, Ng ACY, Purcell SM, Sklar P, Scolnick
EM, Xavier RJ, Altshuler D, Daly MJ, International Schizophrenia Consortium:
Identifying relationships among genomic disease regions: predicting
genes at pathogenic SNP associations and rare deletions. PLoS Genet
2009, 5:21000534.

Global Lipids Genetics Consortium, Willer CJ, Schmidt EM, Sengupta S,
Peloso GM, Gustafsson S, Kanoni S, Ganna A, Chen J, Buchkovich ML,

Mora S, Beckmann JS, Bragg-Gresham JL, Chang H-Y, Demirkan A,

Hertog Den HM, Do R, Donnelly LA, Ehret GB, Esko T, Feitosa MF, Ferreira T,
Fischer K, Fontanillas P, Fraser RM, Freitag DF, Gurdasani D, Heikkil? K,
Hypp?nen E, Isaacs A, et al: Discovery and refinement of loci associated
with lipid levels. Nat Genet 2013, 45:1274 1283.

Sotoodehnia N, Isaacs A, de Bakker PIW, D?rr M, Newton-Cheh C, Nolte IM,
van der Harst P, M?ller M, Eijgelsheim M, Alonso A, Hicks AA, Padmanabhan
S, Hayward C, Smith AV, Polasek O, Giovannone S, Fu J, Magnani JW,
Marciante KD, Pfeufer A, Gharib SA, Teumer A, Li M, Bis JC, Rivadeneira F,
Aspelund T, K?ttgen A, Johnson T, Rice K, Sie MPS, et al: Common variants


http://genomebiology.com/content/supplementary/s13059-014-0534-8-s42.mov
http://genomebiology.com/content/supplementary/s13059-014-0534-8-s43.xlsx
http://genomebiology.com/content/supplementary/s13059-014-0534-8-s44.xlsx
http://genomebiology.com/content/supplementary/s13059-014-0534-8-s45.xlsx
http://genomebiology.com/content/supplementary/s13059-014-0534-8-s46.xlsx
http://genomebiology.com/content/supplementary/s13059-014-0534-8-s47.xlsx
http://genomebiology.com/content/supplementary/s13059-014-0534-8-s48.xlsx

Deo et al. Genome Biology 2014, 15:534
http://genomebiology.com/2014/15/12/534

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

in 22 loci are associated with QRS duration and cardiac ventricular
conduction. Nat Genet 2010, 42:1068 1076.

Newton-Cheh C, Eijgelsheim M, Rice KM, de Bakker PIW, Yin X, Estrada K, Bis
JC, Marciante K, Rivadeneira F, Noseworthy PA, Sotoodehnia N, Smith NL,
Rotter JI, Kors JA, Witteman JCM, Hofman A, Heckbert SR, O'donnell CJ,
Uitterlinden AG, Psaty BM, Lumley T, Larson MG, Ch Stricker BH: Common
variants at ten loci influence QT interval duration in the QTGEN Study.
Nat Genet 2009, 41:399 406.

Pfeufer A, van Noord C, Marciante KD, Arking DE, Larson MG, Smith AV,
Tarasov KV, M?ller M, Sotoodehnia N, Sinner MF, Verwoert GC, Li M, Kao
WHL, K?ttgen A, Coresh J, Bis JC, Psaty BM, Rice K, Rotter JI, Rivadeneira F,
Hofman A, Kors JA, Stricker BHC, Uitterlinden AG, Van Duijn CM, Beckmann
B-M, Sauter W, Gieger C, Lubitz SA, Newton-Cheh C, et al: Genome-wide
association study of PR interval. Nat Genet 2010, 42:153 159.

Ellinor PT, Lunetta KL, Albert CM, Glazer NL, Ritchie MD, Smith AV, Arking DE,
M?ller-Nurasyid M, Krijthe BP, Lubitz SA, Bis JC, Chung MK, D?rr M,

Ozaki K, Roberts JD, Smith JG, Pfeufer A, Sinner MF, Lohman K, Ding J, Smith
NL, Smith JD, Rienstra M, Rice KM, Van Wagoner DR, Magnani JW, Wakili R,
Clauss S, Rotter JI, Steinbeck G, et al: Meta-analysis identifies six new
susceptibility loci for atrial fibrillation. Nature Genetics 2012, 44:670 675.
den Hoed M, Eijgelsheim M, Esko T, Brundel BJJM, Peal DS, Evans DM,
Nolte IM, Segr? AV, Holm H, Handsaker RE, Westra H-J, Johnson T, Isaacs A,
Yang J, Lundby A, Zhao JH, Kim YJ, Go MJ, Aimgren P, Bochud M, Boucher
G, Cornelis MC, Gudbjartsson D, Hadley D, van der Harst P, Hayward C,
den Heijer M, Igl W, Jackson AU, Kutalik Z, et al: Identification of heart
rate associated loci and their effects on cardiac conduction and rhythm
disorders. Nat Genet 2013, 45:621 631.

Vasan RS, Glazer NL, Felix JF, Lieb W, Wild PS, Felix SB, Watzinger N,

Larson MG, Smith NL, Dehghan A: Genetic variants associated with
cardiac structure and function. JAMA 2009, 302:168 178.

Villard E, Perret C, Gary F, Proust C, Dilanian G, Hengstenberg C, Ruppert V,
Arbustini E, Wichter T, Germain M, Dubourg O, Tavazzi L, Aumont M-C,
DeGroote P, Fauchier L, Trochu J-N, Gibelin P, Aupetit J-F, Stark K,
Erdmann J, Hetzer R, Roberts AM, Barton PJR, Regitz-Zagrosek V, Aslam U,
Duboscg-Bidot L, Meyborg M, Maisch B, Madeira H, Cardiogenics
Consortium: A genome-wide association study identifies two loci
associated with heart failure due to dilated cardiomyopathy. Eur Heart J
2011, 32:1065 1076.

Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M,
Marshall KA, Phillippy KH, Sherman PM, Holko M, Yefanov A, Lee H,

Zhang N, Robertson CL, Serova N, Davis S, Soboleva A: NCBI GEO: archive
for functional genomics data sets update. Nucleic Acids Res 2013,
41:D0991 D995.

Friedman JH: Greedy function approximation: A gradient boosting
machine. Ann Statist 2001, 29:1189 1232.

Hastie T, Tibshirani R, Friedman J: The Elements of Statistical Learning.

2nd edition. New York, NY, USA: Springer; 2009.

Koren Y: The BellKor Solution to the Netflix Grand Prize. 2009
[http//www.netflixprize.com/assets/GrandPrize2009_BPC_BellKor.pdf]
T?scher A: Jahrer M. Bell RM: The BigChaos Solution to the Netflix Grand Prize;
2009 [httpz/www.netflixprize.comv/assets/GrandPrize2009_BPC_BigChaos.pdf]
Barash Y, Calarco JA, Gao W, Pan Q, Wang X, Shai O, Blencowe BJ, Frey BJ:
Deciphering the splicing code. Nature 2010, 465:53 59.

Atkinson EJ, Therneau TM, Melton LJ, Camp JJ, Achenbach SJ, Amin S,
Khosla S: Assessing fracture risk using gradient boosting machine (GBM)
models. J Bone Miner Res 2012, 27:1397 1404.

Denis N, Palmer-Smith H, Elisma F, Busuttil A, Wright TG, Khalil MB, Prat A,
Seidah NG, Chr?tien M, Mayne J, Figeys D: Quantitative proteomic analysis
of PCSK9 gain of function in human hepatic HuH7 cells. J Proteome Res
2011, 10:2011 2026.

Seidman JG, Seidman C: The genetic basis for cardiomyopathy: review
from mutation identificationto mechanistic paradigms. Cell 2001,
104:557 567.

Maron BJ, Maron MS, Semsarian C: Genetics of hypertrophic
cardiomyopathy after 20 years. / Am Coll Cardiol 2012, 60:705 715.
Herman DS, Lam L, Taylor MR, Wang L, Teekakirikul P, Elliott PM, Conner L,
Ward D, Duncan D, Talmon R: Truncations of titin causing dilated
cardiomyopathy. N Engl J Med 2012, 366:619 628.

Tennessen JA, Bigham AW, O'Connor TD, Fu W, Kenny EE, Gravel S, McGee S,
Do R, Liu X, Jun G, Kang HM, Jordan D, Leal SM, Gabriel S, Rieder MJ, Abecasis
G, Altshuler D, Nickerson DA, Boerwinkle E, Sunyaev S, Bustamante CD,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 18 of 19

Bamshad MJ, Akey JM, Broad GO, Seattle GO, on behalf of the NHLBI Exome
Sequencing Project: Evolution and functional impact of rare coding
variation from deep sequencing of human exomes. Science 2012, 337:64 69.
http://evs.gs.washington.edu/EVS/.

Norton N, Li D, Rieder MJ, Siegfried JD, Rampersaud E, Z?chner S,

Mangos S, Gonzalez-Quintana J, Wang L, McGee S, Reiser J, Martin E,
Nickerson DA, Hershberger RE: ARTICLE genome-wide studies of copy
number variation and exome sequencing identify rare variantsin BAG3
as a cause of dilated cardiomyopathy. Am J Hum Genet 2011, 88:273 282.
Ke L, Meijering RAM, Hoogstra-Berends F, Mackovicova K, Vos MJ, van
Gelder IC, Henning RH, Kampinga HH, Brundel BJJM: HSPB1, HSPB6, HSPB7
and HSPB8 protect against RhoA GTPase-induced remodeling in
tachypaced atrial myocytes. PLoS One 2011, 6:220395.

Vasan RS, Larson MG, Benjamin EJ: Left ventricular dilatation and the risk
of congestive heart failure in people without myocardial infarction.

N Engl J Med 1997, 336:1350 1355.

Schmitt JP: Dilated cardiomyopathy and heart failure caused by a
mutation in phospholamban. Science 2003, 299:1410 1413.

Piran S, Liu P, Morales A, Hershberger RE: Where genome meets phenome:
rationale for integrating genetic and protein biomarkers in the diagnosis
and management of dilated cardiomyopathy and heart failure. J Am Coll
Cardiol 2012, 60:283 289.

Faggioni M, Knollmann BC: Calsequestrin 2 and arrhythmias. Am J Physiol
Heart Circ Physiol 2012, 302:H1250 H1260.

Lee YC, Chang CJ, Bali D, Chen YT, Yan YT: Glycogen-branching enzyme
deficiency leads to abnormal cardiac development: novel insights into
glycogen storage disease IV. Hum Mol Genet 2011, 20:455 465.

Etard C, Roostalu U, Strahle U: Lack of Apobec2-related proteins causes a
dystrophic muscle phenotype in zebrafish embryos. J Cell Biol 2010,
189:527 539.

Ruparelia AA, Zhao M, Currie PD, Bryson-Richardson RJ: Characterization
and investigation of zebrafish models of filamin-related myofibrillar
myopathy. Hum Mol Genet 2012, 21:4073 4083.

Ding Y, Sun X, Huang W, Hoage T, Redfield M, Kushwaha S, Sivasubbu S,
Lin X, Ekker S, Xu X: Haploinsufficiency of target of rapamycin attenuates
cardiomyopathies in adult zebrafish. Circ Res 2011, 109:658 669.

Vorgerd M, van der Ven PFM, Bruchertseifer V, L?we T, Kley RA, Schr?der R,
Lochm?ller H, Himmel M, Koehler K, FUrst DO, Huebner A: A mutation in
the dimerization domain of filamin c causes a novel type of autosomal
dominant myofibrillar myopathy. Am J Hum Genet 2005, 77:297 304.
Blattmann P, Schuberth C, Pepperkok R, Runz H: RNAi-based functional
profiling of loci from blood lipid genome-wide association studies
identifies genes with cholesterol-regulatory function. PLoS Genet 2013,
9:21003338.

Flister MJ, Tsaih S-W, O'Meara CC, Endres B, Hoffman MJ, Geurts AM,
Dwinell MR, Lazar J, Jacob HJ, Moreno C: Identifying multiple causative
genes at a single GWAS locus. Genome Res 2013, 23:1996 2002.

Maclsaac KD, Lo KA, Gordon W, Motola S, Mazor T, Fraenkel E: A
quantitative model of transcriptional regulation reveals the influence of
binding location on expression. PLoS Comput Biol 2010, 6:21000773.

Berriz GF, Beaver JE, Cenik C, Tasan M, Roth FP: Next generation software
for functional trend analysis. Bioinformatics 2009, 25:3043 3044.
Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, Ellis B,
Gautier L, Ge Y, Gentry J, Hornik K, Hothorn T, Huber W, lacus S, Irizarry R,
Leisch F, Li C, Maechler M, Rossini AJ, Sawitzki G, Smith C, Smyth G, Yang
JYH, Zhang J: Bioconductor: open software development for
computational biology and bioinformatics. Genome Biol 2004, 5:R80.
http://www.bioconductor.org.

Bolstad BM, Irizarry RA, Astrand M, Speed TP: A comparison of
normalization methods for high density oligonucleotide array data
based on variance and bias. Bioinformatics 2003, 19:185 193.

Dai M: Evolving gene/transcript definitions significantly alter the
interpretation of GeneChip data. Nucleic Acids Res 2005, 33:175 e175.
http://brainarray.mbni.med.umich.edu.

Smyth GK: Limma: linear models for microarray data. In Bioinformatics and
Computational Biology Solutions Using R and Bioconductor. Edited by
Gentleman R, Carey V, Dudoit S, Irizarry R, Huber W. New York: Springer;
2005:397 420.

Benjamini Y, Hochberg Y: Controlling the False Discovery Rate - a Practical
and Powerful Approach to Multiple Testing. J Roy Stat Soc B 1995,

57:289 300.


http://www.netflixprize.com/assets/GrandPrize2009_BPC_BellKor.pdf
http://www.netflixprize.com/assets/GrandPrize2009_BPC_BigChaos.pdf
http://evs.gs.washington.edu/EVS/
http://www.bioconductor.org
http://brainarray.mbni.med.umich.edu

Deo et al. Genome Biology 2014, 15:534
http://genomebiology.com/2014/15/12/534

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.
78.

Su Al, Wiltshire T, Batalov S, Lapp H, Ching KA, Block D, Zhang J, Soden R,
Hayakawa M, Kreiman G, Cooke MP, Walker JR, Hogenesch JB: A gene atlas
of the mouse and human protein-encoding transcriptomes. Proc Nat!
Acad Sci U S A 2004, 101:6062 6067. http://biogps.org/.

Roth RB, Hevezi P, Lee J, Willhite D, Lechner SM, Foster AC, Zlotnik A: Gene
expression analyses reveal molecular relationships among 20 regions of
the human CNS. Neurogenetics 2006, 7:67 80.

The R Project for Statistical Computing [http://www.r-project.org]

Fraley C, Raftery AE: Model-based clustering, discriminant analysis, and
density estimation. J Am Stat Assoc 2002, 97:611 631.

Schadt EE, Molony C, Chudin E, Hao K, Yang X, Lum PY, Kasarskis A,

Zhang B, Wang S, Suver C, Zhu J, Millstein J, Sieberts S, Lamb J, GuhaThakurta
D, Derry J, Storey JD, Avila-Campillo I, Kruger MJ, Johnson JM, Rohl CA, van Nas
A, Mehrabian M, Drake TA, Lusis AJ, Smith RC, Guengerich FP, Strom SC,
Schuetz E, Rushmore TH, et al: Mapping the genetic architecture of gene
expression in human liver. PLoS Biol 2008, 6:¢107.

Loots G, Ovcharenko I: ECRbase: database of evolutionary conserved
regions, promoters, and transcription factor binding sites in vertebrate
genomes. Bioinformatics 2007, 23:122 124. http://ecrbase.dcode.org/.
Wingender E, Dietze P, Karas H, Kn?ppel R: TRANSFAC: a database on
transcription factors and their DNA binding sites. Nucleic Acids Res 1996,
24:238 241.

Edgar R, Domrachev M, Lash AE: Gene Expression Omnibus: NCBI gene
expression and hybridization array data repository. Nucleic Acids Res 2002,
30:207 210.

Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, Haussler D:
The human genome browser at UCSC. Genome Res 2002, 12:996 1006.
Sandelin A, Alkema W, Engstr?m P, Wasserman WW, Lenhard B: JASPAR: an
open-access database for eukaryotic transcription factor binding profiles.
Nucleic Acids Res 2004, 32:D91 D94.

Apweiler R, Attwood TK, Bairoch A, Bateman A, Birney E, Biswas M, Bucher P,
Cerutti L, Corpet F, Croning MD, Durbin R, Falquet L, Fleischmann W, Gouzy J,
Hermjakob H, Hulo N, Jonassen I, Kahn D, Kanapin A, Karavidopoulou Y,

Lopez R, Marx B, Mulder NJ, Oinn TM, Pagni M, Servant F, Sigrist CJ, Zdobnov
EM: The InterPro database, an integrated documentation resource for
protein families, domains and functional sites. Nucleic Acids Res 2001,

29:37 40. ftp//ftp.ebiac.uk/pub/databases/interpro/.

Friedman RC, Farh KK-H, Burge CB, Bartel DP: Most mammalian mRNAs
are conserved targets of microRNAs. Genome Res 2009, 19:92 105.
http://www.targetscan.org/.

Hubbard T, Barker D, Birey E, Cameron G, Chen Y, Clark L, Cox T, Cuff J,
Curwen V, Down T, Durbin R, Eyras E, Gilbert J, Hammond M, Huminiecki L,
Kasprzyk A, Lehvaslaiho H, Lijnzaad P, Melsopp C, Mongin E, Pettett R,
Pocock M, Potter S, Rust A, Schmidt E, Searle S, Slater G, Smith J,

Spooner W, Stabenau A, et al: The Ensembl genome database project.
Nucleic Acids Res 2002, 30:38 41.

Welter D, MacArthur J, Morales J, Burdett T, Hall P, Junkins H, Klemm A,
Flicek P, Manolio T, Hindorff L, Parkinson H: The NHGRI GWAS Catalog, a
curated resource of SNP-trait associations. Nucleic Acids Res 2014,
42:D1001 D1006.

Robinson PN, K?hler S, Bauer S, Seelow D, Horn D, Mundlos S: The Human
Phenotype Ontology: a tool for annotating and analyzing human
hereditary disease. Am J Hum Genet 2008, 83:610 615.

International HapMap Project [http://hapmap.ncbi.nim.nih.gov/downloads/
|d_data/latest/]

Kimura A: Molecular etiology and pathogenesis of hereditary
cardiomyopathy. Circ J 2008, 72:A38 A48.

Watkins H, Ashrafian H, Redwood C: Inherited cardiomyopathies.

N Engl J Med 2011, 364:1643 1656.

Gene Tools Oligo Design Website [http://www.gene-tools.com/Oligo_Design]
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local alignment
search tool. J Mol Biol 1990, 215:403 410.

Westerfield M: The Zebrafish Book: A Guide for the Laboratory Use of Zebrafish
(Brachydanio rerio). Eugene, OR, USA: University of Oregon Press; 1993.
Pan?kov? D, Werdich AA, Macrae CA: Wnt11 patterns a myocardial
electrical gradient through regulation of the L-type Ca(2+) channel.
Nature 2010, 466:874 878.

ImageJ [http:/rsbweb.nih.gov/ij/]

Li H, Durbin R: Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 2009, 25:1754 1760.

79.

80.

82.

83.

Page 19 of 19

DePristo MA, Banks E, Poplin R, Garimella KV, Hartl C, Philippakis AA,

del Angel G, Rivas MA, McKenna A, Fennell TJ, Sivachenko AY, Cibulskis K,
Gabriel SB, Altshuler D, Daly MJ: A framework for variation discovery and
genotyping using next-generation DNA sequencing data. Nat Genet 2011,
43:491 498.

1000 Genomes Project [ftp:/ftp-trace.ncbi.nih.gov/1000genomes/ftp/
release/20110521/]

Liti G, Carter DM, Moses AM, Warringer J, Parts L, James SA, Davey RP, Roberts
IN, Burt A, Koufopanou V, Tsai IJ, Bergman CM, Bensasson D, O Kelly MJT, van
Oudenaarden A, Barton DBH, Bailes E, Nguyen AN, Jones M, Quail MA,
Goodhead |, Sims S, Smith F, Blomberg A, Durbin R, Louis EJ: Population
genomics of domestic and wild yeasts. Nature 2009, 458:337 341.

OPEN source code [https://www.dropbox.com/s/3ufe2k1tsurgtux/open.tar.
gz?2dI=0]

OPEN predictions for GWA loci are available at [http://cvriucsf.edu/~deo/
disease_mapping.html]

doi:10.1186/513059-014-0534-8
Cite this article as: Deo et al.: Prioritizing causal disease genes using
unbiased genomic features. Genome Biology 2014 15:534.

~
Submit your next manuscript to BioMed Central
and take full advantage of:
X Convenient online submission
X Thorough peer review
X No space constraints or color Xgure charges
X Immediate publication on acceptance
R Inclusion in PubMed, CAS, Scopus and Google Scholar
X Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central
J



http://biogps.org/
http://www.r-project.org
http://ecrbase.dcode.org/
ftp://ftp.ebi.ac.uk/pub/databases/interpro/
http://www.targetscan.org/
http://hapmap.ncbi.nlm.nih.gov/downloads/ld_data/latest/
http://hapmap.ncbi.nlm.nih.gov/downloads/ld_data/latest/
http://www.gene-tools.com/Oligo_Design
http://rsbweb.nih.gov/ij/
ftp://ftp-trace.ncbi.nih.gov/1000genomes/ftp/release/20110521/
ftp://ftp-trace.ncbi.nih.gov/1000genomes/ftp/release/20110521/
https://www.dropbox.com/s/3ufe2k1tsurqtux/open.tar.gz?dl=0
https://www.dropbox.com/s/3ufe2k1tsurqtux/open.tar.gz?dl=0
http://cvri.ucsf.edu/~deo/disease_mapping.html
http://cvri.ucsf.edu/~deo/disease_mapping.html

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	The OPEN strategy for prediction of causal genes
	Genomic features
	Principled prioritization
	An adaptation of the gradient boosting algorithm for analyzing genetic loci
	Performance evaluation
	Applying OPEN to non-cardiac traits
	Applying OPEN to the heritable cardiomyopathies
	Interpreting GWA study data using Mendelian disease predictions
	Validating prioritized candidates in zebrafish
	Validation of prioritized candidates through targeted exon sequencing in DCM patients

	Discussion
	Conclusions
	Materials and methods
	Adaptation of the gradient boosting machine algorithm for OPEN
	Predictive genomic features used for OPEN
	Expression microarray
	Transcription factor binding sites
	Protein domain composition
	Predicted miRNA binding sites
	Phylogenetic profiles
	Phenotype-to-gene mapping

	Performance assessment
	ROC curves

	Permutation approach to assess the significance of gene rankings
	Prioritization of 'likely positives'
	High scoring top-ranked genes at LVD loci

	Experimental validation of LVD prediction in zebrafish
	Zebrafish morpholino injection
	Measurement of cardiac output
	Voltage mapping
	Immunostaining

	Capture-based sequencing
	Ethics
	Data deposition

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

