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ABSTRACT

Objective: To evaluate the performance of an in silico prioritization approach that was applied to
179 epileptic encephalopathy candidate genes in 2013 and to expand the application of this
approach to the whole genome based on expression data from the Allen Human Brain Atlas.

Methods: PubMed searches determined which of the 179 epileptic encephalopathy candidate
genes had been validated. For validated genes, it was noted whether they were 1 of the 19 of
179 candidates prioritized in 2013. The in silico prioritization approach was applied genome-
wide; all genes were ranked according to their coexpression strength with a reference set (i.e.,
51 established epileptic encephalopathy genes) in both adult and developing human brain expres-
sion data sets. Candidate genes ranked in the top 10% for both data sets were cross-referenced
with genes previously implicated in the epileptic encephalopathies due to a de novo variant.

Results: Five of 6 validated epileptic encephalopathy candidate genes were among the 19 prior-
itized in 2013 (odds ratio 5 54, 95% confidence interval [7,N], p 5 4.5 3 1025, Fisher exact
test); one gene was false negative. A total of 297 genes ranked in the top 10% for both the adult
and developing brain data sets based on coexpression with the reference set. Of these, 9 had
been previously implicated in the epileptic encephalopathies (FBXO41, PLXNA1, ACOT4, PAK6,
GABBR2, YWHAG, NBEA, KNDC1, and SELRC1).

Conclusions: We conclude that brain gene coexpression data can be used to assist epileptic
encephalopathy gene discovery and propose 9 genes as strong epileptic encephalopathy
candidates worthy of further investigation. Neurol Genet 2016;2:e51; doi: 10.1212/

NXG.0000000000000051

Currently, the genetic diagnostic yield for epileptic encephalopathies using high-throughput
sequencing technologies is 25%–30%.1 Although whole-exome sequencing has entered the
clinical arena, data interpretation remains a considerable challenge for the majority of patients,
who remain unsolved. When trios are studied, the presence of a de novo mutation in an
established disease gene is usually diagnostic. However, the interpretation of de novo mutations
in candidate genes remains difficult because healthy controls have 0–3 (median 1) de novo
exonic variants.2 There is now a growing list of candidate epileptic encephalopathy genes that
harbor a plausible (e.g., novel and likely functional) de novo variant in a single patient.

In 2013, the Epi4K/EPGP Consortia performed whole-exome sequencing on 264 epileptic
encephalopathy trios.3 The Consortia identified .300 de novo variants, with the majority
representing “single hits” in genes not previously implicated in epilepsy. We developed and
applied an in silico prioritization approach4 to a subset of these candidate epileptic encephalop-
athy genes (n 5 179). Those candidate genes with de novo variants deemed most likely to be
pathogenic (e.g., nonsynonymous or splice-site) were chosen. Our in silico approach used data
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from the Allen Human Brain Atlas.5 We pri-
oritized 19 of 179 candidate genes in 2013
because of high brain coexpression with estab-
lished epileptic encephalopathy genes, based
on an empirical false discovery rate of 0.25.4

New epileptic encephalopathy genes have
since been confirmed. This provides an oppor-
tunity to validate the performance of our prior-
itization approach based on gene coexpression
data (BrainGEP: http://bioinf.wehi.edu.au/
software/BrainGEP/) and to expand its appli-
cation to the wider genome.

METHODS The original reference set of 29 established epilep-

tic encephalopathy genes (table e-1 at Neurology.org/ng) was

identified by PubMed searches using the keywords “epilepsy,”

“epileptic encephalopathy,” and “genetics” in June 2013.4

Using the same search terms, we formed an updated list of

epileptic encephalopathy genes published between June 2013 and

August 2015. To be established as a causal epileptic encephalopathy

gene, we required that variants in the same gene and similar

epileptic encephalopathy6 clinical presentation be confidently

implicated in multiple individuals.7 To be confidently implicated,

the reported variants were required to meet the American Medical

Genetics Genomics guidelines for “pathogenic” or “likely

pathogenic” classification (table e-2).8

Performance evaluation. Newly established epileptic encepha-

lopathy genes were cross-referenced for overlap with the list of

179 candidate genes used in our original study.4 For those

genes present in the candidate gene list, it was noted whether

they were one of the 19 prioritized genes by BrainGEP, thus

being validated.

Genome-wide prioritization. The updated list of established

epileptic encephalopathy genes was used to form a new reference

set. This reference set (n 5 51; table e-1) was used to prioritize

the 13,157 and 12,365 genes represented in the adult and devel-

oping brain expression data sets, respectively, using BrainGEP.

Genome-wide candidates that ranked in the top 10% for both

data sets were cross-referenced to genes reported with a Sanger-

validated de novo variant, typically in a single case, by the

EuroEPINOMICS-RES and Epi4K Consortia.9

RESULTS Performance evaluation. Since June 2013,
of the 179 Epi4K/EPGP candidate genes with “single
hits,” 6 have been established as epileptic encephalopa-
thy genes:GNAO1,10GRIN2B,11DNM1,9 SLC35A2,12

KCNB1,13 and GRIN1.14 Five of the 6 now-validated
candidates were prioritized in 2013, representing true
positives (odds ratio 5 54, 95% confidence interval
[7,N], p 5 4.5 3 1025, one-sided Fisher exact test)
(table 1). SLC35A2 on the X chromosome represents
the single false-negative finding. This gene ranked in the
top 40% of the 179 candidate genes; genes in the top
10% were prioritized.4

Genome-wide prioritization. A total of 297 genes
ranked in the top 10% of genome-wide candidates
based on their coexpression, in both the adult and

developing human brain, with the 51 reference
epileptic encephalopathy genes. Of these top-
ranked genome-wide candidates (table e-3), 9
were reported by the EuroEPINOMICS-RES
and Epi4K Consortia9 and therefore have already
been implicated in the epileptic encephalopathies
with a de novo variant, typically in a single case
(table 2).

DISCUSSION Genetic research has been revolutionized
by high-throughput sequencing technology; no longer is
the rate-limiting step data generation but rather the
interpretation of these data. This can be particularly
challenging for diseases with appreciable genetic
heterogeneity, such as the epileptic encephalopathies,15

where a common challenge is the interpretation of novel
genes with a plausible de novo variant in a single case.
Here we have demonstrated the merit of incorporating
brain-specific gene coexpression data to add a further
layer of information for or against candidates by way of
in silico gene prioritization. In addition, we used this
information to identify a small number of the most
promising epileptic encephalopathy candidate genes
from the whole genome.

We systematically analyzed the performance of
our in silico approach that prioritized 19 candidate
epileptic encephalopathy genes as those most likely
to be pathogenic from a list of 179 in 2013.4 Since
then, 6 of the 179 candidates have been confirmed as
new epileptic encephalopathy genes, 5 of which had
been prioritized, demonstrating noteworthy success.
This reinforces the remaining 14 prioritized genes4 as
strong epileptic encephalopathy candidates; it is
expected that future publications will result in a num-
ber of them being validated.

The one validated epileptic encephalopathy candi-
date gene that was not prioritized by our approach,
SLC35A2, is located on the X chromosome. Complex
mechanisms of dosage compensation balance
X-linked and autosomal gene expression levels; how-
ever, substantial variability can be seen between indi-
viduals and tissue types.16 It may be that this
complexity somewhat compromised the result for

Table 1 Summary of prioritized vs validated
candidate epileptic encephalopathy
genes from original study4

Prioritized candidates

TotalYes No

Validated 5 (true positive) 1 (false negative) 6

Not yet
validated

14 159 173

Total 19 160 179
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SLC35A2; however, IQSEC2 is also located on the X
chromosome and this candidate gene was one of the
19 prioritized. IQSEC2 is a well-established intellec-
tual disability gene, and although rare cases have been
reported with seizures,17 it did not meet our criteria
for an established epileptic encephalopathy gene.

Having demonstrated the validity of our approach,
we applied BrainGEP to the whole genome and pri-
oritized candidates according to their coexpression
with an updated reference set of 51 established epilep-
tic encephalopathy genes. Of the 297 top-ranked can-
didate genes, 9 had been previously implicated in the
epileptic encephalopathies due to the presence of de
novo mutation but had not been statistically con-
firmed.9 The prioritization of these genes (table 2)
provides an additional layer of support for their role
in the pathogenesis of the epileptic encephalopathies,
particularly because the prioritization is based on co-
expression data from relevant tissue (i.e., brain). We
suggest that these 9 candidates are those most likely to
validate and thus are excellent targets for candidate
gene resequencing approaches.18 In fact, the prioriti-
zation of GABBR2 as one of the 9 candidate genes
further reinforces this, as evidence for this gene is
already quite strong. The EuroEPINOMICS-RES
and Epi4K Consortia reported de novo mutations
in GABBR2 in 2 unrelated individuals with epileptic
encephalopathy.9 However, this did not reach statis-
tical significance, so the evidence for GABBR2 being
causative was classified as only “suggestive” by the
authors.9

In silico prioritization results are predictions based
on the quantitative interpretation of biological net-
works captured by the data; results should not be in-
terpreted as strong or independent lines of evidence
for pathogenicity. Specific limitations to the approach
include the assumption that similar syndromes are
caused by mutations in genes that form part of the

same biological pathway(s) as established disease
genes (i.e., the reference set). This means that genes
representing novel biological pathways are disadvan-
taged, as predicted gene-gene associations with the
reference set are unlikely. The ability of in silico pri-
oritization approaches to predict these gene-gene as-
sociations is, in turn, directly related to the quality
of data sources used. An advantage of our approach
is that it targets the disease of interest by using gene
coexpression data from the brain. However, other
data sources, such as text mining and protein-
protein interactions, may have detected additional
gene-gene associations not captured by expression
data.

Despite the limitations, this work has highlighted
how brain gene coexpression data can be harnessed
to uncover important biological networks for the epi-
leptic encephalopathies. This approach has the poten-
tial to frame future research strategies and therapeutic
development. Our in silico prioritization work contin-
ues to evolve and now incorporates a new methodo-
logic approach (RUVcorr) that denoises large gene
expression data resources with an emphasis on extract-
ing gene coexpression signals.19 By using expression
data from the brain, the application of this work is
not limited to patients with epileptic encephalopathy
but can be used to target the broader epilepsies and
other neurologic diseases as well. We propose this as a
valuable starting point for selecting the most promising
candidate genes to target in resequencing experiments
or to focus on when reanalyzing the exome data of
“unsolved” patients (e.g., the Epilepsy Genetics Initia-
tive) and when faced with a long list of novel putative
causative genes.
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