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ASD and Fragile X syndrome [13]. PDE4DIP has been
identified as a putative target for brain-enriched miRNA,
where PDE4DIP is a homolog of CDK5RAP2, a gene that
has been linked to microcephaly [14].

We also ran commonly used centrality measures (degree
centrality, betweenness centrality, PageRank algorithm)
over the protein-protein interaction network. In order to
make a comparable comparison between other centrality
measures that only uses the connected graph and game
theoretic centrality, we removed all the isolated genes
ranked by game theoretic centrality. The ranking among
degree centrality, betweenness centrality, and PageRank
algorithm share close to 50% of the genes in pairwise
comparisons, but the number of shared genes with game
theoretic centrality is lower at around 10% to 20% as
shown in Fig. 1. Among these shared genes, game theo-
retic centrality selected genes that are not necessarily of
the highest rank in the other three measures. This sug-
gests that the game theoretic centrality method is a novel
centrality concept that incorporates trade-off between
connectivity and weights of nodes, highly ranking genes
that otherwise would not surface at the top. Furthermore,
among the genes uniquely identified by game theoretic
centrality at the highest 10% ranking, ATP6AP1, GUCY2F,
and GUCAI1C emerge at the top. These genes are shown
to be previously implicated in ASD when game theoretic
centrality is compared to CASh analysis. The full list of
ranked genes can be found in “Additional File 1” under
“Supplementary informatiori

Biological validation
In order to look for possible associations with ASD, we
cross-referenced the top ranking genes from the first and
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second analyses with candidate ASD genes highlighted
through previous publications. In particular we compared
the top ranking game theoretic centrality genes with three
different sources of candidate ASD genes—a curated list
of known genes associated with ASD from Simon’s Foun-
dation Autism Research Initiative (SFARI), a set of genes
shown to be differentially expressed in blood and brain
tissues of individuals diagnosed with ASD known as the
Root 66 gene list, and a list of 69 genes harboring rare vari-
ants implicated for increased ASD risk [15-17]. GRIA1
is the only gene shared in both the first analysis and the
69 genes published in Ruzzo et al. (2019). Beyond look-
ing for overlaps between the gene sets, we searched for
protein-protein interactions between the game theoretic
centrality genes and the known high confidence genes
using STRING.

CASh analysis identified 9 genes with protein-protein
interaction with high confidence candidate genes in Gupta
et al. (2017). As shown in Fig. 2, the game theoretic
centrality method identified 6 genes—distinct from CASh
analysis genes—that have protein-protein interaction with
high confidence candidate genes. While game theoretic
centrality identified less genes with protein-protein inter-
action with candidate genes, 3 of the identified genes have
been implicated in ASD or other neurodevelopmental dis-
orders as shown in “Game theoretic centrality genes” The
first analysis identified 39 genes that are in protein-protein
interaction with high confidence candidate genes.

We also checked for significant pathways in which the
top ranking game theoretic centrality genes were enriched
for using Reactome Pathway Browser (reactome.org), a
database of known pathways and biological processes [18].
Reactome identified 27 significant pathways for the genes

Fig. 1 Common top-ranking genes among the centrality measures. Each element of the matrix represents the number of genes shared at
10% (left matrix) and 20% (right matrix) ranking between two centrality measures in comparison. The complete list of genes ranked by the
centrality measures can be found in *Additional EdeinderSupplementary informatién
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