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Although the intelligence quotient (IQ) is the most popular intelligence test in the world, little is known
about the underlying biological mechanisms that lead to the differences in human. To improve our
understanding of cognitive processes and identify potential biomarkers, we conducted a comprehensive
investigation of 158 IQ-related genes selected from the literature. A genomic distribution analysis
demonstrated that IQ-related genes were enriched in seven regions of chromosome 7 and the X
chromosome. In addition, these genes were enriched in target lists of seven transcription factors and sixteen
microRNAs. Using a network-based approach, we further reconstructed an IQ-related pathway from known
human pathway interaction data. Based on this reconstructed pathway, we incorporated enriched drugs and
described the importance of dopamine and norepinephrine systems in IQ-related biological process. These
findings not only reveal several testable genes and processes related to IQ scores, but also have potential
therapeutic implications for IQ-related mental disorders.

E
ach human individual differs from others in his complex intelligent capability to think and reason
abstractly, remember and learn from experience, solve problems effectively to adapt to the environment,
and communicate by exchanging thought1. It is reported that the interaction of genetic and environmental

factors are significantly correlated with human intelligence. A study of twins with highly educated parents showed
that genetics accounts for 56% of the variability in reading scores and the shared environment accounts for 12%2.
While this study is evidence for highly heritable human intelligence, it is single gene-centric, and these studies are
typically not consistent across different occasions, different domains, and different criteria. Moreover, many
studies of candidate genes for human intelligence cannot be successfully replicated between studies and popula-
tions3. In addition, single gene-centric studies cannot present the complexity of cellular interactions and pathways
regulating neurons in cognitive processes, which often change according to various spatial, temporal, and
environmental factors in the cell. Therefore, single gene-centric studies might also ignore the blueprint of
molecules involved in complex cognitive activities, for instance, those genes that express differently due to a
single mutation may not be detected, or those genes with lethal effects may be overlooked before those effects
appear. The Intelligence Quotient (IQ) test is one of the most widely used phenotypes to measure human
intelligence4. As a quantitative trait, the heritability associated with a single gene responsible for a small effect
on observed IQ score appears mixed3,5,6. Systematic collection and analysis of genetic predisposition information
with single gene-centric evidence might provide a clearer biological picture for IQ and intelligence. Our previous
literature-based collection and expansion of genes involved in IQ scores present an overview for the genetic basis
associated with IQ7. Pathway analysis reveals that the gene content associated with IQ score is often related to
numerous diseases, such as schizophrenia, autism, depression, and breast cancer7–10. The goal of network biology
is to clarify the mechanisms ruling the cellular systems, and to create testable hypotheses, which can be used to
predict the possible outputs of various perturbations and help to identify therapeutic and diagnostic molecules11.
To address high genetic heterogeneities of intelligence and understand biological mechanisms for cognition
regardless of environmental factors, we adopted a systems biology-based approach to connect the IQ-related
genes with literature evidence. We not only found the genomic distribution, but also reconstructed a connected
pathway map for IQ-related genes. Based on the hub nodes in the constructed map, we expanded the protein-
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coding based network to a protein-drug interaction network to gen-
erate potential and highly enriched drugs for the genes in our recon-
structed IQ pathway.

Results
IQ-related genes are enriched in multiple regions of chromosomes
7 and X. To address the genetic complexity of IQ score, we developed
IQdb (http://IQdb.cbi.pku.edu.cn), a publicly available database for
exploring IQ-associated human genes7. In IQdb, 158 experimentally
verified genes from the literature serve as the core dataset, among
which approximately 16% of the IQ-related genes are located on X
chromosome. It is reported that only 3.4% of all human genes belong
to X chromosome12. The obvious contrast may indicate that the IQ-
related genes are over-represented on X chromosome. To clarify in
more detailed which genomic regions contain greater numbers of
IQ-related genes, we adopted a hypergeometric test based on the
gene content of each cytoband on the human genome. The further
enrichment analysis identified 10 genomic regions with significantly
larger amount of IQ-related genes. Among 10 regions, 4 belong to X
chromosome, including Xp, Xq, Xq28, and Xp11. A previous gene
expression study showed that the genes on X chromosome are more
likely to express in brain regions and reproductive tissues13. Our
results may be consistent with the idea that genes on X
chromosome may be associated with the quantitative IQ score12.
Since X chromosome is important to sexual differentiation, the
enrichment of IQ-related genes on X chromosome may provide an
incentive to explore differences in the IQ scores between the
sexes14,15.

Previous studies have identified 46 genomic regions involved in IQ
using a linkage approach7. Though none of these regions are located
on X chromosome, six of them are from chromosome 7 in humans
(13.04%). Among the ten genomic regions with enriched IQ-related
genes, six are not on X chromosome, including 7q, 7q11, 7q31, 8p12,
15q14, and17p13. Except for 8p1216, none of these genomic regions
overlap with the genomic regions in the prior linkage studies. Three
of six regions are from chromosome 7, accounting for 8.86% of the
158 IQ-related genes (Table 1). One previous study showed that
7q31–36 may be linked to verbal IQ based on 361 Australian and
Dutch twins17. Our results may uncover complementary roles of the
genes on chromosome 7 in general intelligence.

In summary, our analysis narrows the probable genomic regions
to several likely candidates, providing a better understanding of an
IQ-related genomics and a highly rational way to interpret differ-
ences such as gender. Notably, our gene enrichment based approach
has identified multiple genomic regions in chromosome X, which
was missed in previous linkage studies. This difference may be caused
by the sample size of the population in linkage studies. The other
potential reason is that most of genes on chromosome X in IQdb are
collected based on single-gene-based functional studies. Genetic
association is emerging as a large scale screening tool. These small
proportions of genomic regions have permitted global examination
of the genome/proteome on a larger population.

The enriched target genes in 158 IQ-related genes for transcrip-
tion factors and miRNAs related to mental disorders. A funda-
mental problem in biological systems is discovering potential
regulators for candidate genes, which may help us understand the
entire volume of genetic information. Compared to enriched IQ-
related genes, regulation does not teach us about the linear
relationship with the physical chromosome, but the dynamic
mechanisms of underlying environmental change.

The modifying effects of several types of regulatory genes are
widely studied and can be predicted based on sequence features of
their potential target genes. Transcription factor (TF) can influence
gene expression through transcription activation or suppression of
target genes with different binding efficiency in promoter regions18.

The other major group of regulators, MicroRNA (miRNA), can
regulate mRNA expression at the post-transcriptional level, such as
degradation or translational repression by binding the target gene
with small complementary sequences19. To identify potential
upstream TFs and miRNAs as possible regulators of the 158 gene
set, we performed enrichment analysis on both TF and miRNA
targets. In total, we identified seven TFs likely to regulate the set of
IQ-related genes. They are FOXF2, FOXO4, MAZ, MEF2A, NFIL3,
TCF3, and TFAP4. NFIL3 is reportedly related to neuron disease20.
Most remarkably, MEF2 is demonstrated to negatively regulate
learning-induced structural plasticity and memory formation21.
There are 16 target genes for MEF2 in 158 gene set, including
ATXN1, BDNF, BRAF, DBH, DMD, DMPK, DRD3, GNAS,
GRIN2B, IL1RAPL1, IL6R, NR3C2, PHOX2B, SNAP25, TMEM67,
and TSC1. Based on pathway annotation, we found that six of them
(BDNF, BRAF, DRD3, GNAS, GRIN2B, and SNAP25) had functions
in the neuronal system. In addition, the genes DRD3, GNAS, and
GRIN2B were related to dopaminergic synapse. These MEF2 targets
in the IQ-related gene set may form the core transcriptional circuitry
influencing memory formation related to IQ, which begs a further
experimental validation.

Based on a similar approach, we found that 16 human miRNAs
tended to regulate IQ-related genes. They were hsa-let-7i, hsa-mir-
15b, hsa-mir-16, hsa-mir-181d, hsa-mir-195, hsa-mir-30a-3p, hsa-
mir-30e-3p, hsa-mir-330, hsa-mir-374, hsa-mir-424, hsa-mir-429,
hsa-mir-497, hsa-mir-515-5p, hsa-mir-519e, hsa-mir-522, and hsa-
mir-96. Four of them, hsa-let-7i, hsa-miR-15b, hsa-miR-195, and
hsa-miR-330, were related to mental disorders based on disease
annotation. Both hsa-miR-15b and hsa-miR-195 belong to the
miR-15 family, which has been up-regulated in the superior temporal
gyrus and the dorsolateral prefrontal cortex in schizophrenics22.
These two miRNAs can mediate wide gene silence in the cell.
Among the 158 IQ-related genes, the targets of these two miRNAs
are ADRB2, ATXN2, BDNF, GHR, IL1RAPL1, KCNJ2, MAP2K1,
PAFAH1B1, RAF1, RELN, RPS6KA3, SIGMAR1, SLC6A4, and
STX1A. Comparing this set with that of the MEF2 targets, only
BDNF occurs in both sets of targets of mental-disorder-related TFs
and miRNAs, which might highlight its central role in signaling

Table 1 | Chromosome distribution for the 158 IQ-related genes

Chromosome Number of Genes Proportion

ChrX* 25 0.1582
Chr7 14 0.0886
Chr17 11 0.0696
Chr1 10 0.0633
Chr12 9 0.0570
Chr11 9 0.0570
Chr9 8 0.0506
Chr6 8 0.0506
Chr8 7 0.0443
Chr3 7 0.0443
Chr5 6 0.0380
Chr20 6 0.0380
Chr2 6 0.0380
Chr15 6 0.0380
Chr16 5 0.0316
Chr4 4 0.0253
Chr19 4 0.0253
Chr13 4 0.0253
Chr22 3 0.0253
Chr21 3 0.0253
Chr10 2 0.0190
ChrY* 1 0.0063
Chr14 1 0.0063

Note: * gene GTPBP6 is located in both X and Y chromosomes.
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pathways related to human intelligence and its potential role as the
hub of regulatory circuits in the IQ-related genes23.

Reconstruction of the core pathway for IQ-related genes using
known biological pathways. We are now able to specify several
genomic regions and regulators as possible determinants of the IQ
phenotype. We adopted a pathway reconstruction approach to
describe more complex biological processes arranged in the form
of a cascade of connected biochemical reactions or signaling trans-
ductions. Generally, molecular biological experimental technology
enables us to identify physical and functional interactions between
molecules in the cell. Plenty of signaling networks and pathways are
summarized based on reliable experimental evidence. Generally
speaking, the biological pathways are scattered in many databases
and are often represented as diagrams. Recently, Pathway Commons
integrated popular pathway databases and now provides a conve-
nient plain-text-based convenient format for further pathway
mining and reconstruction24. In order to utilize the available data,
we adopted the Klein-Ravi Steiner algorithm to extract core
interactions from the integrated human pathway data (see
Methods). The reconstructed core pathway contains 97 genes and
129 fully connected pathway connections in total (Figure 1A).
Among the 97 nodes, 62 are in the 158 IQ-related genes.

Biological pathway enrichment analysis is one of the most prac-
tical ways to mine underlying molecular mechanisms in complex

cellular processes25. Further functional enrichment analysis showed
that 97 genes in our reconstructed map were enriched in 30 biological
pathways (Table 2). In terms of neuron-related function, there are
three identified pathways: ‘‘Neurotrophin signaling’’, ‘‘Long-term
potentiation’’, and ‘‘GnRH signaling’’. Interestingly, the majority of
the remaining 27 pathways are related to various signaling events,
including signaling in cancer, ErbB receptor, TRAIL, proteoglycan
syndecan, IFN-gamma, PI3K, MAPK, TSH, Kit receptor, TCR, IL-3,
and hepatocyte Growth Factor Receptor. Besides neurohormone
GnRH, which is produced in a neural cell and released at its neural
terminal, the map indicated that five additional hormones may have
an effect. These are androgen, endothelins, glypican, leptin, and pro-
lactin. In summary, our reconstructed map revealed multiple paths
related to several known signaling pathways, suggesting potential
cellular mechanisms which have not been presented on the topic
of signaling transduction, as far as we know. Hormone related path-
ways, including an androgen reception signaling pathway related to
development of male secondary sex characteristics, might suggest
interesting and new components related to sex difference, extending
our current knowledge.

The arrangement and structure of the nodes in a complex system,
such as a biological network, often follow specific rules which may be
closely related to the function in this system11. To decompose the
reconstructed maps, topological analysis was conducted (Figure 1B–
D). Generally, the number of connections at each node is represented

Figure 1 | Network view of 158 IQ-related genes based on known pathway interaction data. (A) Reconstructed biological network using 158 IQ-related

genes as input by integrating gene-gene interaction from well-defined pathway data. The nodes in yellow (triangle) represent literature-based IQ-related

genes; nodes in red (circle) represent expanded genes based on pathway-interaction data. The size of each node represents the number of connection in

this network. (B) The plot of degrees and number of nodes in the reconstructed IQ-specific network. (C) The histogram of path length in the

reconstructed IQ-specific network. (D) The plot of closeness centralities and the number of neighbors in the reconstructed IQ-specific network.
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as the degree in a network11. As shown in Figure 1B, the degrees of all
molecules in the reconstructed map follow a power law distribution:
P(k) , k2b, where P(k) is the probability that a molecule connects
with k molecules and b has an estimated value of 1.602. Therefore the
majority of molecules in our map are sparsely connected. In contrast,
a small fraction of molecules are more likely to be connected. In total,
there are 11 molecules with at least five connections. They are
PRKACA (14), CREB1 (9), TP53 (8), SOS1 (8), JAK2 (7), PTPN11
(7), PIK3CA (6), CREBBP (6), CDC42 (6), RAF1 (5), and GNAI3 (5).
Among these, four are in 158 IQ-related gene set, namely SOS1,
PTPN11, CREBBP, and RAF1. The remaining seven molecules are
appended through pathways connected to the 158 genes.

The hub nodes in a network often serve as common connections to
mediate information transduction along a short path. Thus, they
often play a prominent role in biological network. In our map, gene
PRKACA is the most connected, showing 14 connections. PRKACA
(protein kinase, cAMP-dependent, catalytic, alpha) plays a fun-
damental role in various cellular functions related to 76 KEGG and
59 REACTOME pathways including cell cycle, apoptosis, signaling
transduction, gap junction, and interaction with HIV and the
immune system. In addition, PRKACA involves many neurological
processes such as Long-term potentiation, GnRH signaling, Nicotine
Activity on Dopaminergic Neurons, addiction (Amphetamine,
Cocaine, and Morphine), synapse activities (Cholinergic,
Dopaminergic, Glutamatergic and Serotonergic synapse). Previous
studies demonstrates that cAMP-dependent protein kinases are
involved in the associative learning of the Drosophila (fruit fly)26.

Additionally, cAMP/cAMP-dependent protein kinases in the hippo-
campal region are reported to be related to a late memory consol-
idation phase of aversively motivated learning in rats27. Moreover,
cAMP-dependent protein kinases can also cooperate with CaMKII in
the H3 receptor to regulate the synthesis and release of histamine28.
In addition to PRKACA, CREB1 (cAMP response element-binding
protein 1), the second-most connected gene in our reconstructed
map, can also bond to cAMP response elements in DNA. This gene
has been reported to facilitate the formation of long-term memory.
Furthermore, CREB1 interacts with BDNF and NTRK2 to form a
core pathway in depression29. In spite of this volume of evidence for
the role of cAMP-dependent protein kinases and cAMP response
element-binding protein in cognitive-related process, there has been
no association between cAMP-dependent protein kinases or cAMP
response element-binding protein with IQ. These overlaps with
many known signaling cascades with IQ-related genes, which might
provide a clue for complex signaling cross-talk centered by
PRKACA/CREB1, which is in IQdb.

In addition to the cAMP related molecules, there are at least two
cancer related genes identified by our pathway reconstruction
approach. One is the most well-known tumor suppressor TP53. In
fact, there is evidence that is play a role in IQ-related mental dis-
orders such as schizophrenia30. Furthermore, the other oncogene,
PIK3CA, is also included in our final map, and is known to influence
several psychiatric processes31–33. The next three most-connected
genes (JAK2, CDC42, and GNAI3) have also been reported to be
related to cognitive disorders or related neuronal functions. JAK2
is related to cognitive impairment in the mouse model34. CDC42 is
associated with neurofibromatosis and mental retardation35. In spite
of the fact that there is no direct evidence for its role in cognitive
process, GNAI3 takes part in negative regulation of synapse trans-
mission, long-term depression, and axon guidance according to
KEGG pathway annotation. In summary, of the seven hub molecules
in our reconstructed map related to IQ, at least six (85.71%) of them
are reported in the literature to be potentially associated with IQ or
other cognitive processes. This high relevance not only demonstrates
the accuracy of pathway-based reconstruction approach to identify
critical molecules, but also provides a fully-connected signaling path-
way worthy of further investigation.

Though our reconstructed map is an unoriented signaling path-
way, it provides many testable molecules in a typical small-world
network involved in cognitive processes, where their degrees follow
a power-law distribution. Our further topologic analysis on short
path (Figure 1C) and closeness centrality (Figure 1D) shows that
the reconstructed map is relatively compact. The path length repre-
sents how many steps are between one node and other nodes11. As
shown in Figure 1C, the majority of nodes in the map are easily
reached from another node in three to six steps. The closeness cent-
rality is used to reveal the shortest step from one node to another11.
As shown in Figure 1D, the nodes with more neighbors tend to have
higher closeness centrality.

A connected drug-target network in the core pathway of IQ-related
genes. Based on the reconstructed pathway map, we further identified
enriched drug targets in this map. Using the enriched drug targets as
inputs, we combined the drugs and their targets to form a drug-target
network. As shown in Figure 2A, there are ten enriched drugs, namely
dopamine, nitric oxide, L-tyrosine, methamphetamine, norepineph-
rine, glutathione, amphetamine, tetrahydrobiopterin, apomorphine,
and somatropin recombinant. Except for somatropin recombinant,
all have been reported to be active in nervous systems or mental func-
tions according to pharmacodynamics annotation in DrugBank36.
Interestingly, six of them interact with two critical neurotrans-
mitters (dopamine and norepinephrine) systems that regulate mood
and behavior. These include amphetamine, apomorphine, dopamine,
L-tyrosine, and norepinephrine. Dopamine is a neurotransmitter

Table 2 | Significant enriched pathways in the reconstructed IQ-
specific network

Pathway Adjusted P-values*

Pathway Commons pathway
Glypican pathway 5.23E-39
Glypican 1 network 2.01E-38
ErbB receptor signaling network 5.53E-37
TRAIL signaling pathway 6.90E-37
Proteoglycan syndecan-mediated signaling events 9.40E-37
IFN-gamma pathway 4.30E-36
Plasma membrane estrogen receptor signaling 4.32E-36
Endothelins 4.56E-36
Internalization of ErbB1 2.08E-35
Class I PI3K signaling events 2.08E-35
KEGG pathway
Prostate cancer 1.74E-18
MAPK signaling pathway 6.92E-17
Neurotrophin signaling pathway 7.31E-17
Renal cell carcinoma 1.75E-16
Gap junction 2.59E-15
Pathways in cancer 3.47E-13
Melanogenesis 4.15E-13
Long-term potentiation 6.36E-13
Regulation of actin cytoskeleton 7.35E-13
GnRH signaling pathway 1.54E-11
Wikipathways pathway
Prolactin Signaling Pathway 1.30E-15
TSH signaling pathway 1.02E-14
MAPK signaling pathway 5.83E-14
Androgen receptor signaling pathway 8.47E-14
Kit receptor signaling pathway 8.47E-14
TCR Signaling Pathway 1.37E-13
Leptin signaling pathway 1.39E-13
Regulation of Actin Cytoskeleton 3.44E-13
IL-3 Signaling Pathway 7.85E-13
Signaling of Hepatocyte Growth Factor Receptor 6.85E-12

Note: *Adjusted P-values: the P-values of the hypergeometric test were corrected by Benjamini-
Hochberg multiple testing correction.
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responsible for various behavior and cognition activities, such as
whose found in reward-driven learning systems. Dopamine is also
linked to many neurological disorders such as Parkinson’s disease,
psychosis, and schizophrenia37. Norepinephrine plays a critical role in
decision making and can affect attention; it is also used as anti-
depressant and anti-schizophrenic38,39. L-tyrosine is one of the
precursors in the synthesis of dopamine and norepinephrine and
can be used to treat depression, improve memory, and enhance
mental alertness according to DrugBank annotation36. Ampheta-
mine can stimulate central adrenergic receptors to release norepine-
phrine and a high dosage of amphetamine is reported to help release
dopamine. Methamphetamine, a related entity, is neurotoxic to
dopamine transporters and is often used to mark dopamine
terminal laboratory animals. Since it is involved in dopamine
systems, methamphetamine has been reported to be associated with
slower motor function and memory deterioration40. Apomorphine is
a dopamine agonists and is used to treat Parkinson’s disease based on
DrugBank annotation, according to DrugBank annotation36.

The six drugs that affect the two critical neurotransmitters dopa-
mine and norepinephrine covered 66.7% of the target genes (32
genes) in the drug-target map (Figure 2A). Since we constructed this
map through enriched drugs, this drug-target map is mostly centered
by drugs. Therefore, the connectivities of drugs are higher than drug
target genes as shown in Figure 2B. Using topological analysis, most
of the nodes can be reached from another in two to four steps
(Figure 2C). Since the majority of targets and drugs are related to
dopamine and norepinephrine system, this network is also very
compact based on closeness centralities (Figure 2D). In summary,
our enrichment and network-based analysis shows that the dopa-
mine and norepinephrine systems are critical to IQ-related genes,

which may provide more insight into the cognitive process from an
IQ aspect.

Discussion
Systems biology, herein defined as the systematic study of complex
regulation and interaction in biological systems, makes efforts to
analyze cellular processes from a systematic rather than reduction-
istic perspective, expecting to generate hypotheses to understand the
systems. While plenty of single gene-centric studies have been
reported as a genetic basis for the explaining IQ, the outcome of
the system cannot be fully understood using independent analysis
of the parts. Here, we applied an integrative systems-based approach
to mine the enriched genomics regions and reconstruct critical bio-
logical gene interaction map relevant to IQ. The results support both
previously known and novel gene networks related to IQ. For
example, we uncovered importance of dopamine and norepinephr-
ine systems in IQ-related biological process. It is still remain unclear
about the genetic background about gender-related cognitive pro-
cesses. Based on functional enrichment analysis, we found that the
IQ-related genes were predominantly occurred on X chromosome.
This abnormal distribution may highlight the highly rational way to
interpret IQ differences between genders. Our integrative analysis
may advance the understanding the genomics/cellular factors that
promote human cognitive abilities related to IQ, which may elucidate
novel pathways for future drug development on IQ-related mental
disorders.

We note that the completeness of the cellular processes related to
human intelligence is limited by an ever-expanding knowledge of
associations between mental phenotype and candidate genes. The
associations used here are based on our literature-based database

Figure 2 | Network view of drug-target interaction based on reconstructed IQ-specific network. (A) Drug-gene interaction network of IQ-related genes

from our reconstructed pathway (see Figure 1). The nodes in blue (triangle) represent the enriched drugs in the reconstructed IQ-specific network

(Figure 1); nodes in grey (circle) represent the target of the drugs. The links between drugs and genes represent the drug-target relationships. The size of

each node represents the number of connection in this network. (B) The plot of degrees and number of nodes in the IQ-related gene-drug interaction

network. (C) The histogram of path length in the IQ-related gene-drug interaction network. (D) The plot of closeness centralities and the number of

neighbors in the IQ-related gene-drug interaction network.
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which currently represents the best available depository of IQ-related
genes. It continues to develop quickly due to high-throughput tech-
nologies for identifying IQ–related gene associations. Such expan-
sion might unveil the complex signaling cross-talks of human
intelligence. Significant improvements are expected from more
accurate reconstructions of the human intelligence pathway map,
from the more comprehensive integration of various new static
and dynamic data, and from improvements in network-based path-
way reconstruction approaches. Although the approach may be
promising, multiple testable results in our study will not significantly
change, i.e. the finding that cAMP related cellular events in the IQ-
related pathway highlight the importance of cAMP signaling. In
addition, a brain-specific miR-134, localizing hippocampal dendritic
spines, is involved in regulation of dendritic spine size22. This syn-
aptic change is related to human memory and plasticity. Though our
miRNA target analysis did not intersect with miR-134, we identified
four miRNAs related to mental disorders; two of them belonging to
the miR-15 family22.

In our reconstructed pathway map, numerous genes were involved
in tumorigenesis. Our observation that the oncogenic genes tend to
occur in the IQ-related cellular process raises an important question:
Is there a common pathway between cancer cell proliferation and the
IQ-related cellular process? Previous studies show that there is an
extensive connection between cancer and neurodegeneration disor-
ders. For example, the defects of cell-cycle and DNA damage/repair
genes both lead to tumorigenesis and neuron diseases41. One of most
well-known Parkinson’s causal gene PARKIN has been reported as a
tumor suppressors in several cancer types42. Though there is no
direct evidence to associate cognitive processes with cancer, our
previous pathway analysis showed that IQ-related genes were highly
related to neuron disorders such as schizophrenia, autism, and bipo-
lar7. Therefore, it is reasonable to expect numerous overlaps in
molecular pathways implicated in cancer and IQ-related cellular
processes. We showed that the targets of two schizophrenia-related
miRNAs are enriched in our 158 IQ-related genes. Both of these are
from miR-15 family, which has been identified as tumor suppressors
targeting oncogenes BCL243,44. In summary, the evidence may pro-
vide an opportunity to reuse known therapeutic approaches in both
groups of disorders.

A fundamental goal of biomedical research is to discover effective
drugs to cure human diseases. Our rudimentary analysis of a poten-
tial drug target network allows us to relate the two critical neuro-
transmitters dopamine and norepinephrine systems to IQ-scores.
Though dopamine is known to be important in reward-driven learn-
ing systems, its broader effect on human intelligence has not been
explored. In addition, our constructed drug-target network implied
that dopamine and norepinephrine may cooperate with each other to
influence other common targets related to IQ. Taken together, these
results offer insight into the functional importance of several neuro-
transmitters in human cognitive process and their relevance to
human mental health.

Our systematic analysis of IQ-related genes from the literature
resulted in numerous testable hypotheses regarding critical genomic
regions, transcription factors, miRNAs, signaling molecules, and
neurotransmitters. Most importantly, we found that the systematic
mapping of these genes between various annotations helped us
uncover some critical biological events and helped to explain their
underlying interplay in the human cognitive process.

Methods
Collecting IQ-related genes from the literature. To systematically study the IQ-
related genes, we performed an extensive literature search followed by manual
assembly of the data. Our literature search focused on family-based linkage studies,
population association studies, genome-wide association studies and other functional
analyses using the following expression against PubMed database: (‘‘intelligence
quotient’’ [Title/Abstract] OR ‘‘IQ’’ [Title/Abstract]) AND ((‘‘genome-wide
association study’’ [Title/Abstract] OR ‘‘genome wide association study’’ [Title/
Abstract]) OR ((‘‘gene’’ [Title/Abstract] OR ‘‘genetic’’ [Title/Abstract]) OR

(‘‘association’’ [Title/Abstract] OR ‘‘linkage’’ [Title/Abstract]))). This search returned
2307 abstracts on 10 January 2013. We manually assembled the experimentally
verified candidate genes, single-nucleotide polymorphisms (SNPs), and genomic
regions relevant to IQ. This information and related annotation were stored in the
IQdb database and published for public use7. In this article, all 158 literature-based
and IQ-related genes were downloaded from IQdb website7.

Biological function enrichment analysis. To assess the function of all the 158 IQ-
related genes, we conducted functional enrichment tests using the online tool
WebGestalt45. WebGestalt adopts a hypergeometric model to measure whether an
input set of object pairs has a different frequency of annotation pairs than would
occur randomly. To study the genomics features of the 158 IQ-related genes, we
conducted chromosome cytoband-based enrichment analysis to identify the genomic
regions which IQ-related genes were significantly enriched using all the genes on
these regions as background. Similar processes were used to identify enriched TF
targets, miRNA targets, and drug targets. The identified TFs and miRNAs were
regarded as the potential upstream regulators for the IQ-related genes. In these
enrichment analyses, all the human protein-coding genes in WebGestalt were used as
background to calculate statistical significance. In addition, the Benjamini-Hochberg
method was implemented in the WebGestalt to further exclude false negative results.
Finally, we identified those enriched functional terms with an adjusted P-value less
than 0.05, as calculated by the hypergeometric test.

Network reconstruction, visualization, and topologic analysis. To reconstruct a
network based on the 158 IQ-related genes, we first downloaded a non-redundant
human pathway interaction from Pathway Commons Database24. In Pathway
Commons, it integrates 1,668 pathways from public pathway databases, including
KEGG46, BioCyc47, Reactome48, and pathway interaction database49. Based on the
reactions in these pathway maps, Pathway Commons decomposes these pathways
into pairs of protein-protein interactions. This pathway interaction data can be used
to reconstruct biological pathways efficiently. In total, the final human pathway-
based interactome contained 3629 nodes and 36034 pathway interaction links. To
build a non-redundant protein-protein interaction dataset, all the self-interaction
were excluded. Using the Klein-Ravi Steiner minimal tree algorithm50, we
reconstructed a sub-network as an IQ-specific pathway from the entire human
pathway-based interactome. Among the 158 IQ-related genes, only 112 were mapped
to data from Pathway Commons.

Visualization of the reconstructed pathway network was performed using the
Cytoscape software51. The input to Cytoscape is tab delimited file with two columns
with two interacting genes. The node is corresponding to each interactors, the edge
denotes the pathway interaction between the two interacting genes. Node shapes and
colors were used to represent molecules with different functions. Links between any
two nodes indicated their functional relevance.
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