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Abstract
Psychiatric disorders have traditionally been segregated 
from medical disorders in terms of drugs, treatment, 
insurance coverage and training of clinicians. This 
segregation is consistent with the long-standing ob-
servation that there are inherent differences between 
psychiatric disorders (diseases relating to thoughts, 
feelings and behavior) and medical disorders (diseases 
relating to physical processes). However, these dif-
ferences are growing less distinct as we improve our 
understanding of the roles of epistasis and pleiotropy 
in medical genetics. Both psychiatric and medical disor-
ders are predisposed in part by genetic variation, and 
psychiatric disorders tend to be comorbid with medical 
disorders. One hypothesis on this interaction posits that 
certain combinations of genetic variants (epistasis) in-
fluence psychiatric disorders due to their impact on the 
brain, but the associated genes are also expressed in 
other tissues so the same groups of variants influence 
medical disorders (pleiotropy). The observation that 
psychiatric and medical disorders may interact is not 
novel. Equally, both epistasis and pleiotropy are fun-
damental concepts in medical genetics. However, we 

are just beginning to understand how genetic variation 
can influence both psychiatric and medical disorders. 
In our recent work, we have discovered gene networks 
significantly associated with psychiatric and substance 
use disorders. Invariably, these networks are also sig-
nificantly associated with medical disorders. Recogniz-
ing how genetic variation can influence both psychiatric 
and medical disorders will help us to understand the 
etiology of the individual and comorbid disease phe-
notypes, predict and minimize side effects in drug and 
other treatments, and help to reduce stigma associated 
with psychiatric disorders. 
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INTRODUCTION
Interaction between psychiatric and medical disorders has 
been observed for decades[1-3], although this interaction has 
not been well characterized with respect to the potential 
for common underlying genetic etiology. Disorders such 
as schizophrenia and diabetes are predisposed by mul-
tiple interacting genetic and environmental influences[4-6]. 
Identifying and understanding these interactions is criti-
cal to understanding the etiology of  a range of  common 
complex diseases[5,7-11], including psychiatric and medical 
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disorders that have very significant public health conse-
quences[4,12-14]. In assessing genetic influences on complex 
disease, we use the term “epistasis” to mean “interaction 
between genes”[15,16]. This definition is broad, including 
any mechanism by which the effect of  one gene or genet-
ic variant influences the effect of  another gene or genetic 
variant, resulting in the observed phenotype (changes in 
protein-protein binding, regulation of  expression, post-
transcriptional processing, translation, post-translational 
processing, activation/deactivation, translocation, re-
sponse to environmental stimuli, etc.). Complex diseases 
also tend to be comorbid[17-20], consistent with pleiotropy 
having an influence on them. We use the term “pleiotropy” 
to mean that multiple phenotypes are influenced by a 
single genetic variant or set of  variants[21,22]. Again, we use 
a simple and broad definition, including cases where any 
two or more phenotypes are influenced by a single variant 
or set of  variants. Based on our recent work[18,19,23], our 
observation is that epistasis and pleiotropy are both im-
portant in understanding the genetic etiology of  complex 
diseases. Note that environmental factors are important 
in the etiology of  complex diseases but here we focus on 
genetic etiology. Also, while epistasis and pleiotropy apply 
to any phenotypes, the focus of  our work is on comorbid 
diseases, where two or more complex disease phenotypes 
are seen in a single individual. 

We first highlight progress and challenges in assess-
ing genetic influences on psychiatric disorders as well as 
interactions between psychiatric and medical disorders. 
We then illustrate the roles of  epistasis and pleiotropy in 
a complex psychiatric/medical comorbidity, based on a 
set of  candidate genes that are statistically enriched (over-
represented) in both schizophrenia and breast cancer lit-
erature. Finally, we offer observations on the significance 
of  the overlap of  genetic influences on psychiatric and 
medical disorders.

GENETIC VARIATION IN PSYCHIATRIC 
DISORDERS
Psychiatric disorders (schizophrenia, bipolar disorder, 
major depressive disorder, etc.) and medical disorders 
(diabetes, cancers, hypertension, etc.) are generally com-
mon complex diseases[24], predisposed by multiple inter-
acting genetic and environmental influences. Substance 
use disorders (addiction to or dependence on cocaine, 
opium, alcohol, nicotine, etc.) are also complex diseases 
and they are often categorized as psychiatric disorders. 
Substance use disorders have characteristics of  both 
psychiatric and medical disorders because they influence 
both behavior and physical condition, though they tend 
to have very clear environmental influences (i.e. the sub-
stances of  abuse). Heritability estimates for psychiatric 
disorders range from 40% to 90%, depending on the 
disorder and population tested[24-26], strongly consistent 
with the hypothesis that genetic variation influences these 
disorders. However, efforts to find reproducible evidence 
of  specific genetic influences have been frustrated due to 

locus heterogeneity, incomplete penetrance and interac-
tion with environmental factors[24]. Efforts are currently 
under way to improve the success of  these studies by the 
use of  endophenotypes (sub-phenotypes), modeling the 
impact of  environmental variation, identification of  rare 
variants influencing the phenotype and the use of  larger 
study populations or meta-analysis to improve power in 
hypothesis testing[27,28]. 

We have been pursuing a related approach for sev-
eral years, leveraging epistasis and pleiotropy to improve 
the detection of  sets of  genetic variants associated with 
psychiatric disorders comorbid with substance use disor-
ders[18,19,23]. We first noted that psychiatric and substance 
use disorders are often comorbid[29] and, in most popula-
tions tested, epidemiological evidence indicates that indi-
viduals diagnosed with psychiatric disorders are over-rep-
resented for substance use disorders and vice versa[29-37]. 
Data about genetic variants that influence psychiatric or 
substance use disorders is inherently noisy due to diverse 
populations and behaviorally based phenotype classifi-
cations. However, using the principles of  epistasis and 
pleiotropy, we identify genetic variants at the intersection 
of  a pair of  comorbid diseases, effectively highlighting 
the association signal for the comorbidity and revealing 
biologically relevant gene sets which may be relevant to 
the molecular basis of  the phenotype. Subsequently, we 
identify a network of  genes that are candidates for in-
fluencing the comorbid phenotype. Interestingly, while 
we start out searching for candidate genes related to the 
psychiatric/substance use comorbidity, we invariably see 
medical disorders significantly over-represented in anno-
tation for genes in these networks[18,19,23].

INTERACTION OF PSYCHIATRIC AND 
MEDICAL DISORDERS
Consortia have been formed to improve the detection 
of  genetic variation influencing medical disorders and 
these groups have seen some success[27,38,39], although the 
complexity of  the genetic influences involved remain 
challenging[40-42]. Interestingly, interaction between psychi-
atric and medical disorders has been observed for many 
years[30,43-45] (e.g. colon cancer and breast cancer have 
been associated with schizophrenia[46], coronary disease 
has been associated with depression[47-49]), although the 
observed interactions do not necessarily point to genetic 
influences. For example, antipsychotics prescribed to 
schizophrenics (an environmental influence) may make 
them more vulnerable to hyperglycemia[50,51]. However, 
the observed interactions may well be due to some com-
mon element that predisposes both conditions[52] and 
common underlying genetic variation represents an im-
portant possible etiology. As a simple example, a variant 
in transcription factor TCF7L2 was recently found to in-
crease risk for both diabetes and schizophrenia, although 
this single variant explains only a small amount of  varia-
tion in either disease[53]. We hypothesize that explaining 
a greater portion of  the genetic influence on a given 
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comorbidity can be accomplished by leveraging epistasis 
and pleiotropy in modeling the combined phenotype.

MODELING
We have previously reported modeling interactions among 
clusters of  candidate genes for comorbid psychiatric and 
substance use disorders[18,19,23] to help us understand how 
the genetic influences impact the comorbidity and how 
the relevant substances interact with the genes involved. 
Summarizing the process, we firstly identify a set of  
candidate genes for the comorbidity via: genome wide 
expression or association studies, literature mining, Gen-
e2MeSH[54] and/or the Genetic Association Database[55]; 
secondly, establish biological context for the set of  genes 
by modeling their interactions via: Prioritizing Disease 
Genes by Analysis of  Common Elements[56], Gene Rela-
tionships Among Implicated Loci[57] and/or GeneGo[58]; 
and thirdly, identify, report and interpret over-represented 
concepts in annotation for genes in these networks via: 
the Database for Annotation Visualization and Integrated 
Discovery[59], ConceptGen[60] and/or GeneGo[58].

As expected, the genes in the networks developed are 
significantly over-represented for annotation consistent 
with psychiatric and substance use disorders. However, 
we noted that each of  these networks is also significantly 
over-represented by genes annotated for their roles in 
medical disorders. This observation in multiple studies 
leads us to hypothesize that, in a genetic sense, distinc-
tions made between psychiatric and medical disorders are 
arbitrary.

Candidate gene selection
To illustrate how psychiatric and medical disorders share 
constellations of  genetic influences, we followed the 
observed interaction between schizophrenia and breast 
cancer[46]. To minimize the chance of  pursuing a spurious 
association, we searched PubMed for [“schizophrenia”
(MeSH Terms) AND “breast neoplasms”(MeSH Terms)] 

and found 43 papers annotated for this comorbidity. We 
then began a candidate gene search using Gene2MeSH[54], 
which identifies genes that are significantly over-repre-
sented (P-value < 10-5) in annotation for PubMed ab-
stracts that are also annotated for given Medical Subject 
Headings (MeSH). Note that, while we recognize that a 
simple PubMed search may be subject to publication bias, 
Gene2MeSH overcomes this bias in calculating signifi-
cance values. We searched for human genes over-repre-
sented for MeSH annotation “descriptor: Schizophrenia” 
(145 genes) and MeSH annotation “descriptor: Breast 
Neoplasms” (164 genes). We selected the 6 genes at the 
intersection of  these sets for follow-up analysis (Table 1). 
 
Biological contextualization
To place the 6 candidate genes identified in our Gen-
e2MeSH search into context, we used GeneGo’s Meta-
Core database of  protein-protein and protein-small 
molecule interactions to build a gene network model of  
the candidate genes, plus their closest interactors, using 
the following parameter settings: (1) shortest paths algo-
rithm; (2) merged network; (3) no canonical pathways; 
(4) 2 maximum steps in the path; (5) show disconnected 
seed nodes; (6) show shortest path edges only; (7) discard 
low trust interactions; (8) use functional interactions; (9) 
use binding interactions; and (10) do not use compound-
target interactions.

Enriched concepts
The resulting network (Figure 1) is organized by cellu-
lar compartment and shows the close and multi-layered 
interactions among these 6 genes and their interactors. 
Note that Figure 1 has 31 icons representing 43 genes 
because some of  the icons represent dimerized proteins 
that act as a single unit. Based on MetaCore data, Ge-
neGo calculates that the larger network is significantly 
enriched for genes annotated for brain diseases, cancers 
and hormone sensitive disorders (Table 2). This annota-
tion is consistent with the hypothesis of  shared genetic 
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Table 1  Gene2MeSH results

Gene 
symbol

Entrez 
gene ID

MeSH descriptor MeSH qualifier PubMed 
citations

Citations 
expected

Fold 
change

χ2 P  value

AKT1   207 Schizophrenia Genetics   26   8.97   2.9     31.4 2.97E-06
Breast Neoplasms Pathology   91 36.40   2.5     78.2 1.63E-14

COMT 1312 Schizophrenia Genetics 176   6.96 25.3 4107.4   5.06E-186
Breast Neoplasms Genetics   68 28.33   2.4     55.3 8.43E-11

CYP2D6 1565 Schizophrenia Drug therapy   45   4.89   9.2   330.0 1.28E-28
Breast Neoplasms Drug therapy   42 20.00   2.1     24.5 9.59E-06

ERBB4 2066 Schizophrenia Genetics     6   0.59 10.1     90.4 1.63E-08
Breast Neoplasms Pathology   27   4.43   6.1   114.9 5.28E-14

NRG1 3084 Schizophrenia Genetics   98   1.85 53.1 5011.8   2.84E-140
Breast Neoplasms Pathology   24   7.50   3.2     36.1 7.39E-07

SOD2 6648 Schizophrenia Genetics   16   3.64   4.4     42.8 1.07E-06
Breast Neoplasms Genetics   50 14.71   3.4     85.1 9.33E-14

The intersection of Gene2MeSH output for MeSH “descriptor: Schizophrenia” and MeSH “descriptor: Breast neoplasms” yields 6 genes significantly 
over-represented in PubMed abstracts annotated for both descriptors. Fold changes are calculated within Gene2MeSH as citations observed/expected. χ2 
statistics and their corresponding P-values are also developed from these values. This gene set became input to the GeneGo modeling.
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Figure 1  Systems biology model. GeneGo modeling shows how the 6 candidate genes identified by Gene2MeSH (circled in blue) interact with a tight-knit set of 37 
additional genes, 13 of which regulate gene expression, and 5 of which are hormone responsive. The network also highlights the multiple positive and negative feed-
back cycles contained in the network. See www.genego.com for description of icons, colors and links in the figure.

MembraneExtracellular Cytoplasm Nucleus Unspecified

vulnerability to schizophrenia and breast cancer, and em-
phasizes that these disorders are genetically related to the 
broader phenotypes. The “hubs” for the network shown 
in Figure 1, the genes with the most interactions, are An-
drogen receptor (33 interactions) and Estrogen receptor 
1 (32 interactions), consistent with hormone response. 

Other notable hubs include p53, strongly associated with 
cancers[61] (30 interactions), and Estrogen receptor 2, a 
homolog to Estrogen receptor 1 (22 interactions). Of  
the 43 genes in this network, 22 are transcription factors, 
consistent with an important role for regulation of  gene 
expression. 

“Adnexal Diseases” and “Hyperoxia” are over-repre-
sented phenotypes (Table 2) that we have not been able 
to place into the context of  brain disorders or cancers. 
Equally, “positive regulation of  nitrogen compound met-
abolic process” is the most significantly over-represented 
Gene Ontology biological process in the annotation for 
these genes (P-value: 3.49 × 10-37) and, again, we have not 
been able to place this process into context. These may 
represent spurious associations. However, based on our 
previous experience, we hesitate to dismiss the evidence 
for these associations. They could represent novel puzzle 
pieces that will be appreciated only when other pieces are 
discovered and put into context. This was the case when 
we first noticed that medical disorders were significantly 
enriched in annotation for networks based on psychiat-
ric/substance use comorbidities.

IMPLICATIONS
Genetic variation’s influence on complex disease is agnos-
tic to categorization of  psychiatric vs medical disorders. 
We present a view on comorbidity research that opens 
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Table 2  Over-represented disease annotation for systems 
biology model

Disease Percent of 
network genes 
annotated (%)

P  value

Ovarian neoplasms 76.74 5.80E-29
Ovarian diseases 76.74 3.24E-27
Adnexal diseases 76.74 3.89E-27
Mesothelioma 48.84 2.04E-26
Neoplasms, mesothelial 48.84 2.50E-26
Gonadal disorders 76.74 4.23E-26
Genital neoplasms, female 79.07 8.70E-26
Hyperoxia 30.23 2.10E-23
Genital diseases, female 83.72 4.75E-22
Astrocytoma 72.09 4.82E-22
Neoplasms, connective and soft tissue 62.79 1.64E-21
Glioblastoma 69.77 3.67E-21

The 43 genes in the GeneGo model developed from the 6 candidate genes 
show significant over-representation for cancers, especially hormone 
sensitive cancers, and brain diseases, including brain cancers. P values 
characterizing the significance of enrichment are calculated within the 
GeneGo software based on a hypergeometric distribution.  

McEachin RC et al . Genetics, psychiatric and medical disorders



the door to analysis of  new combinations of  related phe-
notypes, which could also shed light on single-disorder 
phenotypes. We propose that, based on epidemiological 
evidence, we can search for genetic influences on comor-
bidities that might otherwise seem unrelated[62-65]. Over-
represented concepts found in annotation for genes in 
these networks serve as positive controls in model build-
ing and provide insight into the biological context of  the 
genetic influences. These insights may also provide novel 
background on fundamental processes that would not 
be evident without the network model. These insights 
can then be applied to improve our understanding of  
the comorbidity and each of  the single-disorder pheno-
types. The methods we describe are not biased by disease 
terminology and are only biased based on the literature 
and gene set categorizations and annotations. By using 
multiple data sources we hope to minimize that bias but 
recognize that it still exists. 

Therapy and drug side effects
At least 16 genes in the network in Figure 1 are annotated 
in GeneGo’s MetaDrug database as being known targets 
for currently available therapeutic drugs. Arguably, any of  
these drugs has potential for therapeutic use in schizo-
phrenia or breast cancer, as well as the related phenotypes 
seen in Table 2. The multiple positive and negative feed-
back loops evident in Figure 1 are also indicative of  the 
complex nature of  epistasis in this comorbidity. Develop-
ment of  drugs for therapeutic use can benefit from this 
work by incorporating the understanding that these genes 
have complex interactions that must be considered when 
targeting any one of  them or any combination of  them. 
In the larger sense, this network is not unique in model-
ing comorbid psychiatric and medical disorders; rather 
this is the pattern that we have seen in previous work 
and it is consistent with side effects seen in a range of  
treatment protocols[66-71]. By improving our understand-
ing of  the multiple interacting genetic and environmental 
influences on any disease phenotype, we should be able 
to better predict therapeutic interactions and side effects, 
and reduce their negative effects on the patient[72].

Replication of association
A challenging facet of  complex disease research is the 
frequent failure to replicate significant findings in follow-
on analyses[24]. The hypothesis that epistasis and pleiotro-
py are important in complex comorbidities is consistent 
with these observations where, for example, in one study 
the direction of  association for a given comorbidity is 
positive[46] and in other study the direction is negative[73]. 
The alternate direction of  correlation should actually be 
viewed as additional evidence of  a relationship between 
common gene variants and these diseases. A model con-
sistent with this phenomenon posits that a given set of  
genetic variants could be positively associated with both 
a psychiatric disorder and a medical disorder, while the 
same gene set with a slight change in variation, perhaps 
in a different population, could reverse the direction of  

effect for one of  the disorders. Equally, minor changes 
in other interacting genes or environmental effects could 
yield population specific, gender specific or environment 
specific effects that hamper replication efforts.

Stigma
A significant challenge for psychiatric patients is the stigma 
associated with diagnosis and treatment for their disorders, 
interfering with essentially every facet of  their lives[12]. Part 
of  this stigma comes from the preconception that there is 
something inherently different about psychiatric disorders 
when compared with medical disorders. This stigma is also 
the result of  our lack of  understanding of  the etiology of  
psychiatric disorders and, in many cases, our inability to 
effectively treat these disorders. The growing recognition 
that psychiatric disorders are influenced by the same com-
plex interacting genetic and environmental influences that 
predispose medical disorders, which are better accepted 
by society, may help to ease the stigma associated with 
psychiatric disorders. Overcoming this stigma may then 
lead individuals back to productive lifestyles and healthier 
relationships[12].

CONCLUSION
Psychiatric and medical disorders have traditionally been 
segregated, in part due to our understanding that psychi-
atric disorders are fundamentally different from medical 
disorders. In some ways this is true, although our im-
proved understanding of  both epistasis and pleiotropy in 
genetic predisposition to complex diseases makes the dis-
tinctions less clear. The methods we have been develop-
ing provide a way to identify common genetic influences 
on psychiatric and medical disorders that might otherwise 
seem distinct. These methods use existing annotation 
of  genes and pathways, and the vast amount of  biologi-
cal and medical research literature currently available, to 
identify genes involved in comorbidities. The hope is that 
by identifying potential common genetic variants in co-
morbid diseases, we can improve medicine by better un-
derstanding basic molecular processes and gene or path-
way interactions; leverage common therapeutic agents 
already developed for different diseases or disorders; and 
raise awareness of  the potential for genetic etiology that 
is common across medical and psychiatric disorders. 
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