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action studies require a reduced number of 
multiple tests and might help reducing the 
“phantom heritability.”

Several statistical methods for accessing 
epistatic effects in genome-wide  association 
studies (GWAS) have been created or 
improved in the last years (Cowper-Sal lari 
et al., 2011; Gyenesei et al., 2012; Pandey 
et al., 2012; Piriyapongsa et al., 2012; 
Ma et al., 2013; Pendergrass et al., 2013), 
but they still fail to provide biological inter-
pretation. One option for this problem is to 
only test interactions with biological plau-
sibility by implementing semi-exhaustive 
approaches in GWAS using experimen-
tal knowledge of biological networks. By 
applying this method to the Wellcome Trust 
Case-Control Consortium data sets, Emily 
et al. (2009) reduced the number of SNPs 
pairs inserted in the analysis (1.25 × 1011 to 
3.5 × 106) and reported a significant case 
of epistasis between PDGFR-B and KITLG 
genes in susceptibility to bipolar disorder. 
However, this finding was not replicated 
yet and it is not supported by experimen-
tal data.

On the other hand, in vitro and in vivo 
experimental assays, as well as protein mod-
eling and bioinformatic analyses of protein–
protein interface are exciting sources of 
plausible hypothesis for the study of gene–
gene interactions in candidate gene associa-
tion studies. Excellent examples are given by 
Gonzalez et al. (2012) and Borroto-Escuela 
et al. (2011). These authors evaluated the 
heteromerization patterns between two 
dopamine receptors (DRD2 and DRD4) 
according to their different isoforms and 
were able to show that common variants 
may modulate this process. Based on these 
data, Mota et al. (2013) have demonstrated, 
in two independent samples, a significant 
epistatic effect on the susceptibility of 
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The so called “phantom heritability” has 
being haunting the scientific community 
for quite some time and it is now subject 
of intense debate. Zuk et al. (2012) acknowl-
edged that even if we identify all the genetic 
variants related to any trait, full understand-
ing of its heritability will not be conquered if 
we do not face up to the epistatic effects. The 
authors pointed out that when estimating 
the explained additive heritability, obtained 
by πexplained known alladditive h additive h= 2 2/ ,
the denominator is estimated indirectly 
from phenotypic correlations in a popu-
lation (apparent heritability, hpop

2 ). In this 
sense, the “missing heritability” (1−π

explained
) 

is calculated by assuming that h hall pop
2 2= . 

However, for traits with genetic and/or 
gene-environment interactions (which 
applies to practically all psychiatric pheno-
types), hpop

2  significantly exceeds hall
2 .  In this 

case, even when all variants that contribute 
to the phenotype are identified, the missing 
heritability will not be zero and will con-
verge to 1 h hall pop− 2 2/ , phenomenon called 
“phantom heritability.”

The role of gene–gene interactions in 
several psychiatric phenotypes is well recog-
nized, but the biological underpinnings of 
this concept have not been sufficiently dis-
cussed. We suggest that a major limitation 
involves the lack of data-driven hypotheses 
for the study of such epistatic effects. While 
hypothesis-free whole genome epistatic 
analyses would require an unrealistic sam-
ple size, hypothesis-driven gene–gene inter-

alcohol  dependence that may likely reflect 
the  different  heteromerization patterns 
previously described. Similarly, miner-
alocorticoid and glucocorticoid receptors 
(MR and GR) are physically interacting 
proteins with well characterized func-
tional  polymorphisms in their coding 
genes (NR3C2 and NR3C1, respectively). A 
MR-GR epistatic effect on nicotine depend-
ence susceptibility (Rovaris et al., 2013) is 
consistent with the findings of differential 
heteromerization according to the expres-
sion of GR-beta isoform, which is modified 
by the genetic variation examined.

Despite hypothesis-driven strategies 
being widely accepted and their advan-
tages well recognized, few empirical stud-
ies have applied this approach to address 
gene–gene interactions. In an intent to 
clarify the extent to which this approach 
is neglected in psychiatric genetic stud-
ies, we conducted a search on recent 
MEDLINE-indexed literature (inclu-
sion criteria are shown in Figure 1). This 
search was designed to sample relevant 
psychiatric phenotypes and was limited to 
the last 5 years, period where both GWAS 
data and functional evidence on genetic 
polymorphisms became widely available. 
Although thousands of molecular genetics 
studies on psychiatric disorders have been 
published, only 80 gene–gene interaction 
reports were eligible for analyses according 
to our inclusion criteria. From the selected 
80 studies, 29 (∼36%) tested interactions 
from a priori hypotheses and 8 (10%) used 
data on protein–protein physical interac-
tions (Figure 1). These results suggest that 
hypothesis-driven gene–gene interaction 
studies remain a somewhat neglected in 
psychiatric genetic studies, despite their 
well recognized potential to increase the 
explained heritability of psychiatric traits.
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The evaluation of hypothesis-driven 
gene–gene interactions in candidate gene 
association studies is a novel approach 
that should be increasingly pursued in 
neuroscience and psychiatric genetic 
studies. In this sense, this line of research 
could even help in the development and 
improvement of techniques (machine 

learning methods, for example) to be 
applied in GWAS analyses of gene–gene 
interactions. Some approaches have 
recently been implemented with this 
objective in cancer biology and cardiol-
ogy (Andrew et al., 2012; Ma et al., 2012). 
Interrelationships of computational sta-
tistics and modern molecular  biology 

could help narrow the gap between 
“ missing” and “phantom” heritabilities 
in psychiatric genetics.
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Figure 1 | Selection of studies included in the review. The limits were: publication in the last 5 years (published until January, 2013), humans, English language, 
full text available, and MEDLINE. The list of included articles is available upon request.

Rovaris et al. “Phantom heritability” and gene-gene interactions

Frontiers in Human Neuroscience www.frontiersin.org May 2013 | Volume 7 | Article 210 | 2

http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Piriyapongsa, J., Ngamphiw, C., Intarapanich, A., 
Kulawonganunchai, S., Assawamakin, A., Bootchai, 
C., et al. (2012). iLOCi: a SNP interaction prioriti-
zation technique for detecting epistasis in genome-
wide association studies. BMC Genomics 13:S2. doi: 
10.1186/1471-2164-13-S7-S2

Rovaris, D. L., Mota, N. R., de, A. zeredoL. A., Cupertino, 
R. B., Bertuzzi, G. P., Polina, E. R., et al. (2013). MR and 
GR functional SNPs may modulate tobacco smoking 
susceptibility. J. Neural Transm. doi: 10.1007/s00702-
013-1012-2. [Epub ahead of print].

Zuk, O., Hechter, E., Sunyaev, S. R., and Lander, E. S. 
(2012). The mystery of missing heritability: genetic 
interactions create phantom heritability. Proc. Natl. 
Acad. Sci. U.S.A. 109, 1193–1198.

Received: 17 March 2013; accepted: 02 May 2013; published 
online: 16 May 2013.
Citation: Rovaris DL, Mota NR, Callegari-Jacques SM 
and Bau CHD (2013) Approaching “phantom herit-
ability” in psychiatry by hypothesis-driven gene–gene 
interactions. Front. Hum. Neurosci. 7:210. doi: 10.3389/
fnhum.2013.00210
Copyright © 2013 Rovaris, Mota, Callegari-Jacques and Bau. 
This is an open-access article distributed under the terms of 
the Creative Commons Attribution License, which permits 
use, distribution and reproduction in other forums, provided 
the original authors and source are credited and subject to 
any copyright notices concerning any third-party graphics etc.

erful high-throughput computational analysis of  
gene–gene interactions in genome-wide association 
studies. Nucleic Acids Res. 40, W628–W32.

Ma, L., Brautbar, A., Boerwinkle, E., Sing, C. F., Clark, A. 
G., and Keinan, A. (2012). Knowledge-driven analy-
sis identifies a gene–gene interaction affecting high-
density lipoprotein cholesterol levels in multi-ethnic 
populations. PLoS Genet. 8:e1002714. doi: 10.1371/
journal.pgen.1002714

Ma, L., Clark, A. G., and Keinan, A. (2013). Gene-based 
testing of interactions in association studies of quan-
titative traits. PLoS Genet. 9:e1003321. doi: 10.1371/
journal.pgen.1003321

Mota, N. R., Rovaris, D. L., Bertuzzi, G. P., Contini, V., 
Vitola, E. S., Grevet, E. H., et al. (2013). DRD2/DRD4 
heteromerization may influence genetic susceptibility 
to alcohol dependence. Mol. Psychiatry 18, 401–402.

Pandey, A., Davis, N. A., White, B. C., Pajewski, N. M., 
Savitz, J., Drevets, W. C., et al. (2012). Epistasis net-
work centrality analysis yields pathway replication 
across two GWAS cohorts for bipolar disorder. Transl. 
Psychiatry 2, e154.

Pendergrass, S. A., Verma, S. S., Holzinger, E. R., Moore, 
C. B., Wallace, J., Dudek, S. M., et al. (2013). Next-
generation analysis of cataracts: determining 
knowledge driven gene–gene interactions using 
biofilter, and gene-environment interactions using 
the phenx toolkit. Pac. Symp. Biocomput. doi: 
10.1142/9789814447973_0015

RefeRences
Andrew, A. S., Hu, T., Gu, J., Gui, J., Ye, Y., Marsit, C. J., 

et al. (2012). HSD3B and gene–gene interactions in 
a pathway-based analysis of genetic susceptibility to 
bladder cancer. PLoS ONE 7:e51301. doi: 10.1371/
journal.pone.0051301

Borroto-Escuela, D. O., Van Craenenbroeck, K., Romero-
Fernandez, W., Guidolin, D., Woods, A. S., Rivera, A., 
et al. (2011). Dopamine D2 and D4 receptor heter-
omerization and its allosteric receptor–receptor 
interactions. Biochem. Biophys. Res. Commun. 404, 
928–934.

Cowper-Sal lari, R., Cole, M. D., Karagas, M. R., Lupien, 
M., and Moore, J. H. (2011). Layers of epistasis: 
genome-wide regulatory networks and network 
approaches to genome-wide association studies. Wiley 
Interdiscip. Rev. Syst. Biol. Med. 3, 513–526.

Emily, M., Mailund, T., Hein, J., Schauser, L., and Schierup, 
M. H. (2009). Using biological networks to search for 
interacting loci in genome-wide association studies. 
Eur. J. Hum. Genet. 17, 1231–1240.

Gonzalez, S., Rangel-Barajas, C., Peper, M., Lorenzo, 
R., Moreno, E., Ciruela, F., et al. (2012). Dopamine 
D4 receptor, but not the ADHD-associated D4.7 
variant, forms functional heteromers with the dopa-
mine D2S receptor in the brain. Mol. Psychiatry 17, 
650–662.

Gyenesei, A., Moody, J., Laiho, A., Semple, C. A., Haley, 
C. S., and Wei, W. H. (2012). BiForce Toolbox: pow-

Rovaris et al. “Phantom heritability” and gene-gene interactions

Frontiers in Human Neuroscience www.frontiersin.org May 2013 | Volume 7 | Article 210 | 3

http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

	Approaching “phantom heritability” in psychiatry by hypothesis-driven gene–gene interactions
	Acknowledgments
	References


