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Abstract

Background—A recent analysis of 25 historical candidate gene polymorphisms for 

schizophrenia in the largest genome-wide association study (GWAS) conducted to date suggested 

that these commonly studied variants were no more associated with the disorder than would be 

expected by chance. However, the same study identified other variants within those candidate 

genes that demonstrated genome-wide significant associations with schizophrenia. As such, it is 

possible that variants within historic schizophrenia candidate genes are associated with 

schizophrenia at levels above those expected by chance, even if the most studied specific 

polymorphisms are not.

Methods—The present study used association statistics from the largest schizophrenia GWAS 

conducted to date as input to a gene set analysis to investigate whether variants within 

schizophrenia candidate genes are enriched for association with schizophrenia.

Results—As a group, variants in the most studied candidate genes were no more associated with 

schizophrenia than variants in control sets of non-candidate genes. While a small subset of 

candidate genes did appear to be significantly associated with schizophrenia, these genes were not 

particularly noteworthy given the large number of more strongly associated non-candidate genes.

Conclusions—The history of schizophrenia research should serve as a cautionary tale to 

candidate gene investigators examining other phenotypes: our findings indicate that the most 
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investigated candidate gene hypotheses of schizophrenia are not well supported by GWAS, and it 

is likely that this will be the case for other complex traits as well.
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INTRODUCTION

Schizophrenia is highly heritable(1), and since the 1960s, candidate gene studies have 

played a major role in research dedicated to understanding the genetic etiology of 

schizophrenia.(2, www.szgene.org) Most historical candidate genes were selected based on 

known drug treatment targets and corresponding neurobiological pathways.(3) As family-

based genetics studies began to reveal regions of the genome that appeared to be associated 

with psychiatric disorders, researchers began to consider additional candidate genes located 

in chromosomal regions suggested by linkage analyses (e.g. NOTCH4 (4)). Within genes 

chosen in this manner, candidate gene analyses typically focused on specific variants in 

regions of the genome thought likely to be functional.

The SZGene database(2) (www.szgene.org), a curated catalog of findings from genetic 

association studies for schizophrenia, comprised of all studies published in a peer-reviewed 

English language journal from 1965 through 2012, lists over 1,500 published studies for 

schizophrenia, the majority of which were candidate gene studies. However, few clear 

results have emerged from these studies, with many studies reporting contradictory results 

for the same candidate gene polymorphisms. Factors that may underlie this inconsistency 

include lack of statistical power, different genetic or environmental backgrounds across 

studies, incomplete coverage of relevant genetic variation within candidate genes, and false 

positives arising from, e.g., publication bias (5,6). With the advent of genome-wide 

association studies (GWAS), investigators can now assess the vast majority of common 

genetic variation across the entire genome, enabling hypothesis-free exploration of the 

associations between common genetic variants and schizophrenia or other complex 

disorders. Due to sample sizes that are two to three orders of magnitude larger than most 

candidate gene studies, adherence to analytic procedures shared in common across the field, 

and conservative significance thresholds, associations discovered by GWAS have proven to 

be more robust, replicable, and reflective of the true effect sizes of common genetic variants 

than those based on candidate gene reports (7). In addition, the agnostic approach of GWAS 

mitigates incentives (i.e., findings are reported for all loci regardless of statistical 

significance) to selectively report results from just certain genes or polymorphisms of 

interest. Moreover, modern large-scale GWAS have ample statistical power to detect effect 

sizes typically reported in candidate gene studies. For example, the recent PGC GWAS (12) 

had > 99% power to detect genome-wide significant (α = 5e-08) associations that explain a 

mere four-one hundredths of one percent of the variation in schizophrenia liability, an effect 

size much smaller than any discovery reported in candidate gene studies of schizophrenia. 

For these reasons, GWAS results can be used to determine the plausibility of previously 

reported findings on common candidate gene polymorphisms.
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Two reports in the past five years have compared GWAS and candidate gene study results of 

schizophrenia. In 2012, Collins et al.(8) employed a pathway analysis approach to test for 

enrichment of lower p-values for all (732) schizophrenia candidate genes identified by the 

SZGene database in the International Schizophrenia Consortium(9) (ISC) GWAS data (N = 

6,909). They found no evidence for p-value enrichment in this set of 732 genes after 

correction for multiple testing. They also calculated a polygenic risk score (PRS) based on 

the SNPs located in the 732 candidate genes they examined, but did not see differences 

between cases and controls in an independent target sample (SCZ GAIN(10), N = 2,366).

Using the existing published results in the SZGene database, Farrell et al. (11) meta-

analyzed the 25 most-studied schizophrenia candidate gene polymorphisms and found that 

none approached genome-wide significance (p < 5e-8) in the PGC (12) schizophrenia 

GWAS study (34,241 cases and 45,604 controls). Moreover, the odds ratios of the 

significantly associated loci in the PGC study (~1.10) imply that almost all previous 

candidate gene studies examining genetic associations with schizophrenia diagnosis (the 

largest of which had a sample size some 16 times smaller than the PGC dataset) have been 

severely underpowered to detect any true association, much less potential associations at 

specific candidate polymorphisms. Though four of the most studied candidate genes (DRD2, 

GRM3, NOTCH4, TNF) had genome-wide significant polymorphisms within 25 kb of their 

boundaries in the PGC study, only one of these associations (rs1800629 in TNF) was in 

linkage disequilibrium (LD) with the previously studied candidate polymorphism.

Still, the fact that four of the top 25 schizophrenia candidate genes contained significant 

GWAS signals raises the question of whether schizophrenia candidate genes themselves are 

supported by GWAS results, even if the specific candidate polymorphisms within them have 

not been. In other words, are SNPs within the most studied schizophrenia candidate genes 

more strongly associated with schizophrenia than expected by chance? Previous studies have 

not addressed this question. Farrell et al.(11) focused solely on candidate polymorphisms 

rather than candidate genes and did not perform a gene set test for enrichment of lower 

GWAS p-values for all variants within the candidate genes. Collins et al.(8) performed a 

gene set analysis for all 732 schizophrenia candidate genes identified in the SZGene 

database, but more than 75% of the genes currently listed in the SZGene database have been 

studied only once or twice, and most would not be considered “candidate genes” by 

researchers in the field. The current study used a gene set analysis approach and the latest 

PGC summary statistics (12) to determine whether polymorphisms within classic 

schizophrenia candidate genes are more related to schizophrenia risk than polymorphisms 

within other control sets of genes.

METHODS AND MATERIALS

Schizophrenia Candidate Genes

Our primary analysis focused on the same 25 top candidate genes examined by Farrell et al. 

(11) in their review (see Table 1). These 25 genes were either featured in previous reviews of 

schizophrenia research (13–16) or studied more than 20 times according to the SZGene 

database (2), and include what can be considered the “classic” candidate genes for 

schizophrenia (COMT, DISC1, DRD3, etc.). To ensure that no effects were missed, in a 
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supplementary analysis we expanded this set to include all genes from SZGene that were (a) 

studied more than five times and (b) not originally motivated by GWAS. Eighty-six genes 

met both criteria (see Table S1), approximately 23% of which were motivated by prior 

linkage results with the remaining motivated by involvement in promising biological 

pathways or pharmacological hypotheses. The distribution of the number of studies per gene 

is shown in Supplementary Figure 1.

Choosing Comparison Gene Sets

To compare the overall association of schizophrenia candidate genes to other sets of control 

genes, we selected genes containing polymorphisms significantly associated with one of two 

non-psychiatric phenotypes genetically uncorrelated with schizophrenia according to 

LDHub (17): type 2 diabetes and height. There were a total of 258 height-associated genes 

(keyword “height” in the database of reported associations from the GWAS Catalog (18)) 

and 70 type 2 diabetes-related genes (keyword “type 2 diabetes”) that did not overlap with 

the list of candidate genes. A list of 1028 unique genes related to pre- and post-synapse 

processes, chosen as a positive control, were downloaded from http://ctg.cncr.nl/software/

genesets (originally curated by Ruano et al.(19) and Lips et al.(20))

Psychiatric Genomics Consortium GWAS Data

We downloaded the summary statistics (association p-values for ~9.5 million imputed 

variants) from the PGC schizophrenia samples. Because the composition of the PGC 

schizophrenia sample is largely of European ancestry, we chose the 1000 Genomes(21) 

phase 1 European samples as a reference population to estimate LD between SNPs.

Statistical Analysis

We used the MAGMA software (22) to test whether the top 25 or top 86 schizophrenia 

candidate genes demonstrated enrichment of lower p-values in the PGC schizophrenia 

GWAS data. We also used VEGAS2 (23) software to assess consistency of results across 

methods. Results were highly consistent (see Supplemental Methods and Tables S5 and S6); 

for clarity, presented results are from MAGMA.

We calculated the overall strength of association for each gene, zi, by summing the −log(p) 

for all SNP p-values within each gene boundary. The distribution of this sum is unknown but 

is approximated by a scaled chi-square distribution with scaling and degrees of freedom a 

function of the squared SNP-SNP correlation matrix, which accounts for LD between SNPs 

within the gene. A gene-level p-value was derived from this scaled chi-square distribution, 

which was then converted to a z-value zi = Φ−1(1 − pi) where Φ−1 is the probit function. For 

an alternative set of analyses (primarily presented in the Supplement, Table S2), we derived 

zi using the minimum SNP p-value per gene instead of the sum of −log(p).

After calculating the strength of association for each gene in the genome, we grouped the 25 

or 86 schizophrenia candidate genes into gene sets and ran one of two gene set tests in 

MAGMA. In our primary analysis, we used MAGMA’s “competitive” test to assess whether 

the candidate gene set was more associated with schizophrenia than all other genes not in the 

gene set, controlling for potentially confounding gene characteristics. To understand whether 
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our set of candidate genes showed stronger or weaker association with schizophrenia than 

control sets of genes (genes involved in type 2 diabetes, height, or synaptic processes) we 

used MAGMA’s “relative” test (see Supplemental Methods for additional details of these 

tests). As recommended by the MAGMA authors (22), we report one-tailed p-values for 

competitive tests but two-tailed p-values for relative tests.

RESULTS

The importance of candidate genes as a group

We found no evidence that the 25 candidate genes of interest showed enrichment for lower 

p-values in the PGC GWAS compared to all other genes in the genome. This competitive test 

was non-significant, regardless of whether we controlled for gene size, SNP density, and 

minor allele count (β = 0.28, SE = 0.26, p = 0.14) or not (β = 0.34, SE = 0.26, p = 0.09). 

Because of the strong associations with schizophrenia previously shown to exist within the 

major histocompatibility complex (MHC) and the long-range LD which makes it difficult to 

know which genes drive the multiple associations in this region, we also repeated these 

analyses after removing all MHC genes, including NOTCH4 and TNF; none of our 

conclusions changed. All results are presented in Table 2. Further, using MAGMA’s relative 

test, the set of 25 schizophrenia candidate genes did not show a stronger association with 

schizophrenia than did genes associated with type 2 diabetes (β = 0.39, SE = 0.30, p = 0.19), 

genes associated with height (β = 0.23, SE = 0.27, p = 0.39), or genes involved in synaptic 

processes (β = 0.15, SE = 0.26, p = 0.57). No conclusions changed when we repeated the 

above analyses using strict gene boundaries (Supplementary Table S3) or the minimum SNP 

p-value in a gene as the gene-level statistic (Supplementary Table S2). Using a resampling 

approach, we also confirmed that the discrepancy in gene set sizes in these three relative 

tests (25 schizophrenia candidate genes vs. 258 height, 70 type 2 diabetes, and 1028 synaptic 

genes respectively) had no influence on our conclusions (see Supplement, pg. 6).

When we expanded our gene set to include the 86 candidate genes that had been studied 

more than five times according to the SZGene database (not including GWAS results), the 

gene set was more associated with schizophrenia compared to all other genes (β = 0.27, SE 

= 0.13, p = 0.01). This larger gene set was more strongly associated with schizophrenia than 

the set of genes associated with type 2 diabetes (β = 0.48, SE = 0.20, p = 0.02), but no more 

so than genes associated with height (β = 0.22, SE = 0.15, p = 0.14) or genes involved in 

synaptic processes (β = 0.13, SE = 0.13, p = 0.32) (Table 2). Results were similar when 

using strict gene boundaries, except that the relative test comparing to type 2 diabetes-

related genes was no longer significant (Table S3). When the same analyses were performed 

using the minimum p-value as the gene-level statistic, none of the gene set associations were 

significant except for the test relative to height-related genes when using strict gene 

boundaries (Table S2). In addition, we repeated these analyses with genes within the MHC 

removed; none of our conclusions changed (Table 2). Finally, conclusions did not change 

after excluding the twenty candidate genes motivated by prior linkage studies 

(Supplementary Table S4).

Contrary to initial expectations, the expanded set of 86 candidate genes yielded more 

significant associations (13 significant results out of 40 tests conducted) than the set 
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consisting of the 25 most-studied candidate genes (0 of 40). This pattern of results might 

arise if less-studied candidate genes are more related to schizophrenia, or if the ability to 

correctly identify relevant candidate genes has increased over time (given that the most-

studied candidate genes were typically first investigated longer ago). However, neither 

hypothesis was supported: there were no significant relationships between candidate genes’ 

strengths of association with schizophrenia (gene-wise z-values) and either the number of 

times each was studied (r = −0.06, p = 0.61; Supplementary Figure S2) or the first year each 

was studied (r = 0.11, p = 0.34; Supplementary Figure S3).

A more likely reason we observed more significant associations with the expanded gene set 

is differences in statistical power between analyses. Whereas adding genes unassociated 

with a trait to a gene set is known to decrease power, when each potential member of a gene 

set contributes a small amount of heritability, on average, to a trait, adding additional genes 

to the set increases power due in competitive tests due to increased variance explained by the 

set (24) (note that this is not the case with relative tests because gene set size is explicitly 

controlled in these tests). We confirmed this increased power with increased gene set size in 

our own data by permuting different set sizes of genes involved in synaptic processes 

(which, as a set, were significantly associated with schizophrenia; β = 0.152, SE = 0.04, p = 

1.94e−05), and finding a strong, negative relationship between gene set size and average p-

value in competitive tests (Supplementary Figure S4). Thus, the results from the 80 gene set 

analyses we performed are consistent with the hypothesis that schizophrenia candidate genes 

are weakly related to schizophrenia on average, and that tests involving larger sets were 

typically more significant only because the larger gene set contained more weakly related 

genes. This conclusion is supported by the similar βs (which estimate the predicted increase 

in average z-score per gene for being in the set versus not) for the competitive gene set tests 

for the top 25 (β25 = 0.28) and the top 86 (β86 = 0.27) candidate genes, with the difference 

in significance between the two tests being due to their different standard errors (SE25 = 0.26 

vs. SE86 = 0.13).

The importance of specific candidate genes

While we found little evidence to support the idea that the candidate genes as a group were 

more relevant to schizophrenia than control sets of genes, especially when compared to 

genes involved in synaptic processes, several of the most-studied candidate genes were 

significantly related to schizophrenia, some of them highly so (Figure 1). In particular, 9 

genes in the set of 25 candidates were nominally (p < .05) associated with schizophrenia. To 

understand how surprising this result is for a highly polygenic trait such as schizophrenia, 

we permuted sets of 25 genes from the entire genome and observed 9 or more nominally 

significant genes in 25.2% of permutations (Supplementary Figure S6), suggesting that 9 

significant genes out of 25 is not unexpected for a highly polygenic trait like schizophrenia. 

However, when we performed a relative test in MAGMA of the 9 significant candidate genes 

versus all other genes significantly (p < .05) related to schizophrenia in the genome, we 

found evidence that the strength of the associations was greater among these 9 genes than 

among all other significant genes (β = 0.789, SE = 0.28, p = .005). This result was largely 

driven by the five most significant candidate genes - NOTCH4, DRD2, KCNN3, GRM3, and 

TNF. Results were attenuated but remained significant when we dropped MHC genes from 
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both sets (β = 0.738, SE = 0.32, p = .02) and when we compared the 7 significant non-MHC 

candidate genes to all other significantly related non-MHC synaptic genes (β = 0.896, SE = 

0.42, p = .03). Conclusions regarding the significantly related candidate genes among the 

broader set of less-studied 86 candidate genes were similar. Thus, there is evidence that 

some of the schizophrenia candidate genes are more strongly related to schizophrenia than 

expected by chance.

DISCUSSION

The overarching goal of this study was to examine whether the results from a highly 

powered GWAS support the hypothesis that the most-studied schizophrenia candidate genes 

are particularly relevant to schizophrenia. The scientific community has invested enormous 

time, talent, and effort in candidate gene studies over the years. It has been estimated that at 

least 250 million USD have been invested in candidate gene studies in the 1990s and 2000s 

(7). These studies have contributed to an improved characterization and understanding of the 

biological functions of many of these candidate genes. However, we found little evidence 

that common SNPs within these genes are any more relevant to schizophrenia than SNPs 

within control sets of non-candidate genes. The set of top 25 candidate genes showed no 

evidence of being more associated with schizophrenia compared to all other genes, or 

relative to genes involved with type 2 diabetes and height, which are not expected to harbor 

a disproportionate number of risk alleles for schizophrenia. When we expanded the gene set 

to include all candidate genes that had been studied more than five times, there was marginal 

evidence that these 86 genes were more associated with schizophrenia when compared to all 

other genes and relative to genes associated with Type 2 diabetes, but they were no more 

significantly associated than genes involved in height or the ~1000 genes in a functional 

category (synaptic processes) we hypothesized a priori might be related to schizophrenia. 

Furthermore, only two of the 16 gene set results were significant when we measured 

strength of association using the minimum p-value per gene.

Although our results suggest that, taken as a group, schizophrenia candidate genes are no 

more associated with schizophrenia than random sets of control genes, they do not imply 

that this is true of all the candidate genes. Indeed, we present evidence that several of the 

most-studied candidate genes—particularly NOTCH4, DRD2, KCNN3, GRM3, and TNF—

are more strongly related to schizophrenia than expected by chance. It is important to put 

this evidence in perspective. First, two of these five genes (NOTCH4 and TNF) are in the 

MHC, and given the long-range and complex nature of LD in this region, it is unclear 

whether it is variants in these two genes or variants in some of the other ~240 genes in the 

MHC that are relevant, and indeed recent evidence suggests the signal driving the NOTCH4 
association comes not from NOTCH4 but from the nearby complement component 4 (C4A 
and C4B) MHC genes (25). For this reason, we hereafter restrict discussion of the most 

significantly associated candidate genes to those not in the MHC. Second, while variants in 

DRD2, KCNN3, and GRM3 all appear related to schizophrenia above chance, the specific 

polymorphisms most studied in these genes were not particularly related to schizophrenia 

and were not close to being among the 108 genome-wide significant SNPs discovered in the 

PGC study (12) (p = .22, 3.3 × 10−5, and .58 respectively). Thus, our results do not agree 

with most previous positive findings on these candidate genes. Finally, although there can be 

Johnson et al. Page 7

Biol Psychiatry. Author manuscript; available in PMC 2018 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



alternative motivations for further study of these candidate genes (e.g., the fact that they are 

well studied and well characterized in animal studies), our results suggest that the statistical 

rationale for further prioritization of these genes is weak. There were 128, 300, and 434 

genes, respectively, more related to schizophrenia than DRD2, KCNN3, and GRM3. In 

Supplementary Table S7, we present results from the 100 top-ranked non-MHC genes, any 

one of which is arguably a better target of future studies than any previously studied 

candidate gene.

There are some important limitations to acknowledge in this study. First, we tested for 

enrichment of lower GWAS p-values from imputed, common SNPs. Thus we cannot rule out 

the possibility that these candidate genes contain rare variants important to the etiology of 

schizophrenia. Similarly, our study focused on variants +/−25 kb of gene boundaries, and 

ignored effects of trans-regulatory elements that can occur at great distances (26). However, 

for all of the top 25 candidate genes except DISC1 (27), the focus in the literature has been 

on variants within candidate gene boundaries, and typically on a specific common 

polymorphism within those genes. Understanding the role that rare variants might play on 

schizophrenia risk in these candidate genes awaits sequence or more accurate imputation 

data, and understanding the role of trans-regulatory elements awaits better understanding of 

long-range gene regulation and the incorporation of patterns of chromatin binding (28) or 

gene expression data with GWAS (29). Nevertheless, our results do not support the original 

hypotheses involving the most-studied candidate genes, and thus provide no reason to 

believe that rare variants in these genes, or the trans-elements that regulate them, will be 

particularly relevant to schizophrenia.

Additionally, the imputed data used by the PGC GWAS analysis did not adequately capture 

common polymorphisms within all the candidate genes. For example, the most frequently 

studied candidate polymorphisms for DRD4 and NOTCH4 were neither genotyped nor 

successfully imputed in the PGC GWAS. The most commonly studied polymorphism in 

DRD4 is a 13-bp indel, which is not well captured in the kind of sequencing done by the 

1000 Genomes(21) project, the reference panel used to impute in the PGC data. The most 

commonly studied polymorphism in NOTCH4, rs367398, was also missing from the 1000 

Genomes phase 1 reference panel, and the PGC data included no SNPs in LD with that 

polymorphism at R2 > 0.3. As already noted, this SNP is located in the MHC region, which 

has made genotyping and analyzing this section of the genome difficult, although a recent 

study suggests that a large proportion of the genetic risk to schizophrenia in the MHC is 

specific to a particular locus in the C4A gene (25).

In the field of genetics, candidate gene analyses have largely fallen out of favor due to 

concerns about low power, false positives, low replication rates (30,31), insufficient 

biological knowledge to correctly identify plausible candidate genes, and the increasingly 

low cost of whole-genome array data. Yet candidate gene research continues in other fields, 

despite these issues. For example, a Google Scholar search performed on July 31, 2016 for 

“COMT” generated three thousand search results from 2016 alone, many of which are 

classic candidate gene association studies; the first five phenotypes from this search were 

circadian preferences(32), affective well-being across the lifespan(33), cognitive outcomes 

after electroconvulsive therapy(34), effect of opioid treatment on pain relief(35), and second-
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language learning in adults(36). It is of course possible that these and other traits are 

exceptions to what we now know about complex traits studied to date by GWAS, for which 

thousands of risk variants exist, each which explain a very small amount of variation (37). 

Nevertheless, even if a given trait’s genetic architecture is simple, our findings, as well as 

those of our colleagues(2,5,8,11), call into question the notion that scientists have been able 

to guess, a priori, which genes, much less which polymorphisms within those genes, will be 

relevant to any given trait. Given our inchoate understanding of the biological mechanisms 

underlying most complex traits, we suggest that future candidate gene studies should base 

gene choice not on historical precedent or proposed biological underpinnings, but on 

rigorous statistical evidence from the same or related traits, and that such studies should be 

sufficiently powered to detect effects on the order of those typically observed in modern 

GWAS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Quantile-quantile plot of the −log10 p-values from the 25 most-studied candidate genes
Observed gene-level −log10 p-values from MAGMA are plotted on the y-axis, with 

expected −log10 p-values plotted on the x-axis. Points are heat map colored according to the 

number of times each gene has been studied, and the vertical green lines are bootstrapped 

95% confidence intervals.
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Table 2
MAGMA gene set analyses

These analyses used the sum of the negative log of the p-values as the gene-level test statistic, defined the 

genes with extended gene boundaries (including the +/− 25kb regions upstream or downstream of gene start 

and end points), and controlled for gene size, SNP density, and minor allele count, as well as the log of each.

Model Target Gene Set Comparison Gene
Set

Beta (SE) P-value

1 Historical 25 candidate genes All other genes 0.28 (0.26) 0.14

2 Historical 25 candidate genes Height associated genes 0.23 (0.27) 0.39

3 Historical 25 candidate genes Type 2 Diabetes associated genes 0.39 (0.30) 0.19

4 Historical 25 candidate genes Genes involved in synaptic processes 0.15 (0.26) 0.57

5 86 Most-studied candidate genes All other genes 0.27 (0.13) 0.01*

6 86 Most-studied candidate genes Height associated genes 0.22 (0.15) 0.14

7 86 Most-studied candidate genes Type 2 Diabetes associated genes 0.48 (0.20) 0.02*

8 86 Most-studied candidate genes Genes involved in synaptic processes 0.13 (0.13) 0.32

9 Historical 25 candidate genes minus MHC genes All other genes 0.18 (0.27) 0.24

10 Historical 25 candidate genes minus MHC genes Height associated genes 0.12 (0.28) 0.66

11 Historical 25 candidate genes minus MHC genes Type 2 Diabetes associated genes 0.32 (0.31) 0.30

12 Historical 25 candidate genes minus MHC genes Genes involved in synaptic processes 0.05 (0.19) 0.88

13 86 Most-studied candidate genes minus MHC genes All other genes 0.25 (0.13) 0.02*

14 86 Most-studied candidate genes minus MHC genes Height associated genes 0.19 (0.15) 0.20

15 86 Most-studied candidate genes minus MHC genes Type 2 Diabetes associated genes 0.50 (0.21) 0.02*

16 86 Most-studied candidate genes minus MHC genes Genes involved in synaptic processes 0.11 (0.13) 0.41

P-values in bold and starred are significant at α < 0.05. None of the four significant tests would survive multiple testing corrections.
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