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Abstract  

 

 

Differences in general cognitive function have been shown to be partly heritable and to show genetic 

correlations with a several psychiatric and physical disease states. However, to date few single 

nucleotide polymorphisms (SNPs) have demonstrated genome-wide significance, hampering efforts 

aimed at determining which genetic variants are most important for cognitive function and which 

regions drive the genetic associations between cognitive function and disease states. Here, we 

combine multiple large genome-wide association study (GWAS) data sets, from the CHARGE 

cognitive consortium (n = 53 949) and UK Biobank (n = 36 035), to partition the genome into 52 

functional annotations and an additional 10 annotations describing tissue-specific histone marks. 

Using stratified linkage disequilibrium score regression we show that, in two measures of cognitive 

function, SNPs associated with cognitive function cluster in regions of the genome that are under 

evolutionary negative selective pressure. These conserved regions contained ~2.6% of the SNPs from 

each GWAS but accounted for ~ 40% of the SNP-based heritability. The results suggest that the 

search for causal variants associated with cognitive function, and those variants that exert a 

pleiotropic effect between cognitive function and health, will be facilitated by examining these 

enriched regions. 
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Introduction 

Individual tests of cognitive function correlate positively, allowing a single latent factor to be 

extracted from a battery of tests.1 This general cognitive factor typically accounts for around 40% of 

the phenotypic variation in a battery of mental tests and, in large molecular genetic studies, has been 

shown to be heritable with common genetic variants in total explaining around 30% of phenotypic 

variation.2-4 A higher level of general cognitive function is associated with better health across a range 

of diseases, both psychiatric  and physical, and with lower all-cause mortality.5 More recently these 

phenotypic associations between general cognitive function6 and individual tests of cognitive 

function7 with health have been shown to be partly the result of genetic correlations, indicating 

pleiotropy, meaning that health states show positive correlations with cognitive function in part 

because the same genetic variants are associated with both cognitive function and health.6 However, 

whereas general cognitive function, along with performance on individual tests of cognitive function, 

is known to be heritable and to exhibit genetic correlations with health states, for cognitive function, 

few loci have attained genome-wide statistical significance.4, 8 This hampers the effort to understand 

how genetic variation can result in individual differences in general cognitive function and in turn 

how this is also associated with variation in health.  

This large difference between the variance explained by single nucleotide polymorphisms 

(SNPs) that do reach genome-wide significance and heritability estimates derived using all tested 

single nucleotide polymorphisms, indicates that much of the heritability of general cognitive function 

lies in SNPs that have not attained genome-wide significance. Whereas an increase in sample size will 

result in an increase in the power to detect significant effects of SNPs in a Genome-Wide Association 

Study (GWAS),9 the problem remains of organising these individual hits into a coherent description 

of the genetic architecture of cognitive function. Another method that can both increase statistical 

power and facilitates an understanding of how genetic variation can result in phenotypic variation is 

Gene-Set Analysis (GSA).10 GSA tests the hypothesis that a set of genes, united by a shared biological 

function11 or their previous association with another phenotype,12 jointly show an association with the 
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phenotype of interest. The GSA method exploits phenotypes where a highly polygenic architecture is 

evident by summing the small effects of multiple variants located within the predefined gene set. GSA 

is not reliant on any single variant attaining genome-wide significance. As such, statistical power is 

increased as the number of statistical tests is reduced and individual weak effects are combined 

together to produce a stronger association signal.12, 13 

Multiple methods exist for the analysis of groups of SNPs treated as the unit of association.10, 

14 However, many methods assume only a single causal SNP in each of the genetic loci15 which, along 

with being more likely to inflate the type 1 error rate,16 also fails to model a polygenic architecture. 

Other methods suffer from limitations such as requiring access to participants’ genotypes,17 and other 

methods fail to account for linkage disequilibrium (LD) that can lead to the same SNP being counted 

multiple times within a single gene set.18 Here, we make use of a recently-developed method, 

stratified linkage disequilibrium score regression,19 that requires access to only genome-wide 

association summary level data. This method utilises information from each SNP in a functional 

category whilst explicitly modelling LD to show if a category is associated with a greater proportion 

of the heritability of a trait than the proportion of SNPs it contains would suggest. We apply this 

method to the current largest GWAS on general cognitive function.4 We also examine specific tests of 

cognitive function using the UK Biobank data set. We search for an enrichment in the heritability 

found in 52 regions corresponding to functional annotations from across cell types, and 10 

corresponding to cell-specific functional groups (see Supplementary Table 1). We examine these 

functional categories, because the distribution of significantly associated SNPs from hundreds of 

GWAS have indicated that, across diverse phenotypes, significant associations are more likely to be 

found in regulatory regions such as DNaseI hypersensitivity sites (DHSs)20 as well as in protein 

coding regions21 and untranslated regions (UTRs).22 DHSs are regions of chromatin vulnerable to the 

DNase 1 enzyme, as the chromatin in these regions has lost its condensed structure and leaves the 

DNA exposed, whereas UTRs are involved in the regulation of translation of RNA. In addition, the 

role of evolutionarily conserved regions has been shown for disease states and psychiatric disorders,19 

many of which show genetic correlations with the individual tests of cognitive function used here.7 By 
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examining the contributions of each of these functional genetic categories we aim to find regions of 

the genome that play relatively prominent roles in individual differences in general cognitive function.  

 

Methods and Materials 

Samples 

The data used for this study were the summary GWAS statistics from the CHARGE 

consortium study on general cognitive function in middle and older age which had a total of 53 949 

individuals,4 and a study of verbal-numerical reasoning based on the UK Biobank8 with 36 035 

individuals.  We next derived a heritability Z-score for both of the data sets that was defined as the 

heritability estimate produced by LDS regression divided by its standard error. The magnitude of the 

heritability Z-score is affected by three properties, sample size, SNP based heritability, and the 

proportion of causal variants. An increase in these three properties is associated with an increase in 

heritability Z-score. This indicates that the heritability Z-score is capturing information about the 

genetic architecture of a trait, with traits that have sufficient power, from sample size, high heritability 

and a high proportion of causal variants yield the greatest heritability Z-scores. 

Here, a heritability Z-score of > 7, as used in Finucane et al. (2015),19 was used as evidence 

for a sufficient polygenic signal within the data set for use with stratified LD regression. The 

CHARGE data set yielded a heritability Z-score of 10.54 and in the verbal-numerical reasoning test a 

heritability Z-score of 9.64 was derived. This indicates that both of these data sets have sufficient 

power for use with stratified LDS regression. 

Cognitive phenotypes  

General cognitive function  

The CHARGE cognitive working group published a GWAS of general cognitive function in 

53 949 middle and older age adults.4 General cognitive function describes the statistically-revealed 

overlap between tests of cognitive function, i.e. people who do well on one type of cognitive test tend 
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to do well on others. The cognitive tests included in the general cognitive components used by the 

CHARGE cognitive working group’s contributing cohorts generally measure fluid cognitive 

functions. These are functions assessed by tests that tend to include unfamiliar materials, that do not 

draw upon a participant’s level of general knowledge, and that tend to show a negative trend with age. 

Each of the CHARGE GWAS project’s cohorts used a different battery of mental tests. Full details of 

the tests used to measure general fluid cognitive function in each of the CHARGE consortium’s 

cohorts can be found in Davies et al. (2015).4  

Verbal-numerical reasoning (VNR) 

The VNR test in UK Biobank consists of a series of thirteen multiple choice questions that are 

answered in a two minute time period. Six of the items were verbal questions and the remaining seven 

were numerical. An example of a verbal questions is ‘Bud is to flower as child is to?’ (Possible 

answers: ‘Grow/Develop/Improve/Adult/Old/Do not know/Prefer not to answer’). An example 

numerical question is ‘If sixty is more than half of seventy-five, multiply twenty-three by three. If not 

subtract 15 from eighty-five. Is the answer?’ (Possible answers: ‘68/69/70/71/72/Do not know/Prefer 

not to answer’). To some extent, these questions draw upon materials and information that the 

participants should be familiar with and the scores on this test are stable when comparing the means 

between the ages of 40 and 60 years with a linear decline evident from a comparison between the ages 

of 60 and 70. Genotype data were available from 36 035 individuals who had completed this test. Full 

details of the genotyping procedures used for this phenotype can be found in Davies et al. (2016).8  

Whereas a composite measure of general cognitive ability would have been preferable to the 

use of a single test, some of the cognitive tests used in UK Biobank are of poor quality. The tests of 

memory and reaction time used in our previous Genome-Wide-Association Study (GWAS)8 had test-

retest correlations of 0.15 (n= 19 872) and 0.54 (n = 20 188) and respectively; in addition, the 

memory score was based on one 3x2 grid, and the reaction time test on just 4 trials. In addition, 

neither of these two tests showed significant genetic correlations with a general factor of cognitive 

ability constructed using validated tests (memory, rg = 0.100, SE = 0.112, P = 0.370, reaction time, rg 

= 0.067, SE = 0.089, P = 0.451).7 The VNR test, which we used here, had 13 items, shows a greater 
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level of test-retest reliability (r = 0.65), and had a very high genetic correlation with a general factor 

of cognitive ability (rg = 0.812 SE = 0.094, P = 6.2 × 10−18). On the basis of these findings we 

decided, a priori, not to include the memory or reaction time tests from our previous GWAS as they 

are unreliable and appear to have a very different genetic architecture from established indicators of 

general cognitive function.  

Statistical analysis  

Genetic correlations between phenotypes 

Due to the phenotypic overlap between tests of cognitive function1 we first examine the 

degree to which the VNR measure from UK Biobank overlaps genetically with general cognitive 

function. Genetic correlations were derived using the summary statistics from general cognitive 

function in CHARGE and Verbal Numerical Reasoning in UK Biobank sets using LD score 

regression.23 The same data processing pipeline was used here as by Bulik-Sullivan et al.23 where a 

MAF of >0.01 was used and only those SNPs found in the HapMap3 with 1000Genomes EUR with a 

MAF of >0.5 were retained. The integrated_phase1_v3.20101123 was used for LDS regression. Also, 

Indels, structural variants and strand-ambiguous SNPs were removed. Genome-wide significant SNPs 

were removed, as well as SNPs with effect sizes of χ2 > 80, as the presence of outliers can increase the 

standard error in a regression model. LD scores and weights for use with the GWAS of European 

ancestry were downloaded from the Broad Institute 

(http://www.broadinstitute.org/~bulik/eur_ldscores/).  

Partitioned heritability 

General cognitive function4 and verbal-numerical reasoning8 were analysed using stratified 

LD score regression, where we followed the data processing steps of Finucane et al.19 Stratified LD 

score regression belongs to a class of techniques that exploit the correlated nature of SNPs. Using this 

method, heritability can be derived by regressing a SNP’s association statistic (converted to a Z-score) 

onto its LD score. An LD score is the sum of squared correlations between the minor allele count of a 

SNP, with the minor allele count of every other SNP. As the correlational structure of the genome 

http://www.broadinstitute.org/~bulik/eur_ldscores/
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(LD) is used in deriving the heritability estimate, LD is controlled for. A full description of how this 

method works can be found in Finucane et al. 19. This heritability estimate is then used to derive an 

enrichment metric defined as the proportion of heritability captured by the functional annotation over 

the proportion of SNPs contained within it, (Pr(h2)/Pr(SNPs). This ratio describes whether a 

functional annotation contains a greater or lesser proportion of the heritability than would be predicted 

by the proportion of SNPs it contains, Pr(h2)/Pr(SNPs) = 1. The proportion of the heritability for each 

category is used as the numerator, rather than the heritability of each category. This is due to Genomic 

Control (GC) being performed on most GWAS data sets and, as a result, the attenuation of the 

heritability estimate affects the total heritability and the heritability of each SNP set equally. As these 

are biased in the same direction and by the same amount, the proportion of heritability accounted for 

by each SNP set remains unaffected by the GC correction although the absolute heritability may 

change. Stratified LD Scores were calculated from the European-ancestry samples in the 1000 

Genomes project (1000G) and only included the HapMap 3 SNPs with a minor allele frequency 

(MAF) of >0.05.  

The same functional annotations as those reported in Finucane et el., 19 were used. Firstly, 

SNPs were assigned to a set of 24 overlapping publically available functional annotations. 

Supplementary Table 1 details the full set of these functional categories, as well as the references used 

to construct them. An additional 500bp window was placed around these annotations in order to 

prevent estimates being biased upwards by capturing enrichment in regions located close to the 

functional annotations.24 A 100bp window was also placed around chromatin immunoprecipitation 

and sequencing (ChIP-seq) peaks; the inclusion of these additional four sets resulted in a total of 52 

overlapping functional SNP annotations which formed our baseline model. In addition, a further 10 

sets were examined. These sets consisted of 220 cell-type specific annotations for four histone marks 

(H3K4me1, H3K4me3, H3K9ac and H3K27ac) which were arranged into 10 broad categories 

corresponding to histone marks found in the central nervous system (CNS), immune and 

hematopoietic, adrenal/pancreas, cardiovascular, connective tissue, gastrointestinal, kidney, liver, 

skeletal muscle, and other. The SNP sets examined here are not independent and the same SNP can 
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appear in many of the sets examined here. The size of each of the SNP sets can be found in 

Supplementary Tables 2 and 3. 

The 10 broad cell-type categories were then analysed by adding each of them to the full 

baseline model. This resulted in 10 additional tests which included the baseline model and one of the 

10 cell-type specific groupings. In this way enrichment for these cell-specific annotations was not 

driven by their also being a part of the baseline model. Multiple testing was controlled for by using 

FDR correction applied to these 10 tests. 

Results 

Genetic correlation  

LDS regression was first used to determine the degree of overlap between the two cognitive 

phenotypes used. The genetic correlation between general cognitive function and Verbal Numerical 

Reasoning was rg = 0.783, SE = 0.056, P = 4.63 x 10-45 indicating that many of the same genetic 

variants are involved in both of these traits. 

Partitioned heritability 

General cognitive function in the CHARGE consortium 

Significant enrichment was found for 10 of the 52 functional annotations (Supplementary 

Figure 1 and Supplementary Table 2). Consistent with many quantitative traits,19, 25 SNPs that are 

found in evolutionarily conserved regions showed a high level of enrichment, where 2.5% of the 

SNPs accounted for 49.2% of the total heritability (the total heritability in previous studies has been 

estimated to be around 29%4) yielding an enrichment metric (defined as Pr(h2)/Pr(SNPs) of 18.87 (SE 

= 3.91), P = 4.88 x 10-6. Note that this does not mean that the 3% of the genome accounts for 40% of 

the total phenotypic variance; rather, it means that, of the 30% of phenotypic variance accounted for 

by common SNPs, the genetic variation in the ~3% of the genome accounts for 40% of that 30%. 

Statistically significant enrichment was also found after a 500 bp boundary was set around these 

regions.  
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############### Insert Figure 1 about here ################ 

Enrichment was also found for two of the histone marks, H3K9ac, where 46.3% of the 

heritability was found for 12.6% of SNPs (enrichment metric = 3.68, SE = 1.01, P = 0.008), and 

within 500bp of H3K4me1, where 60.9% of the SNPs collectively explained 87.5% of the total 

heritability (enrichment metric = 1.44, SE = 0.15, P = 0.004). SNPs located within 500 bp of 

repressed regions showed a significant reduction in the level of heritability they captured. These 

regions accounted for 71.9% of the SNPs, but only explained 44.3% of the heritability (enrichment 

metric = 0.62, SE = 0.09, P = 2.10 x 10-5).  

Statistically significant enrichment was also found for SNPs within 500 bp of weak enhancer 

regions which comprised 8.9% of the SNPs, that collectively explained 38.1% of the heritability of 

general cognitive function (enrichment metric = 4.28, SE = 1.03, P = 0.001). SNPs within 500bp of 

the functional category of DNase hypersensitivity sites (DHS) also demonstrated significant 

enrichment for general cognitive function (enrichment metric = 2.05, SE = 0.33). These regions 

accounted for 49.9% of the SNPs but captured 100% of the heritability (SE = 16%). Whilst this does 

appear to be capturing the sum of the heritability present it is not clear if this is biologically 

meaningful as the inclusion of SNPs within 500bp of this category raises the proportion of SNPs in 

the category from 17% to 50% indicating that the majority of the SNPs within the larger set are not at 

DHS. SNPs found within 500 bp of introns were also significantly enriched, accounting for 39% of 

the SNPs and 56% of the heritability of general cognitive function, P = 7.45 x 10-4.  

The results for the cell type enrichment analysis indicated that histones that are marked 

specifically in cell types of the central nervous system accounted for 14.9% of the SNPs, but 45.0% of 

the heritability (enrichment metric = 3.03, SE = 0.51, P = 6.37 x 10-5). The results for the 10 tissue 

types can be seen in Supplementary Figure 2. The full results for general cognitive function can be 

found in Supplementary Table 2. 

Verbal-numerical reasoning in the UK Biobank sample 
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The pattern of enrichment followed the same trend for verbal-numerical reasoning (VNR) as 

for general cognitive function. Four of the five functional annotations found to be significantly 

enriched in general cognitive function were also enriched for VNR (Supplementary Figure 3 and 

Supplementary Table 3). For the baseline model, evolutionarily conserved SNPs were found to 

explain an enriched proportion of the heritability; 2.6% of SNPs were found to explain 41.2% of the 

heritability (enrichment metric = 15.80, SE = 4.42, P = 8.19 x 10-4). As was found for general 

cognitive function, SNPs within 500 bp of introns also showed enrichment for heritability (enrichment 

metric = 1.2, SE = 0.14, P = 0.003). This category contained 39.7% of the SNP that explained 56.2% 

of the heritability. Unlike general cognitive function, SNPs within 500 bp of the histone mark H3K9ac 

showed significant enrichment, rather than only SNPs found within this annotation (enrichment metric 

2.5, SE = 0.48, P = 0.002). This category contained 23.1% of the SNPs which explained 58.1% of the 

heritability for verbal-numerical reasoning in the UK Biobank data set.  

As was found in general cognitive function, histone marks specifically expressed in the 

central nervous system were found to contain a greater proportion of heritability (enrichment metric = 

3.53, SE = 0.60, P = 2.40 x 10-5). The enrichment results for each of the 10 tissue types can be seen in 

Supplementary Figure 4 and the full results for verbal-numerical reasoning can be found in 

Supplementary Table 3. 

Figure 1 illustrates the significant annotations for general cognitive function and provides a 

comparison for how well these regions were enriched for verbal-numerical reasoning.  

Discussion 

We partitioned the total heritability found two large, genetically correlated (rg = 0.783, SE = 

0.056) GWAS data sets on cognitive function into 24 broad functional annotations and 10 tissue 

types. Our analysis modelled LD, and took into account overlapping categories, as well as the 

proportion of SNPs in each category. We make a number of contributions to understanding the 

genetic architecture of cognitive function.  



Conserved regions enriched for cognitive function 

W.D. Hill et al. 

12 
 

We find, for both of the cognitive phenotypes examined, the most substantial and statistically 

significant effects occurred in regions of the genome that are evolutionarily conserved in mammals. 

The SNPs within these regions accumulate the base-pair substitutions that differentiate species at a 

lower rate than would be expected under models of neutral selective pressure and these regions are 

depleted for the number of SNPs compared to regions that are not conserved. This indicates that a 

large portion of the common variants that are associated with cognitive function are under negative 

selective pressure. That 40% of the genetic variance in general cognitive function is under negative 

selection does not imply that higher cognitive function is evolutionarily selected for, but that genetic 

variance that disrupts the evolutionarily old adaptive design encoded in these regions, thereby 

decreasing healthy cognitive function, is selected against. This supports the idea that mutation-

selection balance plays a substantial role in the genetics of general cognitive function,26 particularly 

when mutational variation is introduced in evolutionarily conserved regions.  

Evolutionarily conserved regions are unlikely to be specific to cognitive function, but rather 

to underlie fundamental design features important for general phenotypic functioning. The 

evolutionarily conserved regions used in the current paper have also been examined for enrichment 

with several disease and health related phenotypes. Significant enrichment was found for body mass 

index, schizophrenia, and HDL cholesterol, but not for coronary artery disease, type 2 diabetes, LDL 

cholesterol or bipolar disorder.19 The diseases and traits that were enriched in these conserved regions 

each show a genetic correlation with general cognitive function and individual tests of cognitive 

function (6, 7 & Hill et al. in prep), whereas those that showed no enrichment at evolutionarily 

conserved regions were not genetically correlated with general cognitive function or the verbal-

numerical reasoning test used here.7 This suggests that not only do these evolutionarily conserved 

regions of the genome play a greater role in cognitive functions, but they may also harbour variants 

with pleiotropic effects on cognitive function, health and anthropometric traits, thereby reducing what 

has been varyingly called system integrity, developmental stability or general evolutionary fitness.26, 27  

Two previous studies using gene-set analysis have found that gene sets that are conserved 

between species are enriched for cognitive functions. A study by Hill et al.11 found that common 
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SNPs in the N-methyl-D-aspartate receptor complex (NMDA-RC) were enriched for general cognitive 

function in two independent groups. The NMDA-RC is a component within the postsynaptic density 

(PSD) and using comparative proteomic analysis of the human and mouse PSD it has been found that 

the molecular composition of the postsynaptic density was highly similar, with more than 70% of the 

proteins found in the human PSD being found in the mouse PSD28 indicating conservation between 

species. A high level of conservation has also been found between the proteins of the PSD in 

comparisons between human and chimp (last common ancestor (LCA) ~ 6 million years ago), as well 

as between mouse and rat (LCA 20 million years ago) and between human and mouse (LCA 90 

million years ago), indicating conservation or negative selection indicative of conservation across the 

mammalian line.29 

More recently Johnson et al.30 used the weighted gene co-expression network analysis to 

identify a novel module named M3 using cortical brain tissue extracted from living humans during 

surgery. This module was also present in both disease free humans and in wild-type mouse 

hippocampi, indicating it had been conserved between both species. In addition, this module was 

found to be enriched for SNPs associated with general cognitive function and memory in two 

independent samples. The M3 also mapped poorly onto known biology, including the PSD, 

differentiating it from the NMDA-RC finding. In the current paper we extend the findings of Hill et 

al.11 and Johnson et al.30 by considering all SNPs, not just those found within genes, and show that 

regions of the genome that are under negative selective pressure harbour an enriched proportion of the 

heritable variance for cognitive function.  

The gene-sets used by Hill et al. 11 and Johnson et al. 30 were constructed to test specific 

synaptic components and networks of genes that work together. However, both of these gene sets are 

under selective pressure, the current paper expands on the findings of Hill et al. 11 and Johnson et al. 

30  by showing that conserved regions, not just those found within genes, are enriched for cognitive 

function.  

These results are also consistent with both theoretical predictions31, 32, and empirical 

findings33 of directional dominance acting on cognitive function. Directional selection is expected in 
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traits that are related to fitness and that indicates a systematic direction of effect across causal loci. By 

examining runs of homozygosity, directional dominance can be seen when the phenotype of 

individuals that are homozygous for multiple locations differs from those that are heterozygous. Joshi 

et al. 33 examined runs of homozygosity in 354 224 individuals who had taken tests of cognitive 

ability and found that as homozygosity increased scores on tests of cognitive ability went down, 

indicating selective pressure acting to increase levels of cognitive function. The present study expands 

on the works of Joshi et al. 33 by providing evidence that the regions of the genome most sensitive to 

genetic variation are more likely to harbour the variants that make the greatest contributions to 

cognitive and health differences.  

SNPs within 500 bp of introns also showed significant enrichment for general cognitive 

function and for verbal-numerical reasoning. Enrichment for this region may indicate that, whilst not 

being translated into proteins, these regions may still exert an influence on individual differences in 

cognitive function. Indeed, Marioni et al.34 have suggested that intronic regions are more likely to 

harbour genetic variation associated with normal cognitive function than exomic regions. 

Additionally, SNPs within 500 bp of the H3K4Me1 histone mark were enriched across both cognitive 

phenotypes. General cognitive function has been shown to correlate highly with tests of crystallised 

function, and in the present study the genetic correlation with VNR was rg = 0.783 indicating that 

many of the same SNPs are involved in both facets of cognitive function. This overlap between these 

two phenotypes may therefore be driven by pleiotropic variants in introns and variants found in the 

H3K4Me1 histone mark, along with those that are evolutionarily conserved.   

The strengths of this study include the use of the largest GWAS of general cognitive function 

that used established cognitive tests to measure cognitive function. We also use data from the UK 

Biobank study that includes over 30 000 participants genotyped and processed together using the 

same VNR test administered in an identical way to in order to remove processing artefacts due to 

heterogeneity in test used and their administration. In addition the genetic data from UK Biobank 

were processed in a consistent manner.  
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The limitations of this study include the VNR test used in UK Biobank not being adequately 

compared to validated psychometric cognitive tests. Also the low response rate in UK Biobank of 

5%35 indicates that it may not be representative of the general population. A further limitation is the 

use of a general cognitive function phenotype derived from meta-analysis of many smaller studies. 

Heterogeneity in testing conditions and between different genotyping platforms could introduce a 

confound that could not have been controlled for here. However, it should be noted that these 

limitations would take away the power to find an effect should it be present and indicate the robust 

nature of the results. Future studies using more psychometrically rigorous tests and a sample drawn 

from across the population are therefore expected to provide additional insights into the genetic 

architecture of cognitive function. There may also have been a small number of individuals’ who took 

part in both CHARGE and UK Biobank. In addition, the stratified LD score regression method is 

based on an additive model and cannot detect epistatic effects or other sources of non-additive 

variance. Finally, as with other methods of gene-set analysis, these methods are limited to the 

availability and accuracy of the annotations used.  

Following partitioned heritability analysis we report that regions of the genome under 

negative selective pressure make a greater contribution to the heritability of cognitive functions than 

their size would suggest. This indicates that the genetic correlations may not be due to causal alleles 

being distributed across the genome but, rather, clustering in regions that are conserved. Disease states 

and anthropometric traits that show genetic correlations with cognitive functioning tend to show 

enrichment in these conserved regions; on the other hand, the diseases and traits that do not show 

genetic correlations with cognitive function tend not to show this this pattern of enrichment. Together 

this suggests that conserved regions may play a central role in mammalian genetic architecture as they 

appear to harbour variants with pleiotropic effects between cognitive function, diseases and 

anthropometric traits. This indicates understanding the function and role of variants that are under 

negative selection will provide a greater understanding of cognitive function as well as how cognitive 

function is related to other health-related traits.23 That the variants here are known to be conserved 

within the mammalian line may also be involved in general cognitive function in other species.36 In 

addition, this study aids the search for plausible sets of causal variants by showing that a reduced 



Conserved regions enriched for cognitive function 

W.D. Hill et al. 

16 
 

portion of the genome comprising, only ~2.5 % of the total number of SNPs, can explain around 

~40% of the SNP-based heritability (which is ~30%) of cognitive function.
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Figure 1. A comparison between the functional annotations that were significantly enriched for general cognitive function. Enrichment was also found in 

evolutionarily conserved regions for verbal-numerical reasoning. Significant enrichment was also found across the phenotypes for SNPs within 500 bp of 

introns and within 500 bp of the H3K4me1 histone mark. The enrichment statistic is the proportion of heritability found in each functional group divided by 

the proportion of SNPS in each group (Pr(h2)/Pr(SNPs)). The dashed line indicates no enrichment found when Pr(h2)/Pr(SNPs) = 1. Statistical significance is 

indicated with asterisk.
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Supplemental information 

 

Supplementary Figure 1. Enrichment analysis for general cognitive function using the 52 functional categories in the baseline model. The enrichment 

statistic is the proportion of heritability found in each functional group divided by the proportion of SNPs in each group (Pr(h2)/Pr(SNPs)). The dashed line 

indicates no enrichment found when Pr(h2)/Pr(SNPs) = 1. Statistical significance is indicated by asterisk. FDR correction indicates significance at 0.0095.  
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Supplementary Figure 2. Enrichment analysis for general cognitive function using the 10 cell-type specific categories in the baseline model. The enrichment 

statistic is the proportion of heritability found in each functional group divided by the proportion of SNPS in each group (Pr(h2)/Pr(SNPs)). The dashed line 

indicates no enrichment found when Pr(h2)/Pr(SNPs) = 1. Statistical significance is indicated by asterisk. FDR correction indicates significance at 6.37x10-5. 
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Supplementary Figure 3. Enrichment analysis for verbal-numerical reasoning using the 52 functional categories in the baseline model. The enrichment 

statistic is the proportion of heritability found in each functional group divided by the proportion of SNPS in each group (Pr(h2)/Pr(SNPs)). The dashed line 

indicates no enrichment found when Pr(h2)/Pr(SNPs) = 1. Statistical significance is indicated by asterisk. FDR correction indicates significance at 0.004. 
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Supplementary Figure 4. Enrichment analysis for verbal-numerical reasoning using the 10 cell-type specific categories in the baseline model. The 

enrichment statistic is the proportion of heritability found in each functional group divided by the proportion of SNPS in each group (Pr(h2)/Pr(SNPs)). The 

dashed line indicates no enrichment found when Pr(h2)/Pr(SNPs) = 1. Statistical significance is indicated by asterisk. FDR correction indicates significance at 

2.4x10-5.
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Functional annotations Reference 

  

Coding Kent, W.J. et al. (1) 

Gusev, A. et al. (2) 

Conserved Lindblad-Toh, K. et al. (3) 

Ward, L.D. & Kellis, M. (4) 

CTCF Hoffman et al. (5) 

Digital genomic footprint (DGF) 

ENCODE 

ENCODE (6) 

Gusev, A. et al. (2) 

DNase hypersensitivity sites (DHS) Trynka, G. et al. (7) 

FANTOM 5 Andersson et al. (8) 

Enhancer Hoffman et al. (5) 

Fetal DNase hypersensitivity sites 

(DHS) 

Trynka, G. et al. (7) 

H3K27ac Hnisz Hnisz, D. et al. (9) 

H3K27ac PGC2 Schizophrenia Working Group 

of the Psychiatric Genomics 

Consortium. (10) 

H3K4me1 Trynka, G. et al. (7) 

H3K4me3 Trynka, G. et al. (7) 

H3K9ac Trynka, G. et al. (7) 

Intron Kent, W.J. et al. (1) 

Gusev, A. et al. (2) 

Promoter Flanking Hoffman et al. (5) 

Promoter Kent, W.J. et al. (1) 

Gusev, A. et al. (2) 

Repressed Hoffman et al. (5) 

Super Enhancer Hnisz, D. et al. (9) 

Transcription factor binding site 

(TFBS) 

ENCODE (6) 

Gusev, A. et al. (2) 

Transcribed Hoffman et al. (5) 

Transcriptional start sites (TSS) Hoffman et al. (5) 

3-prime UTR Kent, W.J. et al. (1) 

Gusev, A. et al. (2) 

5-prime UTR Kent, W.J. et al. (1) 

Gusev, A. et al. (2) 

Weak Enhancer Hoffman et al. (5) 

 

Supplementary Table 1. Shows the functional annotations and provides a reference detailing how 

they were curated. These sets are the same as used by Finucane et al., (11)
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Supplementary Table 2. Showing the full output of the partitioned heritability analysis conducted on the general cognitive function data set. Prop. SNPs refers to the 

proportion of SNPs from the data set that were a part of the corresponding functional annotation. Prop. h2 pertains to the proportion of the heritability accounted for by the 

functional annotation. 

Category Prop. SNPs Prop. h2 Prop. h2 std error Enrichment Enrichment std error Enrichment p 

Central Nervous System 0.149 0.450 0.075 3.025 0.506 6.37 × 10−5 

Immune/Hematopoietic 0.233 0.354 0.094 1.518 0.402 0.197 

Adrenal/Pancreas 0.094 0.233 0.071 2.486 0.759 0.050 

Cardiovascular 0.111 0.301 0.085 2.713 0.767 0.025 

Connective Bone 0.115 0.239 0.069 2.075 0.602 0.074 

Gastrointestinal 0.168 0.090 0.087 0.538 0.517 0.372 

Kidney 0.043 0.050 0.061 1.178 1.438 0.901 

Liver 0.072 0.118 0.058 1.630 0.807 0.435 

Other 0.203 0.264 0.097 1.304 0.478 0.525 

Skeletal Muscle 0.104 0.259 0.071 2.491 0.683 0.029 

Coding 0.015 0.146 0.065 9.962 4.441 0.044 

Coding 500 0.065 0.217 0.066 3.365 1.028 0.021 

Conserved 0.026 0.492 0.102 18.874 3.911 4.88 × 10−6 

Conserved 500 0.333 0.847 0.100 2.548 0.300 2.38 × 10−7 

CTCF 0.024 -0.028 0.086 -1.166 3.617 0.549 

CTCF 500 0.071 -0.008 0.097 -0.113 1.358 0.413 

DGF ENCODE 0.138 0.226 0.200 1.645 1.451 0.657 

DGF ENCODE  500 0.542 0.410 0.154 0.757 0.284 0.393 

DHS peaks 0.112 0.336 0.208 3.006 1.865 0.282 

DHS 0.168 0.586 0.219 3.490 1.305 0.056 

DHS 500 0.499 1.022 0.164 2.049 0.328 0.001 

FANTOM 5 0.004 -0.068 0.041 -15.724 9.562 0.080 

FANTOM 5 500 0.019 -0.031 0.051 -1.631 2.669 0.324 
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Enhancer 0.063 0.057 0.107 0.907 1.698 0.956 

Enhancer 500 0.154 0.504 0.117 3.272 0.760 0.003 

Fetal DHS 0.085 0.417 0.169 4.921 1.994 0.049 

Fetal DHS 500 0.285 0.578 0.140 2.026 0.493 0.037 

H3K27ac Hnisz 0.391 0.522 0.072 1.334 0.183 0.068 

H3K27ac Hnisz 500 0.423 0.581 0.085 1.376 0.201 0.061 

H3K27ac PGC2 0.269 0.333 0.120 1.237 0.445 0.594 

H3K27ac PGC2 500 0.336 0.403 0.112 1.200 0.332 0.547 

H3K4me1 peaks 0.171 0.532 0.158 3.108 0.923 0.022 

H3K4me1 0.427 0.739 0.147 1.732 0.345 0.034 

H3K4me1 500 0.609 0.875 0.093 1.436 0.152 0.004 

H3K4me3 peaks  0.042 0.076 0.117 1.807 2.807 0.774 

H3K4me3 0.133 0.393 0.107 2.948 0.804 0.015 

H3K4me3 500 0.255 0.209 0.105 0.818 0.409 0.657 

H3K9ac peaks 0.039 0.158 0.101 4.068 2.610 0.240 

H3K9ac 0.126 0.464 0.127 3.676 1.010 0.008 

H3K9ac 500 0.231 0.317 0.104 1.375 0.453 0.408 

Intron 0.387 0.427 0.060 1.102 0.154 0.511 

Intron 500 0.397 0.557 0.047 1.402 0.119 0.001 

Promoter Flanking 0.008 0.018 0.059 2.120 6.990 0.873 

Promoter Flanking 500 0.033 0.080 0.066 2.399 1.958 0.475 

Promoter 0.031 0.099 0.062 3.166 1.991 0.277 

Promoter 500 0.039 0.152 0.052 3.942 1.344 0.029 

Repressed 0.461 0.534 0.149 1.158 0.323 0.624 

Repressed 500 0.719 0.443 0.065 0.616 0.090 2.10 × 10−5 

SuperEnhancer 0.168 0.276 0.042 1.642 0.248 0.010 

SuperEnhancer 500 0.172 0.241 0.040 1.407 0.232 0.080 

TFBS 0.132 0.402 0.185 3.037 1.394 0.144 

TFBS 500 0.343 0.441 0.164 1.283 0.477 0.553 

Transcribed 0.345 0.148 0.146 0.430 0.424 0.178 
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Transcribed 500 0.763 0.914 0.088 1.198 0.116 0.087 

TSS 0.018 0.109 0.063 5.982 3.443 0.148 

TSS 500 0.035 0.093 0.058 2.663 1.669 0.319 

3-prime UTR 0.011 -0.003 0.038 -0.232 3.471 0.723 

3-prime UTR 500 0.027 0.074 0.042 2.762 1.542 0.253 

5-prime UTR 0.005 -0.016 0.029 -2.985 5.403 0.461 

5-prime UTR 500 0.028 0.135 0.049 4.854 1.749 0.028 

Weak Enhancer 0.021 -2.80 × 10−4 0.079 -0.013 3.757 0.787 

Weak Enhancer 500 0.089 0.381 0.092 4.282 1.030 0.001 
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Supplementary Table 3. Showing the full output of the partitioned heritability analysis conducted on the verbal-numerical reasoning data set. SNPs refers to the proportion 

of SNPs from the data set that were a part of the corresponding functional annotation. Prop. h2 pertains to the proportion of the heritability accounted for by the functional 

annotation. 

Category Prop. SNPs Prop. h2 Prop. h2 std error Enrichment Enrichment std error Enrichment p 

Central Nervous Sysytem 0.149 0.525 0.089 3.529 0.599 2.40 × 10−5 

Immune/Hematopoietic 0.233 0.259 0.100 1.109 0.427 0.799 

Adrenal/Pancreas 0.094 0.271 0.083 2.894 0.889 0.033 

Cardiovascular 0.111 0.316 0.098 2.844 0.880 0.036 

Connective Bone 0.115 0.095 0.075 0.823 0.649 0.786 

Gastrointestinal 0.168 0.153 0.095 0.912 0.569 0.878 

Kidney 0.043 0.022 0.054 0.518 1.266 0.704 

Liver 0.072 0.120 0.061 1.668 0.845 0.429 

Other 0.203 0.375 0.104 1.850 0.513 0.098 

Skeletal Muscle 0.104 0.311 0.083 2.994 0.804 0.013 

Coding 0.015 0.093 0.057 6.363 3.913 0.171 

Coding 500 0.065 0.153 0.065 2.374 1.014 0.175 

Conserved 0.026 0.412 0.115 15.798 4.422 0.001 

Conserved 500 0.333 0.872 0.127 2.624 0.383 2.25 × 10−5 

CTCF 0.024 0.030 0.102 1.279 4.279 0.948 

CTCF 500 0.071 0.246 0.113 3.460 1.586 0.121 

DGF ENCODE 0.138 0.030 0.226 0.221 1.642 0.635 

DGF ENCODE  500 0.542 0.306 0.167 0.565 0.308 0.157 

DHS peaks 0.112 0.187 0.218 1.673 1.954 0.730 

DHS 0.168 0.227 0.238 1.353 1.416 0.803 

DHS 500 0.499 0.554 0.177 1.110 0.355 0.757 

FANTOM 5 0.004 -0.027 0.047 -6.283 10.953 0.506 

FANTOM 5 500 0.019 0.046 0.054 2.416 2.821 0.616 

Enhancer 0.063 0.137 0.122 2.168 1.931 0.545 

Enhancer 500 0.154 0.271 0.102 1.764 0.662 0.249 

Fetal DHS 0.085 0.415 0.197 4.895 2.328 0.094 
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Fetal DHS 500 0.285 0.465 0.165 1.633 0.580 0.275 

H3K27ac Hnisz 0.391 0.412 0.077 1.053 0.196 0.789 

H3K27ac Hnisz 500 0.423 0.619 0.090 1.464 0.214 0.030 

H3K27ac PGC2 0.269 0.231 0.137 0.855 0.508 0.776 

H3K27ac PGC2 500 0.336 0.379 0.108 1.128 0.320 0.690 

H3K4me1 peaks 0.171 0.552 0.204 3.220 1.191 0.062 

H3K4me1 0.427 0.781 0.178 1.831 0.418 0.047 

H3K4me1 500 0.609 0.871 0.091 1.429 0.149 0.004 

H3K4me3 peaks  0.042 0.028 0.133 0.676 3.194 0.919 

H3K4me3 0.133 0.185 0.111 1.389 0.830 0.640 

H3K4me3 500 0.255 0.380 0.111 1.486 0.435 0.263 

H3K9ac peaks 0.039 0.240 0.125 6.181 3.235 0.109 

H3K9ac 0.126 0.409 0.121 3.242 0.962 0.020 

H3K9ac 500 0.231 0.581 0.110 2.520 0.479 0.002 

Intron 0.387 0.478 0.068 1.234 0.176 0.185 

Intron 500 0.397 0.562 0.056 1.416 0.142 0.003 

Promoter Flanking 0.008 -0.008 0.054 -0.915 6.364 0.764 

Promoter Flanking 500 0.033 0.015 0.070 0.447 2.100 0.792 

Promoter 0.031 -0.001 0.061 -0.046 1.951 0.592 

Promoter 500 0.039 0.008 0.055 0.216 1.424 0.582 

Repressed 0.461 0.444 0.178 0.963 0.385 0.923 

Repressed 500 0.719 0.622 0.067 0.864 0.093 0.144 

SuperEnhancer 0.168 0.258 0.044 1.532 0.260 0.041 

SuperEnhancer 500 0.172 0.238 0.043 1.389 0.249 0.118 

TFBS 0.132 -0.076 0.234 -0.577 1.764 0.371 

TFBS 500 0.343 0.718 0.177 2.091 0.516 0.035 

Transcribed 0.345 0.447 0.140 1.294 0.406 0.469 

Transcribed 500 0.763 0.590 0.095 0.773 0.124 0.067 

TSS 0.018 0.027 0.065 1.502 3.569 0.888 

TSS 500 0.035 0.112 0.063 3.213 1.809 0.221 
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3-prime UTR 0.011 0.070 0.071 6.355 6.418 0.404 

3-prime UTR 500 0.027 0.120 0.055 4.448 2.031 0.090 

5-prime UTR 0.005 -0.002 0.032 -0.293 5.919 0.827 

5-prime UTR 500 0.028 0.028 0.050 0.997 1.797 0.999 

Weak Enhancer 0.021 -0.003 0.088 -0.155 4.158 0.781 

Weak Enhancer 500 0.089 0.152 0.089 1.708 1.001 0.479 
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