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Cognitive deficits and reduced educational achievement are
common in psychiatric illness; understanding the genetic basis
of cognitive and educational deficits may be informative about
the etiology of psychiatric disorders. A recent, large genome-
wide association study (GWAS) reported a genome-wide signifi-
cant locus for years of education, which subsequently demon-
strated association to general cognitive ability (“g”) in
overlapping cohorts. The current study was designed to test
whether GWAS hits for educational attainment are involved in
general cognitive ability in an independent, large-scale collec-
tion of cohorts. Using cohorts in the Cognitive Genomics
Consortium (COGENT; up to 20,495 healthy individuals), we
examined the relationship between g and variants associated
with educational attainment. We next conducted meta-analyses
with 24,189 individuals with neurocognitive data from the
educational attainment studies, and then with 53,188 largely
independent individuals from a recent GWAS of cognition. A
SNP (rs1906252) located at chromosome 6ql6.1, previously
associated with years of schooling, was significantly associated
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with g (P=1.47 x 10~ *) in COGENT. The first joint analysis of joint analysis of 68,159 non-overlapping individuals was even

43,381 non-overlapping individuals for this a priori-designated
locus was strongly significant (P=4.94 x 10~’), and the second

more robust (P=1.65 x 10°). These results provide indepen-
dent replication, in a large-scale dataset, of a genetic locus
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associated with cognitive function and education. As sample
sizes grow, cognitive GWAS will identify increasing numbers of
associated loci, as has been accomplished in other polygenic
quantitative traits, which may be relevant to psychiatric illness.

Key words: neurocognition; general cognitive ability; educa-
tional attainment; genetics; GWAS; proxy phenotype

A general cognitive ability factor (also termed g) typically captures
just under half of the overall variance in performance on diverse
laboratory measures of neurocognitive functioning [Johnson et al.,
2008]. General performance on neurocognitive tests has remark-
able predictive value across a diverse range of social, health and
behavioral outcomes, more so than any other psychological trait
[Gottfredson, 1997; Deary et al., 2011; Deary, 2012]. As examples,
low g performance is associated with lower educational attainment
and income [Johnson et al., 2009], is a better predictor of mortality
from cardiovascular disease than smoking, blood glucose and
cholesterol [Deary, 2008], and predicts longevity [Batty et al.,
2008]. Deficits in general neurocognitive performance are perva-
sive in most psychiatric and neurologic disorders, yet are often the
most difficult component to treat [Millan et al., 2012]. As such,
understanding the neurobiology of human cognition is potentially
critical to improving physical and mental health outcomes in
society [Deary et al., 2010].

While both genetic background and environmental experience
interact to shape cognitive development [Deary et al., 2012], twin
and family studies have consistently demonstrated heritability of
more than 50% for general cognitive ability measured in adulthood
[Deary et al., 2009]. Allelic variation can have a direct influence on
brain biology by modifying the molecular structure and/or func-
tion of brain-expressed transcripts and proteins such as neuro-
transmitter receptors and neurodevelopmental growth factors
[Chen et al., 2004]. However, attempts to pinpoint loci associated
with human cognition across diverse population samples have
proven challenging due to the difficulty of assembling the large
cohorts required to detect small expected effects of individual
variants in a highly polygenic trait [Need et al., 2009; Davies
etal, 2011, 2015; Luciano et al., 2011; Martin et al., 2011; Chabris
et al.,, 2012; Lencz et al., 2014; Benyamin et al., 2014].

By contrast, educational history is easily obtainable demographic
information collected in any field of medical research, and can
therefore be collected in more readily across large cohorts as
compared to cognition. Educational attainment, as measured by
self-reported years of schooling, has been proposed as a ‘proxy
phenotype’ for cognitive ability for GWAS since much larger
samples can be utilized compared to neurocognitive studies [Mar-
tin et al., 2011; Rietveld et al., 2013, 2014a,b]. The Social Science
Genetic Association Consortium (SSGAC) reported on a 126,559
person GWAS that detected three genome-wide significant SNPs
associated with completion of college (rs11584700 and rs4851266)

and years of schooling (rs9320913) [Rietveld et al., 2013]. In a post
hoc analysis, these SNPs had a stronger and more direct effect on
cognitive function than on education [Rietveld et al., 2013].
Further, a polygenic risk score of educational attainment SNPs
accounted for 2-3% of the variance in general cognitive ability an in
independent sample, and a mediation analysis suggested that g
mediated more than half of the effect these SNPs had on education
[Rietveld etal.,2013]. Here, we analyzed the three SNPs obtained in
the SSGAC educational attainment GWAS in /20,000 indepen-
dent subjects in the Cognitive Genomics Consortium (COGENT)
[Donohoe et al., 2013; Lencz et al., 2014], and found converging
evidence across multiple large cohorts that common variation
at genomic region 6ql6.1, previously associated with years of
schooling, reliably predicts variation in g

COGENT is an international GWAS collaboration formed to
conduct genetic analyses of ¢ and related neurocognitive processes
in healthy individuals [Donohoe et al., 2013]. Though common
GWAS markers have been proposed to account for ~30% or more
of the variance in general intelligence in adults, individual SNPs
only contribute a small fraction of the variance to the heritability of
g due to extreme polygenicity [Davies et al., 2011; Marioni et al.,
2014]. Detecting SNP associations of such small magnitudes via
GWAS requires large samples many times the size an individual lab
can ascertain, leading to consortia such as COGENT. The decision
to study gin COGENT stemmed from longstanding evidence that a
g factor can be derived consistently, captures almost half the
variance in overall test performance, and is relatively invariant
to the neurocognitive test battery used and specific abilities assessed
[Johnson et al., 2008; Panizzon et al., 2014].

The first phase of COGENT (‘COGENTT’) resulted in a GWAS
of general cognitive ability in ~5,000 individuals from the general
population [Lencz et al., 2014]. The next (and ongoing) wave of
data collection in COGENT (‘COGENT?2’) has resulted in the
acquisition of ~15,000 independent subjects with neurocognitive
and GWAS data for analysis (see Table 1 for cohort details). To be
included as a participant in COGENT, data from at least one
neuropsychological measure across at least three domains of
cognitive performance (e.g., digit span for working memory;
logical memory for verbal declarative memory; and digit symbol
coding for processing speed), or the use of a validated g-sensitive
measure was required. Tests missing for more than 5% of the
sample in an individual study were excluded. Each COGENT study
administered an average of 10.3 neurocognitive tests, and the
internal consistency of performance within each study was strong
(mean Cronbach’s o= 75%; supplementary table S1). The first
unrotated principal component accounted for just under half
of the variance across the 21 studies on average, as expected
based on an extensive prior literature [Carroll, 1993]. As Figure 1
shows, ghad normal distributional properties within all 21 studies,
a feature critical to enhancing statistical power in quantitative
trait analysis.

All COGENT samples were genotyped on commercial Illumina
or Affymetrix genome-wide SNP microarrays (supplementary
table S1). Standard GWAS quality control (QC) methods were
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Study Study Name N Age (mean) Age range % Male
ADNI1 Alzheimer's Disease Neuroimaging Initiative, Phase 1 127 ?5.7 62-90 5510
CHS Cardiovascular Health Study 2,114 ’’9 69-99 37.1
DNS Duke Neurogenetics Study 357 19.7 18-22 47.6
FHS Framingham Heart Study, Second Generation Cohort 1,650 65.3 38-90 45.6
GCAP NIMH Genes, Cognition and Psychosis Program 655 315 18-60 46.9
GenADA Genotype-Phenotype Associations in Alzheimer’s Disease ’82 7’34 48-94 35.7
HBCS Helsinki Birth Cohort Study 332 67.7 64-75 100.0
IBG Institute for Behavioral Genetics 299 15.9 12-19 78.6
LBC1936 Lothian Birth Cohort 1936 1,005 69.6 68-71 50.6
LLFS Long Life Family Study 3,606 64.6 24-89 452
LOAD Late Onset Alzheimer’s Disease Family Study 1,141 ’5.1 53-98 36.6
LOGOS Learning on Genetics of Schizophrenia Spectrum 864 22.5 18-44 100.0
MAN Manchester Longitudinal Studies of Cognitive Aging 805 67.2 45-87 28.9
MUC1 Munich, Germany Sample 1 588 50.5 19-79 50.0
Muc2 Munich, Germany Sample 2 538 45.1 19-72 45.7
NCNG Norwegian Cognitive NeuroGenetics 670 47.6 18-79 318
NEW Newcastle Longitudinal Studies of Cognitive Aging 753 67.0 54-87 29.0
PING Pediatric Imaging, Neurocognition and Genetics Study 637 11.6 3-18 52.4
PNC Philadelphia Neurodevelopmental Cohort 4,412 13.8 8-21 50.2
TOP Thematic Organized Psychosis Research Study 394 34.6 17-55 49.2
ZHH Zucker Hillside Hospital 219 353 8-78 493
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FIG. 1. Kernel density plot (KDP) of the g factor across 21 COGENT studies. Each g score is smoothed for each individual using a strongly
peaked kernel function in order to evaluate every point along the x-axis. The y-axis represents density. As can be seen, the shape of the
distribution tightly fits a Gaussian curve across all studies.



TRAMPUSH ET AL.

applied to the genetic data (described in detail in the supplemen-
tary information). Subjects in the study were Caucasian of Euro-
pean ancestry, which we confirmed by analysis of genotype data
using multidimensional scaling (MDS). Genetic outliers were
removed in each study based on MDS axis plotting versus Hap-
Map3 ethnic subgroups. Note that none of the three SNPs previ-
ously associated with education were variants included on
commercially available microarrays, and thus were imputed into
their datasets [Rietveld et al., 2013]. In the COGENT1 studies,
SNPs were imputed using HapMap3 reference panels as previously
described [Lencz et al., 2014]. COGENT?2 samples that did not have
genotypes for the SNPs of interest were imputed using IMPUTE2
[Howie et al., 2009] and 1000 Genomes Project reference panels
(downloaded June 2014).

SNP analysis of g was completed separately within each CO-
GENT study using Plink [Purcell et al., 2007] or Genome-wide
Complex Trait Analysis (GCTA) [YanG etal., 2011]. Plink was used
to analyze datasets comprising unrelated individuals, and GCTA
used to analyze five datasets in which multiple family members
were known to be included a priori. GCTA has implemented a
mixed-linear-model association (MLMA) analytic function that
corrects for population or relatedness structure through a correc-
tion that is specific to the structure of interest [Yang et al., 2014].
Regression coefficients and standard error estimates were generat-
ed within each study and then carried forward for meta-analysis
using Metasoft [Han and Eskin, 2011] and the R MetABEL package
[Aulchenko et al., 2007] for plotting of results. Although we
expected that allelic effects for cognitive ability would mirror

Fixed effects

the direction observed for educational attainment, all analyses
were conservatively carried out using two-tailed tests.

A multi-stage approach was utilized to determine if GWAS
hits associated with educational attainment were also associated
with general cognitive ability in COGENT. First, we examined the
p-values of the three educational attainment SNPs (and their
close proxies) in the database housing the results of the CO-
GENT1 GWAS [Lencz et al., 2014]. SNPs with P-values <.05
identified in this first stage were then meta-analyzed for associa-
tion to g in ~16,000 independent subjects in the subsequent
replication stage.

Using the approach described above, the two SNPs previously
associated with the dichotomous variable of completing college
(rs11584700 and rs4851266) in [Rietveld et al., 2013] were not
significantly associated with gin COGENT1 (P’s >.05). The third
SNP (rs9320913) associated with years of schooling was neither
genotyped nor imputed in COGENTI; however, a close proxy
SNP (rs1906252, R*=1.0 in HapMap2 CEU, R*=.905 in 1000
Genomes CEU) was available for analysis in the COGENT]1
GWAS data. rs1906252 was either typed or imputed in all
nine COGENT1 studies, and was significantly associated with
general cognitive ability in the expected direction, such that the
minor (A) allele was associated with higher g scores (3 =.050,

Random effects Heterogeneity estimates

Studies Subjects
Data set (N) (N) B S.E. P
COGENT1 9 4,962 .050 .020 1.20E-02
COGENT2 12 15,533 .027 .009 2.34E-03
COGENT, all 21 20,495 .031 .008 1.47E-04
cohorts
COGENT, 19 19,192 .026 .008 1.60E-03
excluding
HBCS and
LBC1936°
COGENT, 16 14,971 .022 .010 2.81E-02
excluding
HBCS,
LBC1936,
CHS, FHS
and NCNG®

B S.E. P 2 0 Po Tau
050 022  208E-02 11411 9.030 340 0
027 009  2.34E-03 0 8472 671 0
031 008  147E-04 0 18668  .543 0
026 .008  1.60E-03 0 11.126  .889 0
022 010  281E-02 0 10467 789 0

COGENT, Cognitive Genomics Consortium; COGENT1, nine sites included in COGENT Phase 1 (Lencz et al., 2014); COGENT2, 12 sites added to Phase 2 of COGENT; HBCS, Helsinki Birth Cohort Study; LBC1936,
Lothian Birth Cohort 1936; CHS, Cardiovascular Health Study; FHS, Framingham Heart Study; NCNG, Norwegian Cognitive NeuroGenetics Study.
“HBCS and LBC1936 removed since both studies were part of the Social Science Genetic Association Consortium (SSGAC) educational attainment GWAS study (Rietveld et al., 2013) and/or SSGAC cognition

study (Rietveld et al., 2014).

PHBCS and LBC1936 removed since both studies were part of the SSGAC educational attainment GWAS study (Rietveld et al., 2013) and/or SSGAC cognition study (Rietveld et al., 2014), and CHS, FHS and
NCNG removed since these studies were part of the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) consortium cognition study (Davies et al., 2015).



P=.012; Po = .340). This SNP was therefore carried forward for
analysis in COGENT?2.

To date, GWAS and neurocognitive data have been acquired for
more than 15,000 participants from 12 independent cohorts in
COGENT?2. The average sample size of individual COGENT2
studies was 1,398 and ranged from 127 to 4,412 Caucasian subjects
of European ancestry. rs1906252 was genotyped or imputed in all
12 COGENT?2 samples (N = 16,544 genotypes), of which 15,533
had g factor data. As shown in Table 2, the association between
allelic variation at SNP rs1906252 and gin COGENT?2 was statisti-
cally significant and not biased by heterogeneity (3 =.027, P=2.34
x 1072, two-tailed; Pq =.671). The direction of the minor allele
effect was positive in 10 out of 12 COGENT?2 studies, which was
consistent with the educational attainment GWAS studies and
COGENT]1, and statistically different from chance (binomial test,
P=.02). Finally, all 21 COGENT datasets were merged to analyze

P -value Study Name
0.2978 1.ADNI1
0.0520 2.CHS
0.0257 3.DNS
0.2977 4.FHS
0.4007 5.GCAP
0.0958 6.GenADA
0.1415 7.HBCS
0.7716 8.IBG
0.0017 9.LBC1936
0.2574 10.LLFS
0.6815 11.LOAD
0.4555 12.LOGOS
0.4892 13.MAN
0.5633 14 MUC1
0.4197 15.MUC2
03319 16.NCNG
0.9082 17.NEW
0.6974 18.PING
0.3000 19.PNC
0.3891 20.TOP
0.6415 21.ZHH

Pooled P-value = 1.5E-04

AMERICAN JOURNAL OF MEDICAL GENETICS PART B

the association between rs1906252 and gin the combined sample of
20,495 individuals. A significant association was again detected in
the combined analysis that was not confounded by heterogeneity
(B=.031, P=1.47x10"% two-tailed; Py=.543). Figure 2
presents the combined results in a forest plot, and as shown in
Figure 3, a linear increase in general cognitive ability was related
positively to minor A allele load.

We tested the robustness of the association between rs1906252
and g in a series of sensitivity analyses. First, a potential confound
worthy of consideration was the fact that two COGENT1 studies
(Helsinki Birth Cohort Study [HBCS; n = 332] and the 1936 Lothian
Birth Cohort Study [LBC1936; n = 1,005]) [Lencz et al., 2014] were
also included in SSGAC [Rietveld et al., 2014b; 2013]. The non-
independence of our collective studies and the high correlation
between educational attainment and cognition necessitated a sensi-
tivity analysis requiring HBCS and LBC1936 be excluded and the

¢

[ |
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FIG. 2. Results (in forest-plot format) of the meta-analysis between rs1906252 and general cognitive ability in all 21 COGENT studies. A

positive effect was detected in 17 out of 21 studies.
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rs1906252 effect plot
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FIG. 3. Effect plot of the association between rs1906252 and general cognitive ability. A linear increase in general cognitive ability was
related positively to minor A allele load. In the combined sample, 5,254 subjects had no copies of the minor allele, 10,329 subjects were

heterozygous, and 4,912 subjects had two copies of the minor A allele.

remaining COGENT studies reanalyzed. This analysis also yielded a
significant result between variation in rs1906252 and g (B =.026,
P=1.60 x 1073, two-tailed; Py =.889; see Table 2).

Next, age had a bimodal distribution across the 21 COGENT
studies. The first peak was at approximately 18 years of age, and
the second peak at approximately 70 years (supplemental figure
S1). To explore the effect of age on the association between
rs1906252 and g across the lifespan, we examined the interaction
between rs1906252 and age on g, which was not significant
(B=.0004, P=.302). We then split the sample at the ‘valley’
of the distribution at age 40. This resulted in a group of 7,208
individuals under 40 years of age and a group of 13,287 individ-
uals 40 years of age or older. The interaction between rs1906252
and this dichotomous age split was not significant (§ =.007,
P=.728). Thus, age did not moderate the association between
rs1906252 and general cognitive function across the lifespan in
COGENT.

The SSGAC reanalyzed their GWAS data utilizing a two-stage design
in order to examine whether educational attainment is a valid proxy

phenotype for cognitive ability [Rietveld et al., 2014b]. Subjects with
available neurocognitive data (n = 24,189) were removed from the
larger cohort, and a GWAS ofyears of education was then conducted
in the remaining ~106K participants (Stage 1). The top 69 SNPs
associated with educational attainment were then carried forward
for analysis in relation to cognitive performance in the ~24K
subsample (Stage 2). In Stage 1, the chromosome 6ql6.1 locus
previously associated with years of schooling was again genome-
wide significant for educational attainment, although the top SNP at
this locus was slightly different (rs9320913 in the original GWAS and
rs1487441 in the second GWAS; R? >.9 between the two SNPs). In
Stage 2, rs1487441 was the SNP most strongly associated with
cognitive performance (P=1.24 x 107%).

Notably, rs1487441 is a perfect proxy for our SNP, rs1906252
(R*=1 in both HapMap and 1000 Genomes). Thus, we sought to
integrate our current results with the most recent SSGAC findings.
As shown in Table III, we performed a meta-analysis of the SSGAC
cognitive subcohort with our fully independent COGENT cohorts.
LBC1936 and HBCS were part of the SSGAC studies, so they were
excluded for this particular analysis. However, this was a conserva-
tive approach since (i) LBC1936 was included in the cognitive
performance sample as part of the Childhood Intelligence Consor-



Consortium N studies
COGENT, excluding HBCS and LBC1936 19
SSGAC 11
COGENT and SSGAC 30
COGENT, excluding HBCS, LBC1936, CHS, FHS and NCNG 16
CHARGE 26
COGENT and CHARGE 42

AMERICAN JOURNAL OF MEDICAL GENETICS PART B

N subjects B S.E. P
19,192 .026 .008 1.60E-03
24,189 .036 .009 1.24E-04
43,381 .031 .006 4.94E-07
14,971 .022 .010 2.81E-02
53,188 .031 .006 1.55E-08
68,159 .029 .005 1.65E-09

COGENT, Cognitive Genomics Consortium; SSGAC, Social Science Genetic Association Consortium; CHARGE, Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE] consortium. Note:
COGENT studies that overlapped with SSGAC (HBCS and LBC1936) and/or CHARGE (HBCS, LBC1936, CHS, FHS, and NCNG) were removed prior to conducting joint analyses. The Lothian Birth Cohort Studies
of 1921 and 1936 and the Helsinki Birth Cohort Study (HBCS) overlapped between SSGAC and CHARGE.

tium, which used age 11 cognitive phenotypes for LBC1936, whereas
LBC1936 adult phenotypes were included in COGENT; and (ii)
HBCS was not included in the SSGAC cognitive analysis, only the
educational attainment GWAS [Rietveld et al., 2014b]. With a total
sample size 0of 43,381 non-duplicated individuals across SSGAC and
COGENT, the association between this locus and ghad an estimated
effect size of B =.031 (P=4.94 x 1077).

A GWAS of general cognitive function that included ~253,000
individuals from 31 population-based cohorts was recently pub-
lished by the Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) consortium [Davies et al., 2015]. The
study reported genome-wide significant SNP associations with
general cognitive ability in three genomic regions, including
1s1906252 (P=1.55 x 10~®). We sought to integrate the COGENT
findings with the CHARGE findings as well, and conducted a
second meta-analysis of rs1906252 and g. In this analytic series,
the COGENT samples were fully independent from both the
SSGAC and the CHARGE samples. In other words, we excluded
HBCS and LBC1936 as above, and excluded additional data from
our Framingham Heart Study, Second Generation Cohort (FHS)
sample, the Cardiovascular Health Study (CHS) sample, and the
Norwegian Cognitive NeuroGenetics (NCNG) sample, all of which
overlapped with CHARGE to some extent. In the reduced CO-
GENT sample of 16 sites and ~15,000 subjects fully independent
from SSGAC and CHARGE, rs1906252 retained a significant
association to g (B=.022, P=2.81 X 1072). Further, the joint
analysis of the 42 independent COGENT and CHARGE cohorts
(N = 68,000) was robust (B =.029, P=1.65 x 10™°).

The current study identified a significant association of a SNP at
chromosome 6q16.1 with general cognitive ability across 21 well-
characterized international samples of European-ancestry individ-
uals from the general population. Sensitivity analysis suggested that
the association between rs1906252 and g was significant, indepen-
dent of the previously published cohorts from the educational

attainment GWAS; moreover, the strength of the association was
not affected by age of the subjects. In COGENT, the direction of
association with g was consistent with the association to self-
reported educational attainment in the SSGAC, with more copies
of the minor A allele linked to better performance on objectively-
measured sub-traits that comprise general cognitive ability.

Based on the commonly used formula [ Thorleifsson et al., 2009],
R* =2f(1—f) a%, where fis the allele frequency (0.47 in this instance)
and a is the additive effect as measured by standardized beta, the
independent COGENT cohort produces an estimated effect size of
R*=.0382% (Table 3). This effect size estimate is slightly more
than half the value obtained in the SSGAC cognitive subcohort.
This is probably due, at least in part, to the ‘winner’s curse’
phenomenon in which initial observations produce inflated effects
by chance [Zollner and Pritchard, 2007]. The present report
provides the first estimate of the effect size that is fully independent
of the initial discovery cohort. This effect size is approximately an
order of magnitude smaller than the largest allelic effect sizes
observed for other complex polygenic traits such as height or
weight [Visscher et al., 2012; Wood et al., 2014], possibly due to
the inherent noise and heterogeneity in the construction of the g
phenotype. However, the success of GWAS for height and weight
provide optimism that future, larger GWAS of cognitive ability will
prove increasingly successful at identifying significant associations.

For example, the first study reporting a genome-wide significant
QTL for height [Weedon et al., 2007] had power of only 3.2% to
detect the HMGA2 locus, based on the effect size estimate later
derived from an independent cohort that was an order of magni-
tude larger [Lango Allen et al., 2010]. Similarly, subsequent height
GWAS [Weedon et al., 2008] remained underpowered by conven-
tional criteria (1-8 = .80) to detect even the strongest loci, yet were
still able to obtain genome-wide significance for multiple loci,
including those for which power was <1%. This pattern applies to
all polygenic complex traits, due to the very large number of loci
that are available to be detected, especially given that the number of
associated loci tends to increase very rapidly as effect sizes drop
[Park et al., 2010].

Functionally, rs1906252 is about 700 kilobases from the nearest
annotated gene, but it is in an intron of a long intergenic non-
coding RNA (lincRNA; transcript ID: RP11-436D23.1; Gene ID:
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LOC101927335; Ensembl Gene ID: ENSG00000271860) that is
expressed in human brain tissue based on searches in BrainSpan
(http://www.brainspan.org/) and GeneProf [Halbritter et al., 2012]
(http://www.geneprof.org/). In order to identify potential regula-
tory elements at this genomic locus, we interrogated rs1906252
using HaploReg v3 [Ward and Kellis, 2012]. While rs1906252 is
unannotated, it is in nearly perfect LD (R* =.99) with rs77910749,
which is highly conserved (by both GERP and SiPhy computa-
tions), is a DNase hypersensitivity site in fetal brain, and serves as a
weak enhancer or transcription start site across multiple brain
tissues. Notably, rs1906252 was recently reported to be a genome-
wide significant variant associated with bipolar disorder
[Miihleisen et al., 2014], again providing evidence of the important
overlap of general cognitive ability and psychiatric illness; the
primary finding of our previous COGENT study was a significant
polygenic overlap between SNPs for general cognitive ability and
schizophrenia [Lencz et al., 2014]. Additionally, rs1906252 was
among the top findings (though not significant after correction for
multiple comparisons) in an earlier GWAS of processing speed
based on performance on the symbol search test conducted in part
in the LBC1936 cohort [Luciano et al,, 2011]. Most recently,
rs1906252 and 10 other SNPs in this region were associated
with general cognitive function in a GWAS of /53,000 subjects
at a threshold considered to reach genome-wide significance
[Davies et al., 2015].

In summary, the current study provides an independent repli-
cation of a link between genetic variation at rs1906252 and neuro-
cognitive ability. Results also provide evidence that the proxy
phenotype approach of using educational attainment as an indirect
measure of cognitive ability for GWAS has external validity.

Supplemental Data include detailed descriptions of the 21 CO-
GENT cohorts including neurocognitive and genetic assays
employed across sites. In addition, detailed statistical methodolo-
gy, imputation methods, and quality control procedures of phe-
notypes and genotypes are described in detail, and three
supplemental figures along with two supplemental tables and
supplemental references are included.

This work has been supported by grants from the National Institutes
of Health (RO1 MH079800 and P50 MHO080173 to AKM; RC2
MHO089964 to TL; R0O1 MH080912 to DCG; K23 MH077807 to
KEB; K01 MH085812 to MCK). Dr. Donohoe is generously funded
by the Health Research Board (Ireland) and Science Foundation
Ireland. Data collection for the TOP cohort was supported by the
Research Council of Norway, South-East Norway Health Authority.
The NCNG study was supported by Research Council of Norway
Grants 154313/V50 and 177458/V50. The NCNG GWAS was fi-
nanced by grants from the Bergen Research Foundation, the Uni-
versity of Bergen, the Research Council of Norway (FUGE, Psykisk
Helse), Helse Vest RHF and Dr. Einar Martens Fund. The Helsinki
Birth Cohort Study has been supported by grants from the Academy
of Finland, the Finnish Diabetes Research Society, Folkhalsan

Research Foundation, Novo Nordisk Foundation, Finska
Lékaresillskapet, Signe and Ane Gyllenberg Foundation, University
of Helsinki, Ministry of Education, Ahokas Foundation, Emil
Aaltonen Foundation. For the LBC1936 cohort we thank the cohort
participants and team members who contributed to this study.
Phenotype collection was supported by Age UK (The Disconnected
Mind project). Genotyping was funded by the UK Biotechnology
and Biological Sciences Research Council (BBSRC). The work was
undertaken by The University of Edinburgh Centre for Cognitive
Ageing and Cognitive Epidemiology, part of the cross council
Lifelong Health and Wellbeing Initiative (MR/K026992/1). Funding
from the BBSRC and Medical Research Council (MRC) is gratefully
acknowledged. The Duke Neurogenetic Study was supported by an
NSF Graduate Research Fellowship to MS, Duke University, and
NIDA grants ROIDA031579 & R01DA033369. The NIMH Genes,
Cognition and Psychosis Study was funded by the NIH/NIMH
Intramural Research Program and the Lieber Institute for Brain
Development. Data collection and sharing for this project was
funded by the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) (National Institutes of Health Grant U01 AG024904)
and DOD ADNI (Department of Defense award number
WS81XWH-12-2-0012). ADNI is funded by the National Institute
on Aging, the National Institute of Biomedical Imaging and Bioen-
gineering, and through generous contributions from the following:
AbbVie, Alzheimer’s Association; Alzheimer’s Drug Discovery
Foundation; Araclon Biotech; BioClinica, Inc.; Biogen; Bristol-
Myers Squibb Company; CereSpir, Inc.; Eisai Inc.; Elan Pharma-
ceuticals, Inc.; Eli Lilly and Company; EuroImmun; F. Hoffmann-La
Roche Ltd and its affiliated company Genentech, Inc.; Fujirebio; GE
Healthcare; IXICO Ltd.; Janssen Alzheimer Immunotherapy Re-
search & Development, LLC.; Johnson & Johnson Pharmaceutical
Research & Development LLC.; Lumosity; Lundbeck; Merck & Co.,
Inc.; Meso Scale Diagnostics, LLC.; NeuroRx Research; Neurotrack
Technologies; Novartis Pharmaceuticals Corporation; Pfizer Inc.;
Piramal Imaging; Servier; Takeda Pharmaceutical Company; and
Transition Therapeutics. The Canadian Institutes of Health Re-
search is providing funds to support ADNI clinical sites in Canada.
Private sector contributions are facilitated by the Foundation for the
National Institutes of Health (www.fnih.org). The grantee organi-
zation is the Northern California Institute for Research and Educa-
tion, and the study is coordinated by the Alzheimer’s Disease
Cooperative Study at the University of California,San Diego.
ADNI data are disseminated by the Laboratory for Neurolmaging
at the University of Southern California. Finally, several publicly
available datasets were included; we kindly thank the investigative
teams and staffs of the Pediatric Imaging, Neurocognition, and
Genetics (PING) study, the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) project, and the studies who made their data
available in dbGaP.

Aulchenko YS, Ripke S, Isaacs A, van Duijn CM. 2007. GenABEL: An R
library for genome-wide association analysis. Bioinformatics 23:
1294-1296.

Batty GD, Shipley MJ, Gale CR, Mortensen LH, Deary IJ. 2008. Does IQ
predict total and cardiovascular disease mortality as strongly as other risk


http://www.brainspan.org/
http://www.geneprof.org/
www.fnih.org

10

factors? Comparison of effect estimates using the Vietnam Experience
Study. Heart 94:1541-1544.

Benyamin B, Pourcain B, Davis OS, Davies G, Hansell NK, Brion M-] a,
Kirkpatrick RM, Cents R a M, Frani¢ S, Miller MB, Haworth CM a,
Meaburn E, Price TS, Evans DM, Timpson N, Kemp J, Ring S, McArdle
W, Medland SE, Yang ], Harris SE, Liewald DC, Scheet P, Xiao X,
Hudziak JJ, de Geus EJC, Jaddoe VW V, Starr JM, Verhulst FC, Pennell C,
Tiemeier H, Tacono WG, Palmer L], Montgomery GW, Martin NG,
Boomsma DI, Posthuma D, McGue M, Wright MJ, Davey Smith , , Deary
IJ, Plomin R, Visscher PM. 2014. Childhood intelligence is heritable,
highly polygenic and associated with FNBP1L. Mol Psychiatry 19:
253-258.

Carroll JB. 1993. Human Cognitive Abilities: A Survey of Factor-Analytic
Studies. Cambridge, UK: Cambridge University Press.

Chabris CF, Hebert BM, Benjamin DJ, Beauchamp J, Cesarini D, van der
Loos M, Johannesson M, Magnusson PKE, Lichtenstein P, Atwood CS,
Freese J, Hauser TS, Hauser RM, Christakis N, Laibson D. 2012. Most
reported genetic associations with general intelligence are probably false
positives. Psychol Sci 23:1314-1323.

Chen]J, Lipska BK, Halim N, Ma QD, Matsumoto M, Melhem S, Kolachana
BS, Hyde TM, Herman MM, Apud J, Egan MF, Kleinman JE, Weinberger
DR. 2004. Functional analysis of genetic variation in catechol-O-meth-
yltransferase (COMT): Effects on mRNA, protein, and enzyme activity in
postmortem human brain. Am ] Hum Genet 75:807-821.

Davies G, Armstrong N, Bis JC, Bressler J, Chouraki V, Giddaluru S, Hofer
E, Ibrahim-verbaas C a, Kirin M, Lahti J. 2015. Genetic contributions to
variation in general cognitive function: a meta-analysis of genome-wide
association studies in the CHARGE consortium (N=53 949). Mol
Psychiatry 20(2):183-192. doi: 10.1038/mp.2014.188. Epub 2015 Feb 3.

Davies G, Tenesa A, Payton A, Yang J, Harris SE, Liewald D, Ke X, Le
Hellard S, Christoforou A, Luciano M, McGhee K, Lopez L, Gow AJ,
Corley J, Redmond P, Fox HC, Haggarty P, Whalley LJ, McNeill G,
Goddard ME, Espeseth T, Lundervold a J, Reinvang I, Pickles A, Steen
VM, Ollier W, Porteous DJ, Horan M, Starr JM, Pendleton N, Visscher
PM, Deary IJ. 2011. Genome-wide association studies establish that
human intelligence is highly heritable and polygenic. Mol Psychiatry
16:996-1005.

Deary IJ. 2012. Intelligence. Annu Rev Psychol 63:453-482.
DearyIJ. 2008. Why do intelligent people live longer?. Nature 456:175-176.

Deary IJ, Johnson W, Houlihan LM. 2009. Genetic foundations of human
intelligence. Hum Genet 126:215-232.

Deary IJ, Penke L, Johnson W. 2010. The neuroscience of human intelli-
gence differences. Nat Rev Neurosci 11:201-211.

Deary IJ, Weiss A, Batty GD. 2011. Intelligence and personality as
predictors of illness and death: How researchers in differential psychol-
ogy and chronic disease epidemiology are collaborating to understand
and address health inequalities. Psychol Sci Public Interes 11:53—79.

Deary IJ, Yang J, Davies G, Harris SE, Tenesa A, Liewald D, Luciano M,
Lopez LM, Gow A]J, Corley J, Redmond P, Fox HC, Rowe SJ, Haggarty P,
McNeill G, Goddard ME, Porteous DJ, Whalley L], Starr JM, Visscher
PM. 2012. Genetic contributions to stability and change in intelligence
from childhood to old age. Nature 482:212-215.

Donohoe G, Deary IJ, Glahn DC, Malhotra AK, Burdick KE. 2013. Neuro-
cognitive phenomics: Examining the genetic basis of cognitive abilities.
Psychol Med 43(10):2027-2036. doi: 10.1017/S0033291712002656. Epub
2012 Nov 30.

Gottfredson LS. 1997. Why g matters: The complexity of everyday life.
Intelligence 24:79-132.

Halbritter F, Vaidya HJ, Tomlinson SR. 2012. GeneProf: Analysis of high-
throughput sequencing experiments. Nat Meth 9:7-8.

AMERICAN JOURNAL OF MEDICAL GENETICS PART B

Han B, Eskin E. 2011. Random-effects model aimed at discovering
associations in meta-analysis of genome-wide association studies. Am
J Hum Genet 88:586—598.

Howie BN, Donnelly P, Marchini J. 2009. A flexible and accurate genotype
imputation method for the next generation of genome-wide association
studies. PLoS Genet 5:¢1000529.

Johnson W, Deary IJ, lacono WG. 2009. Genetic and environmental trans-
actions underlying educational attainment. Intelligence 37:466-478.

Johnson W, te Nijenhuis J, Bouchard TJ, Jr. 2008. Still just 1g: Consistent
results from five test batteries. Intelligence 36:81-95.

Lango Allen H, Estrada K, Lettre G, Berndt SI, Weedon MN, Rivadeneira F,
Willer CJ, Jackson AU, Vedantam S, Raychaudhuri S, Ferreira T, Wood
AR, Weyant RJ, Segre A V, Speliotes EK, Wheeler E, Soranzo N, Park J-H,
YangJ, Gudbjartsson D, Heard-Costa NL, Randall JC, Qi L, Vernon Smith
A, Migi R, Pastinen T, Liang L, Heid IM, Luan J, Thorleifsson G, Winkler
TW, Goddard ME, Sin Lo K, Palmer C, Workalemahu T, Aulchenko YS,
Johansson A, Zillikens MC, Feitosa MF, Esko T, Johnson T, Ketkar S, Kraft
P, Mangino M, Prokopenko I, Absher D, Albrecht E, Ernst F, Glazer NL,
Hayward C, Hottenga J-J, Jacobs KB, Knowles JW, Kutalik Z, Monda KL,
Polasek O, Preuss M, Rayner NW, Robertson NR, Steinthorsdottir V,
Tyrer JP, Voight BF, Wiklund F, Xu J, Zhao JH, Nyholt DR, Pellikka N,
Perola M, Perry JRB, Surakka I, Tammesoo M-L, Altmaier EL, Amin N,
Aspelund T, Bhangale T, Boucher G, Chasman DI, Chen C, Coin L, Cooper
MN, Dixon AL, Gibson Q, Grundberg E, Hao K, Juhani Junttila M, Kaplan
LM, Kettunen J, Konig IR, Kwan T, Lawrence RW, Levinson DF, Lor-
entzon M, McKnight B, Morris AP, Miiller M, Suh Ngwa J, Purcell S, Rafelt
S.etal. 2010. Hundreds of variants clustered in genomicloci and biological
pathways affect human height. Nature 467:832-838.

Lencz T, Knowles E, Davies G, Guha S, Liewald DC, Starr JM, Djurovic S,
Melle I, Sundet K, Christoforou A, Reinvang I, Mukherjee S, Derosse P,
Lundervold A, Steen VM, John M, Espeseth T, Riikkonen K, Widen E,
Palotie A, Eriksson JG, Giegling I, Konte B, Ikeda M, Roussos P,
Giakoumaki S, Burdick KE, Payton A, Ollier W, Horan M, Donohoe
G, Morris D, Corvin A, Gill M, Pendleton N, Iwata N, Darvasi A, Bitsios
P, Rujescu D, Lahti J, Hellard SL, Keller MC, Andreassen OA, Deary IJ,
Glahn DC, Malhotra AK. 2014. Molecular genetic evidence for overlap
between general cognitive ability and risk for schizophrenia: A report
from the Cognitive Genomics consorTium (COGENT). Mol Psychiatry
19(2):168-174. doi: 10.1038/mp.2013.166. Epub 2013 Dec 17.

Luciano M, Hansell NK, Lahti J, Davies G, Medland SE, Raikkonen K,
Tenesa A, Widen E, McGhee KA, Palotie A, Liewald D, Porteous DJ, Starr
JM, Montgomery GW, Martin NG, Eriksson JG, Wright MJ, Deary IJ.
2011. Whole genome association scan for genetic polymorphisms influ-
encing information processing speed. Biol Psychol 86:193-202.

Marioni RE, Davies G, Hayward C, Liewald D, Kerr SM, Campbell A,
Luciano M, Smith BH, Padmanabhan S, Hocking L], Hastie ND, Wright
AF, Porteous DJ, Visscher PM, Deary IJ. 2014. Molecular genetic
contributions to socioeconomic status and intelligence. Intelligence
44:26-32.

Martin NW, Medland SE, Verweij KJH, Lee SH, Nyholt DR, Madden P a,
Heath AC, Montgomery GW, Wright MJ, Martin NG. 2011. Educational
attainment: A genome wide association study in 9538 Australians. PLoS
One 6:¢20128.

Millan MJ, Agid Y, Briine M, Bullmore ET, Carter CS, Clayton NS, Connor
R, Davis S, Deakin B, DeRubeis R], Dubois B, Geyer M a, Goodwin GM,
Gorwood P, Jay TM, Joéls M, Mansuy IM, Meyer-Lindenberg A, Murphy
D, Rolls E, Saletu B, Spedding M, Sweeney J, Whittington M, Young LJ.
2012. Cognitive dysfunction in psychiatric disorders: characteristics,
causes and the quest for improved therapy. Nat Rev Drug Discov 11:
141-168.

Miihleisen TW, Leber M, Schulze TG, Strohmaier J, Degenhardt F,
Treutlein J, Mattheisen M, Forstner AJ, Schumacher J, Breuer R, Meier
S, Herms S, Hoffmann P, Lacour A, Witt SH, Reif A, Miiller-Myhsok B,



TRAMPUSH ET AL.

Lucae S, Maier W, Schwarz M, Vedder H, Kammerer-Ciernioch J,
Pfennig A, Bauer M, Hautzinger M, Moebus S, Priebe L, Czerski PM,
Hauser J, Lissowska J, Szeszenia-Dabrowska N, Brennan P, McKay JD,
Wright A, Mitchell PB, Fullerton JM, Schofield PR, Montgomery GW,
Medland SE, Gordon SD, Martin NG, Krasnow V, Chuchalin A, Babad-
janova G, Pantelejeva G, Abramova LI, Tiganov AS, Polonikov A,
Khusnutdinova E, Alda M, Grof P, Rouleau G a, Turecki G, Laprise
C, Rivas F, Mayoral F, Kogevinas M, Grigoroiu-Serbanescu M, Propping
P, Becker T, Rietschel M, Nothen MM, Cichon S. 2014. Genome-wide
association study reveals two new risk loci for bipolar disorder. Nat
Commun 5:3339.

Need AC, Attix DK, McEvoy JM, Cirulli ET, Linney KL, Hunt P, Ge D,
Heinzen EL, Maia JM, Shianna KV, Weale ME, Cherkas LF, Clement G,
Spector TD, Gibson G, Goldstein DB. 2009. A genome-wide study of
common SNPs and CNVs in cognitive performance in the CANTAB.
Hum Mol Genet 18:4650-4661.

Panizzon MS, Vuoksimaa E, Spoon KM, Jacobson KC, Lyons M]J, Franz
CE, Xian H, Vasilopoulos T, Kremen WS. 2014. Genetic and environ-
mental influences on general cognitive ability: Is g a valid latent con-
struct?. Intelligence 43:65-76.

Park J-H, Wacholder S, Gail MH, Peters U, Jacobs KB, Chanock SJ,
Chatterjee N. 2010. Estimation of effect size distribution from ge-
nome-wide association studies and implications for future discoveries.
Nat Genet 42:570-575.

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D,
Maller J, Sklar P, de Bakker PIW, Daly MJ, Sham PC. 2007. PLINK: a tool
set for whole-genome association and population-based linkage analy-
ses. Am ] Hum Genet 81:559-575.

Rietveld CA, Conley D, Eriksson N, Esko T, Medland SE, Vinkhuyzen AAE,
Yang J, Boardman JD, Chabris CF, Dawes CT, Domingue BW, Hinds
DA, Johannesson M, Kiefer AK, Laibson D, Magnusson PKE, Mountain
JL, Oskarsson S, Rostapshova O, Teumer A, Tung JY, Visscher PM,
Benjamin DJ, Cesarini D, Koellinger PD, Consortium the SSGA 2014a.
Replicability and robustness of genome-wide association studies for
behavioral traits. Psychol Sci 25(11):1975-1986. doi: 10.1177/
0956797614545132. Epub 2014 Oct 6.

Rietveld CA, T Esko, G Davies, Pers TH, P Turley, B Benyamin, Chabris CF,
V Emilsson, Johnson AD, Lee JJ, C de Leeuw, Marioni RE, Medland SE,
Miller MB, O Rostapshova, van der Lee SJ, Vinkhuyzen AAE, N Amin, D
Conley, ] Derringer, van Duijn CM, R Fehrmann, L Franke, Glaeser EL,
Hansell NK, C Hayward, Iacono WG, C Ibrahim-Verbaas, V Jaddoe, ]
Karjalainen, D Laibson, P Lichtenstein, Liewald DC, Magnusson PKE,
Martin NG, M McGue, G McMahon, Pedersen NL, S Pinker, Porteous
DJ, D Posthuma, F Rivadeneira, Smith BH, Starr JM, H Tiemeier,
Timpson NJ, M Trzaskowski, Uitterlinden AG, Verhulst FC, Ward
ME, Wright MJ, G Davey Smith, Deary IJ, M Johannesson, R Plomin,
Visscher PM, Benjamin DJ, D Cesarini, Koellinger PD. 2014. Common
genetic variants associated with cognitive performance identified using
the proxy-phenotype method. Proc Natl Acad SciU S A 111(38):13790—
13794. doi: 10.1073/pnas.1404623111. Epub 2014 Sep 8.

Rietveld CA, Medland SE, Derringer J, Yang J, Esko T, Martin NGNW,
Westra H-J, Shakhbazov K, Abdellaoui A, Agrawal A, Albrecht E,
Alizadeh BZ, Amin N, Barnard J, Baumeister SE, Benke KS, Bielak
LF, Boatman ] a, Boyle P a, Davies G, de Leeuw C, Eklund N, Evans
DSDM, Ferhmann R, Fischer K, Gieger C, Gjessing HK, Hagg S, Harris
JRIM, Hayward C, Holzapfel C, Ibrahim-Verbaas C a, Ingelsson E,

11

Jacobsson B, Joshi PK, Jugessur A, Kaakinen M, Kanoni S, Karjalainen
], Kolcic I, Kristiansson K, Kutalik Z, Lahti J, Lee SH, Lin P, Lind P a, Liu
Y, Lohman K, Loitfelder M, McMahon G, Vidal PM, Meirelles O, Milani
L, Myhre R, Nuotio M-L, Oldmeadow C], Petrovic KE, Peyrot W],
Polasek O, Quaye L, Reinmaa E, Rice JP, Rizzi TS, Schmidt H, SchmidtR,
Smith A V, Smith J a, Tanaka T, Terracciano A, van der Loos MJHM,
Vitart V, Volzke H, Wellmann J, Yu L, Zhao W, Allik J, Attia JR,
Bandinelli S, Bastardot F, Beauchamp J, Bennett D a, Berger K, Bierut
L], Boomsma DI, Biiltmann U, Campbell H, Chabris CF, Cherkas L,
Chung MK, Cucca F, de Andrade M, De Jager PL, De Neve J-E, Deary IJ,
Dedoussis G V, Deloukas P, Dimitriou M, Eiriksdottir G. et al. 2013.
GWAS of 126,559 individuals identifies genetic variants associated with
educational attainment. Science (80-) 340:1467-1471.

Thorleifsson G, Walters GB, Gudbjartsson DF, Steinthorsdottir V, Sulem
P, Helgadottir A, Styrkarsdottir U, Gretarsdottir S, Thorlacius S, Jons-
dottir I, Jonsdottir T, Olafsdottir EJ, Olafsdottir GH, Jonsson T, Jonsson
F, Borch-Johnsen K, Hansen T, Andersen G, Jorgensen T, Lauritzen T,
Aben KK, Verbeek ALM, Roeleveld N, Kampman E, Yanek LR, Becker
LC, Tryggvadottir L, Rafnar T, Becker DM, Gulcher J, Kiemeney L a,
Pedersen O, Kong A, Thorsteinsdottir U, Stefansson K. 2009. Genome-
wide association yields new sequence variants at seven loci that associate
with measures of obesity. Nat Genet 41:18-24.

Ward LD, Kellis M. 2012. HaploReg: A resource for exploring chromatin
states, conservation, and regulatory motif alterations within sets of
genetically linked variants. Nucleic Acids Res 40:D930-D934.

Weedon MN, Lango H, Lindgren CM, Wallace C, Evans DM, Mangino M,
Freathy RM, Perry JRB, Stevens S, Hall AS, Samani NJ, Shields B,
Prokopenko I, Farrall M, Dominiczak A, Johnson T, Bergmann S,
Beckmann JS, Vollenweider P, Waterworth DM, Mooser V, Palmer
CN a, Morris AD, Ouwehand WH, Zhao JH, Li S, Loos RJF, Barroso I,
Deloukas P, Sandhu MS, Wheeler E, Soranzo N, Inouye M, Wareham NJ,
Caulfield M, Munroe PB, Hattersley AT, McCarthy MI, Frayling TM.
2008. Genome-wide association analysis identifies 20 loci that influence
adult height. Nat Genet 40:575-583.

Weedon MN, Lettre G, Freathy RM, Lindgren CM, Voight BF, Perry JRB,
Elliott KS, Hackett R, Guiducci C, Shields B, Zeggini E, Lango H,
Lyssenko V, Timpson NJ, Burtt NP, Rayner NW, Saxena R, Ardlie K,
Tobias JH, Ness AR, Ring SM, Palmer, a CN, Morris AD, Peltonen L,
Salomaa V, Davey Smith G, Groop LC, Hattersley AT, McCarthy MI,
Hirschhorn JN, Frayling, TM. 2007. A common variant of HMGA?2 is
associated with adult and childhood height in the general population.
Nat Genet 39:1245-1250.

Yang J, Lee SH, Goddard ME, Visscher PM. 2011. GCTA: A tool for
genome-wide complex trait analysis. Am ] Hum Genet 88:76-82.

Yang]J, Zaitlen NA, Goddard ME, Visscher PM, Price AL. 2014. Advantages
and pitfalls in the application of mixed-model association methods. Nat
Genet 46:100-106.

Zollner, S, Pritchard, JK. 2007. Overcoming the winner’s curse: Esti-
mating penetrance parameters from case-control data. Am ] Hum
Genet 80:605-615.

Additional supporting information may be found in the online
version of this article at the publisher’s website.



