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Abstract Epidemiological studies report beneficial
associations of higher educational attainment (EDU)
with Alzheimer’s disease (AD). Prior genome-wide
association studies (GWAS) also reported variants
associated with AD and EDU separately. The analysis
of pleiotropic associations with these phenotypes may
shed light on EDU-related protection against AD. We
performed pleiotropic meta-analyses using Fisher’s
method and omnibus test applied to summary sta-
tistics for single nucleotide polymorphisms (SNPs)
associated with AD and EDU in large-scale univari-
ate GWAS at suggestive-effect (5 x 107 < p < 0.1)
and genome-wide (p < 5 x 107%) significance lev-
els. We report 53 SNPs that attained p < 5 x 1078 at
least in one of the pleiotropic meta-analyses and were
reported in the univariate GWAS at 5 x 1078 < p <
0.1. Of them, there were 46 pleiotropic SNPs accord-
ing to Fisher’s method. Additionally, Fisher’s method
identified 25 of 206 SNPs with pleiotropic effects,
which attained p < 5 x 1078 in the univariate GWAS.
We showed that a large fraction of the pleiotropic
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associations was affected by a counterintuitive phe-
nomenon of antagonistic genetic heterogeneity,
which explains the increase, rather than decrease, of
the significance of the pleiotropic associations in the
omnibus test. Functional enrichment analysis showed
that apart from cancers, gene set harboring the non-
pleiotropic SNPs was characterized by late-onset AD
and neurodevelopmental disorders. The pleiotropic
gene set was characterized by a broad spectrum of
progressive neurological and neuromuscular diseases
and immune-mediated conditions, including progres-
sive motor neuropathy, multiple sclerosis, Parkinson’s
disease, and severe AD. Our results suggest that dis-
entangling genes harboring variants with and without
pleiotropic associations with AD and EDU is promis-
ing for dissecting heterogeneity in biological mecha-
nisms of AD.

Keywords Alzheimer’s disease - Education -
Pleiotropy - Heterogeneity - Complex traits - Aging

Background

Alzheimer’s disease (AD) is an age-related neurode-
generative disorder, which prevalence and incidence
dramatically increase with age [1]. Studies also report
no change or even declining trend of prevalence and
incidence in developed countries during recent dec-
ades owing to, in part, higher educational attainment
(EDU) and the progress in controlling cardiovascular
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risk factors [2, 3]. The burden of AD, however, is pro-
jected to increase over time due to population aging
and potential adverse trends of AD risk factors such
as obesity and diabetes [4, 5]. This epidemiologi-
cal evidence suggests that interventions aiming to
improve the protective effect of AD modifiable risk
factors might be a promising strategy in AD preven-
tion and reducing its burden [6].

The association of higher EDU (i.e., more years
of schooling) with a lower risk of AD is among the
most robust findings in AD research [6, 7]. Despite
that, the nature of connections between EDU and AD
(i.e., causal, correlative, confounding) remains poorly
understood. One hypothesis is that EDU helps build
and maintain the cognitive reserve, and, therefore,
education is considered a proxy of cognitive reserve
[8]. This hypothesis leverages the observations that
age-related brain damage does not seem to be directly
linked to the clinical manifestation of the disease
[9-11]. People with a greater cognitive reserve may
better tolerate pathological changes due to preexisting
connections between neurons ensuring higher cog-
nitive processing and compensatory adaptation and
creating new connections [12]. Accordingly, the cog-
nitive reserve can be a plausible mechanism of cogni-
tive resilience [13].

The cognitive reserve hypothesis suggests the
existence of biological mechanisms, which can cre-
ate stronger connections between the neurons and
ascertaining synaptic plasticity. If EDU can affect AD
development through a cognitive reserve or any other
education-related mechanism(s), there should be a
common genetic basis of EDU and AD. For example,
this basis can be represented by pleiotropic genes,
which can shed light on a mechanism involved in the
protection of EDU against AD development.

Because AD is a heterogeneous condition, the cog-
nitive reserve does not exhaust all potential factors
associated with its pathogenesis. For example, emerg-
ing research suggests that overall health and aging-
related processes quantified using a frailty index
approach [14] may be important factors contributing
to the relationship between AD pathology and cogni-
tion both as modulators and in an independent man-
ner [15, 16]. These latent factors may partly explain
accumulating observations of discrepancies in cor-
relations between AD manifestation, AD biomark-
ers, and neuropathological changes [16]. Overall, it is
increasingly recognized that AD should be considered
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a condition determined by multiple, likely interacting,
pathophysiological processes.

The view on AD as “a multiply determined condi-
tion” [16] warrants exploring new approaches in the
analyses of genetic predisposition to AD, particu-
larly in the case of pleiotropy, herein referenced to as
pleiotropic predisposition. These approaches should
recognize the complex roles of genetic factors in het-
erogeneous, age-related traits such as AD in both uni-
variate and pleiotropic contexts. This recognition can
be beneficial in identifying conventional pleiotropic
associations with age-related traits and unconven-
tional ones, such as antagonistic genetic heterogene-
ity characterized by discrepancies between the asso-
ciations of a genetic variant with different traits and
correlation between them [17, 18].

Here, we leveraged a pleiotropic meta-analysis
using Fisher’s method and omnibus test [18] applied
to publicly available summary statistics (effect sizes,
standard errors, and p values) for single nucleotide
polymorphisms (SNPs) from large-scale univari-
ate GWAS of AD [19] and EDU [20]. We examined
pleiotropic predisposition to these outcomes and eval-
vated functional roles of gene sets harboring pleio-
tropic and non-pleiotropic SNPs.

Methods
Publicly available summary statistics

Summary statistics for AD [19] and EDU [20] were
provided for 7,055,881 and 8,146,840 SNPs, respec-
tively, whose minor allele frequency (MAF) was
larger than 1%. There were 6,814,698 overlapping
SNPs between these GWAS. After excluding 695
multi-allelic and palindromic SNPs, the analyzed set
was reduced to 6,814,003 SNPs.

Further analyses focused on SNPs, which attained
and did not attain the genome-wide (GW) signifi-
cance (p < 5 x 107%) separately in the published
GWAS. The GW significant set included 957 SNPs
in 42 loci from the AD GWAS and 4,747 SNPs in
185 loci from the EDU GWAS, totaling 5,704 SNPs.
There were no SNPs that attained GW significance
in both univariate GWAS simultaneously. The set of
SNPs that did not achieve GW significance in either
univariate GWAS included 6,808,299 SNPs.
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Pleiotropic meta-analysis

We used two types of tests to perform a pleiotropic
meta-analysis of AD and EDU. The first test used
Fisher’s method [21]. It combines p values across
phenotypes, assuming that the combining statistics
are independent. Although this test is practical, its
disadvantage is that it neither considers the directions
of the associations with outcomes to be combined nor
the potential correlation between them.

To examine the potential roles of these two factors,
we used a more comprehensive omnibus test [22—24].
In this study, we have summary statistics from univar-
iate GWAS for two outcomes (K = 2), AD and EDU,
for each SNP to test for pleiotropy. Then, the omnibus
test in this two-dimensional case for an SNP j reads
(index j is omitted):

X 2= (82 - 2153 + (BT - 2153,)]/ det (D).
(H

Here Z is a z-score vector of associations of an SNP
with outcomes i € <1,_K> and X is the correlation

matrix of the z-scores or outcomes [23, 24]. The
z-score for the associations with AD was defined as
Z2 = f/o, where p is the estimated effect size and o is
the corresponding standard error of an association of
a SNP with AD. GWAS of EDU [20] reported trun-
cated estimates of the effect sizes and standard errors.
More accurate estimation of the z-score for EDU was
evaluated using the reported p values given the sign
of the corresponding effect size.

Under the null hypothesis (8;=0), the test statistic
follows a chi-square distribution with K degrees of
freedom:

FE i~ 2

from which we obtained a combined p value for
this pleiotropic test.

As follows from Equation (1) above, the correla-
tion between phenotypes may not necessary attenuate
the significance of the pleiotropic associations in the
case when 2,2,%,,, 2,2,2;, > 0, but also strengthen
them when 2,2,%,,, 2,22, < 0. The latter implies a
counterintuitive phenomenon of antagonistic genetic
heterogeneity, which is common in the genetics of
heterogeneous traits [17, 18]. The increase of signif-
icance (i.e., a decrease of p value) is due to a mis-
match of the signs of the associations with complex

outcomes (i.e., the sign of the product Z,Z,) and cor-
relation between them (i.e., 2y, Zy,).

Correlation

Correlation matrix £ was constructed [24] by evaluat-
ing Pearson correlation coefficients between the AD
and EDU phenotypes available in the Framingham
Heart Study (FHS) parental and offspring cohorts
[25], Cardiovascular Health Study (CHS) [26], and
the National Institute on Aging (NIA) Late-Onset
Alzheimer Disease Family Study (LOADES) [27].
AD was categorized as 1 and O for the AD-affected
and unaffected subjects, respectively. EDU variable
was coded as years of education. The correlation
coefficients between these phenotypes were evalu-
ated in each cohort separately, r = —0.03 in CHS, r =
—0.03 in FHS, and r = —0.31 in LOADFS. The large
magnitude of » in the LOADEFS is likely because of
the AD case-control design of this study, which is dif-
ferent from the population/community-based longitu-
dinal designs of the FHS and CHS cohorts. We also
evaluated Pearson correlation coefficient between
AD and EDU using summary statistics from the pub-
lished AD and EDU GWAS, r = —0.03. Given these
estimates, we constructed two 2-by-2 correlation
matrices X with off-diagonal values r = —0.03 and r
= —0.30.

Pleiotropic associations

Fisher’s method and the omnibus test can both be
used to identify pleiotropic associations. An advan-
tage of the omnibus test is that it takes into account
correlation between phenotypes (see above). Cor-
relation can be a sensitive parameter in the omnibus
test [17, 18] and its accurate evaluation is desirable.
This evaluation requires more detailed (individual- or
study-level) data than those available from the pub-
lished summary statistics. Because Fisher’s method
does not rely on correlation, it was our primary tool
to define the pleiotropic effects. Using this method,
the pleiotropic effect can be naturally defined when
the pleiotropic p value from Fisher’s method is
smaller than the p value from either AD or EDU uni-
variate GWAS. This definition has a clear interpreta-
tion because Fisher’s method provides the probability
of an event. When Fisher’s p value from a pleiotropic
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analysis is smaller than p values from univariate
analyses, this implies that the probability of the pleio-
tropic association with multiple phenotypes is larger
than those of each of these phenotypes separately.

Fisher’s method and the omnibus test penalize the
estimates of p values for testing multiple phenotypes
by increasing the number of degrees of freedom for
;(2. Therefore, the traditional GW level of signifi-
cance,p =5 X 1078, remains relevant and it was used
for reporting GW significance attained in at least one
pleiotropic meta-analysis using Fisher’s method and/
or omnibus test.

Index SNPs

We selected one index SNP per gene or gene cluster if
genes overlap. The index SNP was defined as an SNP
with the smallest p value attained in an omnibus test.
We reported SNPs, which might be in the same locus
(distinct loci are determined if they are separated
by more than 1M base pairs or they are on different
chromosomes), but were mapped to different genes
because associations with AD and EDU may not be
due to the same genes.

Gene mapping and functional enrichment analysis

SNPs were mapped to genes using variant effect pre-
dictor from Ensembl and the NCBI SNP database
(assembly GRCh37.p13). For SNPs that were not
in protein-coding regions, we selected the closest
protein-coding gene(s). The vast majority of genes
were within +£100K base pairs from the index SNP.
Functional enrichment analysis was performed using
the core analysis function available in the Ingenuity
Pathway Analysis (IPA) tool (www.qiagenbioinform
atics.com) to gain insights into potential underlying
biological mechanisms of the observed associations.

Results

Pleiotropic associations for SNPs, which did not
attain GW significance in the univariate GWAS of
EDU or AD

First, we performed a pleiotropic meta-analysis of
summary statistics for the associations, which did
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not attain GW significance with AD [19] or EDU
[20]. This analysis identified 53 SNPs, which were
associated with either AD or EDU at 5 x 1078 <
p < 0.1, but they attained GW significance (p < 5
x 107%) in at least one pleiotropic test, i.e., Fisher’s
method and/or omnibus test (Table 1 and Supple-
mentary Table S1).

Of these 53 SNPs, Fisher’s method identified
pleiotropic associations for 46 SNPs, for which
Fisher’s p value was smaller than the p value for the
association with either AD or EDU (Table 1, col-
umn Plt). Pleiotropic GW significance in this test
was achieved for 10 of 46 SNPs located on chromo-
somes 2, 6, 7, and 17. For 45 of 46 pleiotropic SNPs
(except rs12006296), p values in the univariate
analysis attained nominal significance (p < 0.05).
In contrast, for the remaining seven of 53 SNPs, the
univariate association with either EDU or AD was
of suggestive-effect significance (0.05 < p < 0.1).

Table 1 shows that signs of the univariate asso-
ciations of the same alleles with AD and EDU are
opposite for two of 53 SNPs only, rs17504614 and
rs6952006. This is an intuitively expected relation-
ship because it is consistent with the negative corre-
lation between AD and EDU. Then, it is anticipated
that the omnibus test penalizing for correlation
between AD and EDU returns less significant esti-
mates than Fisher’s method, which, in this case,
becomes below GW level, p > 5 x 1075,

The signs of the associations of the same alleles
from the remaining 51 SNPs with EDU and AD are,
however, the same. This relationship is counterin-
tuitive because of the negative correlation between
AD and EDU. The same directions of genetic asso-
ciations with AD and EDU and negative correlation
between them imply the case of antagonistic het-
erogeneity [18]. This counterintuitive heterogeneity
leads to increasing the significance (i.e., smaller p
values), rather than decreasing, of the pleiotropic
effects for the correlated traits in the omnibus test
compared to Fisher’s method. This increase is
modest when the correlation is small (Table 1, r =
—0.03), but it is substantially larger, ranging from
1.8 to 3.2 orders of magnitude when the correla-
tion is larger (Table 1, r = —0.30). Antagonistic
heterogeneity supports pleiotropic associations for
the remaining seven of 53 SNPs, which were not
selected as pleiotropic using Fisher’s method.
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Table 1. Genome-wide significant pleiotropic associations for SNPs, which did not attain genome-wide significance in the univari-
ate GWAS of education or Alzheimer’s disease.

Locus-SNP information Education Alzheimer’s Pleiotropic analysis
disease

SNP Chr Pos,kb Al EAF pSypy Pepy Bap P,p Pricher Pomnit Pomniz Plt AH
1s237436 1 94,039 T 023 -0.015 3.37E-07 -0.050 8.56E-03 5.95E-08 4.63E-08 1.66E-10 Yes Yes
1s2477432 1 112,185 A 0.57 0.012 1.14E-06 0.034  3.99E-02 8.12E-07 6.38E-07 8.12E-09 Yes Yes
rs113830567 1 207,677 T 020 0.006 7.03E-02 0.099 1.34E-06 1.61E-06 1.24E-06 2.44E-08 No Yes
rs17504614 2 51,080 T 0.82 0.015 6.37E-07 -0.063 2.78E-03 3.74E-08 7.23E-08 1.20E-06 Yes No
rs268134 2 65,608 A 024 0.015 191E-07 0.048 6.65E-03 2.73E-08 2.09E-08 5.58E-11 Yes Yes
rs10172113 2 226,618 T 025 -0.014 6.30E-07 -0.044 1.31E-02 1.62E-07 1.28E-07 6.89E-10 Yes Yes
rs1603981 3 25,185 A 0.18 -0.015 4.48E-06 —0.050 1.44E-02 1.13E-06 9.50E-07 8.74E-09 Yes Yes
rs17785248 3 47,673 A 0.75 0.014 1.28E-06 0.031 8.79E-02 1.91E-06 1.45E-06 3.35E-08 No Yes
rs1665982 3 47905 A 027 -0.014 4.25E-07 -0.038 3.24E-02 2.63E-07 2.02E-07 1.80E-09 Yes Yes
1s72624911 3 49,065 T 0.04 0.032 1.22E-06 0.165 3.19E-02 7.02E-07 5.56E-07 6.18E-09 Yes Yes
rs10446472 3 51,294 A 0.16 -0.017 1.40E-06 -—0.082 4.52E-02 1.11E-06 8.78E-07 1.27E-08 Yes Yes
rs73079609 4 1,750 A 0.17 0017 299E-06 0.051 3.20E-02 1.65E-06 1.34E-06 1.83E-08 Yes Yes
rs10012882 4 66,243 T 098 -0.031 1.10E-04 —0.177 1.01E-03 1.90E-06 1.72E-06 1.08E-08 Yes Yes
rs10071982 5 62,703 A 043 0.012 3.88E-06 0.037 2.09E-02 141E-06 1.17E-06 1.29E-08 Yes Yes
1s76154441 6 16,763 T 096 -0.033 1.21E-06 -—0.078 6.48E-02 1.36E-06 1.05E-06 1.90E-08 No Yes
rs139325018 6 32,109 A 086 -0.013 1.59E-04 -0.079 9.63E-04 2.56E-06 2.34E-06 1.63E-08 Yes Yes
rs140677956 6 32340 T 045 -0.012 6.65E-05 -—0.067 2.40E-04 3.02E-07 2.63E-07 7.72E-10 Yes Yes
rs114684261 6 32,395 T 071 —0.008 9.54E-03 —0.098 8.13E-08 1.70E-08 1.27E-08 3.46E-11 Yes Yes
rs115643100 6 32410 T 0.10 0.013 3.50E-03 0.106 3.89E-05 2.28E-06 2.05E-06 1.61E-08 Yes Yes
1s9272666 6 32,609 T 040 0.011 3.14E-04 0.104 8.24E-07 5.96E-09 4.61E-09 3.62E-12 Yes Yes
rs75351515 6 32,635 A 047 -0.013 1.25E-05 -0.085 6.77E-05 1.85E-08 1.49E-08 1.46E-11 Yes Yes
rs115795926 6 32,682 A 071 -0.010 5.04E-04 —-0.091 1.43E-06 1.59E-08 1.26E-08 147E-11 Yes Yes
rs9357551 6 47,606 T 027 0.005 598E-02 0.089 1.15E-06 1.20E-06 9.30E-07 1.58E-08 No Yes
rs1761608 6 109,518 A 041 0.011 4.83E-06 0.050 1.28E-03 1.23E-07 1.02E-07 2.68E-10 Yes Yes
rs1533827 7 2,074 T 021 0.015 1.28E-06 0.039  4.97E-02 1.12E-06 8.76E-07 1.33E-08 Yes Yes
1r$6952006 7 8,134 T 0.85 0018 253E-07 -0.067 7.17E-03 3.83E-08 6.81E-08 8.27E-07 Yes No
rs12705979 7 114,335 T 044 -0.011 1.06E-05 —-0.040 1.38E-02 2.45E-06 2.11E-06 2.34E-08 Yes Yes
1s536332 8 27476 A 0.55 0.005 4.22E-02 0.083 2.07E-07 1.71E-07 1.27E-07 1.17E-09 Yes Yes
rs35927132 8 28,683 T 0.16 0.014 7.85E-05 0.067 2.08E-03 2.72E-06 2.47E-06 1.90E-08 Yes Yes
rs12675931 8 91,901 T 0.73 0.011 1.83E-04 0.067 1.85E-04 6.16E-07 5.46E-07 2.09E-09 Yes Yes
rs2631024 8 91,996 A 027 -0.010 4.72E-04 -0.063 3.50E-04 2.74E-06 2.52E-06 1.75E-08 Yes Yes
rs12006296 9 3,142 C 034 0.012 2.65E-06 0.031 5.39E-02 2.39E-06 1.91E-06 3.58E-08 Yes Yes
rs7912495 10 11,719 A 053 -0.008 1.96E-03 -0.063 1.07E-04 3.44E-06 3.15E-06 2.59E-08 Yes Yes
rs12219346 10 104,657 T 0.69 0.014 9.55E-08 0.033  4.93E-02 9.50E-08 6.87E-08 6.09E-10 Yes Yes
rs4600211 11 24725 T 0.79 -0.014 2.79E-06 -0.039 4.26E-02 2.02E-06 1.63E-06 2.63E-08 Yes Yes
1286043 11 85073 T 098 -0.019 3.67E-02 -0.255 5.79E-06 3.48E-06 2.89E-06 4.98E-08 Yes Yes
rs9509558 13 21,697 T 040 -0.009 5.29E-04 -0.064 5.16E-04 4.40E-06 4.09E-06 3.42E-08 Yes Yes
rs45618332 14 64906 T 0.24 0.013 3.19E-06 0.040 2.58E-02 142E-06 1.17E-06 1.41E-08 Yes Yes
rs28730549 14 64962 A 0.67 -0.013 1.07E-06 -0.031 6.11E-02 1.14E-06 8.82E-07 1.50E-08 No Yes
rs7160634 14 65001 A 033 0.013 9.27E-07 0.028  8.52E-02 1.37E-06 1.03E-06 2.18E-08 No Yes
rs3098169 15 50,754 A 049 -0.010 8.00E-05 -0.046 3.81E-03 4.87E-06 4.46E-06 4.52E-08 Yes Yes
rs3131610 15 50,800 A 025 -0.007 9.20E-03 -0.079 2.98E-05 4.41E-06 3.93E-06 4.61E-08 Yes Yes
rs113294283 15 64346 A 0.10 0.010 4.28E-02 0.189 4.47E-06 3.15E-06 2.58E-06 4.64E-08 Yes Yes
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Table 1. (continued)

Locus-SNP information Education Alzheimer’s Pleiotropic analysis
disease

SNP Chr Pos,kb Al EAF fgpy Pepu Bap P.p Pricher Pomnit Pomniz Plt AH
rs116926649 17 43,507 A 0.23 -0.017 4.46E-07 -0.036 7.94E-02 6.43E-07 4.75E-07 8.26E-09 No Yes
rs143982995 17 43546 T 022 -0.016 3.62E-06 -0.067 9.61E-03 6.33E-07 5.28E-07 3.65E-09 Yes Yes
rs150180355 17 43,687 A 0.25 -0.015 8.15E-05 -0.091 2.39E-04 3.66E-07 3.20E-07 1.01E-09 Yes Yes
rs117086266 17 44,077 A 0.73 0.016  3.34E-07 0.046  1.82E-02 1.21E-07 9.36E-08 5.38E-10 Yes Yes
rs143364530 17 44,132 A 0.28 -0.017 1.16E-07 -0.048 1.38E-02 3.41E-08 2.56E-08 9.65E-11 Yes Yes
rs199533 17 44829 A 025 -0.017 7.16E-08 —0.048 1.14E-02 1.79E-08 1.33E-08 3.95E-11 Yes Yes
rs199503 17 44862 A 025 -0.017 5.86E-08 —0.049 1.18E-02 1.52E-08 1.12E-08 3.25E-11 Yes Yes
rs12611358 19 46,251 A 042 0.007 4.65E-03 0.067 1.63E-05 1.32E-06 1.15E-06 8.09E-09 Yes Yes
rs2014576 19 46,269 A 044 0.006 1.69E-02 0.071  8.68E-06 245E-06 2.09E-06 2.48E-08 Yes Yes
1rs2837992 21 42,621 T 039 0.013 3.08E-07 0.037 226E-02 1.38E-07 1.06E-07 6.87E-10 Yes Yes

Chr denotes chromosome; Pos, kb denotes position in kilo bases; EAF denotes frequency of the effect allele indicated in column Al
Subscripts EDU and AD indicate the estimates of the effect sizes (f) and p value (P) from published genome-wide association stud-
ies of education and Alzheimer’s disease, respectively.

Columns Pgigers Pomnit> and Poniz show p values from the pleiotropic analyses using Fisher’s method and two omnibus tests,
respectively. Subscripts Omnil and Omni2 denote the results of the pleiotropic analyses using omnibus tests with Pearson correlation

coefficients between Alzheimer’s disease and education r = —0.03 and r = —0.30, respectively.

Column PIt indicates pleiotropy (yes) defined based on Fisher’s method. Column AH indicates antagonistic pleiotropy (yes).

More details are given in Supplementary Table S1.

Pleiotropic associations for SNPs which attained GW
significance with EDU or AD

We identified 169 SNPs (mapped to different genes)
at GW level of significance in GWAS of EDU and
37 SNPs in GWAS of AD, totaling 206 GW sig-
nificant associations (Supplementary Table S2). No
SNPs attained GW significance in both univariate
GWAS simultaneously. For the vast majority of these
SNPs, 167 of 206, the associations reaching GW sig-
nificance for one trait did not attain even suggestive-
effect significance (p > 0.1) for the other trait.

Fisher’s method identified pleiotropic effects for
25 of 206 SNPs (Table 2). For all of them, the asso-
ciations reaching GW significance for one trait also
attained the nominal significance (p < 0.05) for the
other trait. For eight of 25 SNPs, we also observed
antagonistic heterogeneity. Such heterogeneity was
seen for six other SNPs, which attained GW signifi-
cance for one trait and at least suggestive-effect sig-
nificance (p < 0.1) for the other trait (Supplementary
Table S2). As antagonistic heterogeneity increases
the significance, it supports pleiotropic associations
for these six SNPs.
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Functional enrichment analysis

Our analysis was performed for genes harbor-
ing pleiotropic and non-pleiotropic SNPs (herein
referred to as pleiotropic and non-pleiotropic gene
sets, respectively) separately. Pleiotropic SNPs
were consistently defined based on Fisher’s method
(Tables 1 and 2 and Supplementary Table S2).
Overall, 75 and 195 genes were selected for the
pleiotropic and non-pleiotropic SNPs, respectively.
We did not include NECTIN2, TOMM40, APOE,
and APOCI genes because AD GWAS reported p
values for SNPs selected in these genes as zero, and,
therefore, pleiotropy could not be reliably identified
using Fisher’s method. We examined gene enrich-
ment in pathways (defined by ingenuity canonical
pathways) and categories of diseases and disorders
and biological functions (defined by the ingenuity
molecular and cellular functions and physiologi-
cal system development and function), as discussed
below. We did not examine enrichment if these bio-
logical terms were represented by one gene only.
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Table 2. SNPs attaining genome-wide significance in the univariate GWAS of education or Alzheimer’s disease and showing pleio-
tropic associations with these outcomes.

Locus-SNP information Education Alzheimer’s Pleiotropic analysis
disease

SNP Chr Pos,kb Al EAF pSypy Pepy Bap P,p Pricher Pomnit Pomniz Plt AH
rs1008078 1 91,190 T 037 -0.016 7.88E-11 0.036 2.58E-02 5.69E-11 8.29E-11 6.30E-10 Yes No

1s7599488 2 60,718 T 043 -0.017 2.05E-11 0.037 2.18E-02 1.31E-11 1.96E-11 1.68E-10 Yes No

rs3172494 3 48,731 T 0.12 0.026  490E-11 0.064 1.13E-02 1.62E-11 9.89E-12 509I1E-15 Yes Yes
rs34759087 3 49,162 T 0.11 0.026  1.08E-09 0.053 3.93E-02 1.05E-09 6.78E-10 2.06E-12 Yes Yes
rs7709056 5 60,024 A 044 0.014 6.26E-09 -0.034 3.16E-02 4.61E-09 6.65E-09 4.28E-08 Yes No

rs113474297 5 60,555 T 0.12 -0.023 1.51E-09 0.048 3.80E-02 1.41E-09 1.94E-09 1.13E-08 Yes No

rs6882046 5 87969 A 0.69 -0.021 7.92E-14 0.044  1.03E-02 2.92E-14 4.85E-14 7.12E-13 Yes No

rs27732 5 87,993 A 047 0.017 4.06E-11 -0.036 2.11E-02 246E-11 3.71E-11 3.24E-10 Yes No

rs61104616 5 88,164 A 050 -0.016 6.04E-11 0.035 2.40E-02 4.10E-11 6.05E-11 4.83E-10 Yes No

rs3850651 5 88,181 T 057 -0.015 241E-09 0.059 2.77E-04 1.94E-11 4.68E-11 2.85E-09 Yes No

rs138002663 6 32474 T 0.80 0.011 1.56E-02 0.280  1.52E-08 5.49E-09 3.88E-09 1.00E-11 Yes Yes
rs77212406 6 32,578 T 074 -0.009 2.98E-03 —0.110 6.84E-09 5.22E-10 3.63E-10 2.62E-13 Yes Yes
rs3890065 11 12,759 C 058 0.015 1.03E-08 —0.065 5.67E-03 1.43E-09 2.62E-09 4.15E-08 Yes No

1s3824874 11 95657 T 060 -0.015 1.21E-08 0.040 1.62E-02 4.58E-09 7.33E-09 6.83E-08 Yes No

rs11222416 11 130,855 T 042 -0.015 1.17E-08 -0.042 1.51E-02 4.13E-09 2.91E-09 6.94E-12 Yes Yes
rs4148856 12 123451 C 077 -0.021 7.73E-13 0.044 2.23E-02 5.62E-13 8.27E-13 7.00E-12 Yes No

rs883562 12 123461 C 029 0.019 2.66E-12 —-0.054 1.71E-03 1.54E-13 3.26E-13 1.31E-11 Yes No

rs55742290 12 123466 T 0.71 -0.019 1.36E-12 0.051 2.72E-03 1.26E-13 2.53E-13 8.08E-12 Yes No

rs1727302 12 123,633 A 0.73 -0.022 3.34E-15 0.050 5.02E-03 6.64E-16 1.23E-15 3.01E-14 Yes No

rs10744150 12 123,722 A 0.27 0.023  2.10E-15 -0.046 9.54E-03 7.89E-16 1.32E-15 2.07E-14 Yes No

rs1969355 12 123,742 A 0.73 -0.023 1.39E-15 0.045 1.12E-02 6.17E-16 1.01E-15 1.40E-14 Yes No

rs12590654 14 92939 A 035 0.007 5.86E-03 -0.097 4.10E-08 5.56E-09 1.01E-08 1.48E-07 Yes No

rs62057147 17 43903 A 027 -0.017 3.67E-08 -0.046 1.72E-02 1.40E-08 1.01E-08 3.40E-11 Yes Yes
rs116926346 17 43931 A 0.24 -0.018 4.45E-08 -0.050 1.27E-02 1.26E-08 9.24E-09 2.64E-11 Yes Yes
rs113568679 17 43,991 A 0.73 0.018 3.03E-08 0.050 9.67E-03 6.72E-09 4.87E-09 1.06E-11 Yes Yes

Chr denotes chromosome; Pos, kb denotes position in kilo bases; EAF denotes frequency of the effect allele indicated in column A1

Subscripts EDU and AD indicate the estimates of the effect sizes (f) and p value (P) from published genome-wide association stud-
ies of education and Alzheimer’s disease, respectively.

Columns Pgigpers Pomnit> a0d Poyniz show p values from the pleiotropic analyses using Fisher method and two omnibus tests, respec-
tively. Subscripts Omnil and Omni2 denote the results of the pleiotropic analyses using omnibus tests with Pearson correlation coef-
ficients between Alzheimer’s disease and education r = —0.03 and » = —0.30, respectively.

Column PIt indicates pleiotropy (yes) defined based on Fisher’s method. Column AH indicates antagonistic pleiotropy (yes).

More details are given in Supplementary Table S2.

Pathways

Pathway analysis of the pleiotropic gene set iden-
tified 29 separate, but having overlapping genes,
ingenuity canonical pathways, which were signifi-
cant at the false discovery rate (FDR) pppr< 0.05
(i.e., after adjustment for multiple testing [28])
(Supplementary Table S3). Twenty-eight of them

were characterized by enrichment of human leuko-
cyte antigen (HLA) genes and were mainly immune
and inflammatory pathways. The remaining synap-
togenesis signaling pathway is involved in synapse
formation, function, and maintenance. None of the
pathways were significant at pppr < 0.05 for the set
of 195 non-pleiotropic genes.
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Diseases and disorders

The top five significant IPA disease and disorder cat-
egories for the non-pleiotropic gene set included can-
cer, gastrointestinal disease, organismal injury and
abnormalities, dermatological diseases and condi-
tions, and neurological disease (Figure 1A). Four of
them, except dermatological diseases and conditions,
were in the top five for the pleiotropic gene set, but
with the neurological disease on the top, followed by
skeletal and muscular disorders, and then by cancer,
organismal injury and abnormalities, and gastrointes-
tinal disease (Figure 1B).

Disease annotation showed enrichment of cancers
at different sites (with the prevalence of extracranial
solid tumor and digestive organ tumor) in both non-
pleiotropic and pleiotropic gene sets, although this
enrichment was more pronounced in the non-plei-
otropic gene set (Supplementary Tables S4 and S5).
Apart from cancers, both pleiotropic and non-pleio-
tropic sets were enriched for the same three brain dis-
orders (familial AD, familial encephalopathy, familial
schizophrenia), hypoplasia, and inflammatory bowel
diseases, specifically Crohn’s disease (Table 3).

(A) Non-pleiotropic; diseases

Cancer

Gastrointestinal Disease

Organismal Injury and Abnormalities
Dermatological Diseases and Conditions

Neurological Disease

7 8 9 10 11 12 13 14 15

(C) Non-pleiotropic; bio functions

Nervous System Development and Function
Cellular Development

Cellular Growth and Proliferation

Tissue Development

Cell Morphology

4 5 6
-10g10(Pror)

w

Fig. 1. Top five categories of diseases and disorders (A and
B) and biological functions (C and D) enriched in the non-
pleiotropic (A and C) and pleiotropic (B and D) gene sets. The
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Annotation of non-cancer diseases and disorders
identified 38 sub-categories enriched (pppr < 0.05)
only in the non-pleiotropic gene set (Table 4 and Sup-
plementary Table S4). Brain disorders, including late-
onset AD, were at the top. In addition, we observed
enrichment of neurodevelopmental disorders, such as
congenital malformation of the brain, autism spec-
trum disorder (ASD), and mental retardation, which
can adversely affect cognitive function and academic
performance. The non-pleiotropic gene set was also
enriched for conditions related to abnormal organ
development (e.g., dysgenesis, aplasia, or hypoplasia)
and several specific disorders (e.g., amyloidosis,
microangiopathy, lesioning of the aorta, early-onset
obesity).

In the pleiotropic gene set, we identified 67 dis-
ease and disorder sub-categories with enrichment at
Prpr < 0.05 (Table 4 and Supplementary Table S5).
Top conditions were related to progressive neuro-
logical and neuromuscular diseases and movement
disorders, including progressive motor neuropathy
(PMN), multiple sclerosis (MS), progressive parkin-
sonism, Creutzfeldt-Jakob disease, and severe AD,
which are often immune-mediated. Also, this set

(B) Pleiotropic; diseases

Neurological Disease

Skeletal and Muscular Disorders
Cancer

Organismal Injury and Abnormalities

Gastrointestinal Disease

F T T T T 1

3 32 34 36 38 4

(D) Pleiotropic; bio functions

Cellular Assembly and Organization
Cellular Function and Maintenance
Organismal Development

Tissue Development

Behavior

T T 1
1.4 1.6 1.8 2 2.2
-10915(Peor)

x-axis shows minus log-base-10 transformed false discovery
rate adjusted p value (pppr) (i.€., ¢ value).
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Tab'le 3. Enrichment Non-pleiotropic set Pleiotropic set
of disease and disorder
sub-categories in non- Disease and disorder sub-category  Priger Prpr Prisher Prpr Score
pleiotropic and pleiotropic
gene sets. Crohn disease 3.32E-06 1.52E-04 1.20E-03  3.34E-02 5.29
Inflammatory bowel disease 9.32E-05 2.43E-03 9.08E-04  3.17E-02  4.11

. Familial Alzheimer’s disease 6.69E-04  1.25E-02  1.01E-02 5.82E-02 3.14
Prisher is p value from the Familial encephalopathy 6.89E-04 127E-02 1.09E-03 3.34E-02 337
Fisher test; Pgpg is FDR
adjusted p value. Syndromic encephalopathy 7.17E-04 1.31E-02 5.10E-03 4.62E-02 3.22
Score is IPA score defined Familial schizophrenia 2.55E-03  341E-02 4.85E-03 4.46E-02 282
as sum of minus log-base- Hypoplasia 3.59E-03  4.32E-02  4.24E-03 4.11E-02 2.75
ten transformed FDR Chronic inflammatory disorder 4.60E-03  5.03E-02 423E-03 4.11E-02 2.68
adjusted p values.
Table 4. Top 20 disease and disorder sub-categories enriched either in the non-pleiotropic or pleiotropic gene set.
Non-pleiotropic set Pleiotropic set
Disease/disorder sub-category Prigher Prpr Disease/disorder sub-category Prisher Prpr
Cerebral disorder 2.11E-10 2.75E-08 Progressive neuropathy 1.00E-07 1.23E-04
Late-onset Alzheimer’s disease 4.17E-09 3.41E-07 Progressive neuromuscular disease 5.22E-08 1.23E-04
Cognitive impairment 1.77E-05 6.08E-04 Neuromuscular disease 2.21E-07 1.81E-04
Autism or intellectual disability 3.18E-05 9.93E-04 Progressive motor neuropathy 5.28E-07 2.58E-04
Congenital malformation of brain 3.27E-05 1.00E-03 Multiple sclerosis 9.44E-07 3.20E-04
Congenital neurological disorder 3.54E-05 1.07E-03 Progressive neurological disorder 6.77E-06 1.20E-03
Mental retardation 5.21E-05 1.49E-03 Disorder of basal ganglia 1.37E-05 1.97E-03
Cockayne syndrome type | 6.83E-05 1.87E-03 Progressive parkinsonism 1.86E-05 2.40E-03
Autism spectrum disorder or intel- 8.44E-05 2.24E-03 Susceptibility to multiple sclerosis 2.93E-05 2.99E-03

lectual disability

Nonspecific mental retardation 2.36E-04 5.53E-03 Movement disorders 2.73E-05 2.99E-03
Dysgenesis 2.61E-04 5.93E-03 Parkinson’s disease 1.26E-04 9.92E-03
Amyloidosis 3.98E-04 8.37E-03 Creutzfeldt-Jakob disease 1.46E-04 1.03E-02
Aplasia or hypoplasia 4.17E-04 8.61E-03 Hypersomnia 1.46E-04 1.03E-02
Alzheimer disease 4.57E-04 9.19E-03 Insulin-dependent diabetes mellitus 1.47E-04 1.03E-02
Microangiopathy 6.16E-04 1.19E-02 Cirrhosis of liver 1.64E-04 1.12E-02
Aplasia 6.32E-04 1.22E-02 Severe Alzheimer’s disease 2.04E-04 1.24E-02
Early-onset obesity 6.68E-04 1.25E-02 Systemic lupus erythematosus 2.37E-04 1.42E-02
Lesioning of aorta 6.72E-04 1.25E-02 Contact dermatitis or eczema 2.83E-04 1.61E-02
Abnormality of cerebral cortex 7.60E-04 1.38E-02 Severe COVID-19 3.13E-04 1.74E-02
Non-ketotic hyperglycinemia 1.00E-03 1.73E-02 Primary biliary cirrhosis 3.93E-04 1.96E-02

Prisher 15 p value from the Fisher test; Pppy is false discovery rate adjusted p value.

was characterized by sleep disorder (hypersomnia)
and specific autoimmune conditions, e.g., insulin-

dependent diabetes mellitus,

systemic lupus erythe-

matosus, primary biliary cirrhosis, and rheumatoid
arthritis. Enrichment of the immune-mediated con-
ditions was mainly driven by the HLA locus genes.

Biological functions

The analysis of biological functions showed that
tissue development was the only common category
in the top five categories for the non-pleiotropic
and pleiotropic gene sets (Figure 1C and 1D). Top

a
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categories of biological functions highlighted nerv-
ous system development for the non-pleiotropic
gene set and cellular assembly and organization
linked to cellular function and maintenance for the
pleiotropic one.

Comparative analysis of biological functions in
the pleiotropic (Supplementary Table S4) and non-
pleiotropic (Supplementary Table S5) gene sets
identified 20 common functional annotations related
to brain development and synapse formation, organ-
ization of the cytoskeleton, organismal death, spa-
tial learning, and nest-building behavior (Table 5).

Top characteristic sub-categories for the pleio-
tropic gene set included specific microtubule-related
terms (e.g., quantity of microtubules), formation of
senile plaques, specific behaviors (e.g., grooming,
emotional behaviors), early gonadogenesis (e.g.,
elongation of gonadal cell lines), immune-related
processes, heavy metal and water transport, synap-
tic events, etc. (Table 6). Apart from cell prolifera-
tion of tumor cell lines (pppg = 8.36 x 107°) (Sup-
plementary Table S5), top specific terms for the
non-pleiotropic gene set were related to the devel-
opment of the brain and neuronal morphology, cell

viability and neuronal cell death, and the process of
transcription (Table 6).

Discussion

Here, we comprehensively examined pleiotropic pre-
disposition to AD and EDU using Fisher’s method
and omnibus test applied to summary statistics
reported in large-scale univariate GWAS of AD [19]
and EDU [20]. Fisher’s method performs pleiotropic
meta-analysis by combining probabilities of AD and
EDU for carriers of the risk variants, and, therefore,
it disregards correlation between phenotypes. The
omnibus test adjusts the estimates for such correla-
tion. Accordingly, Fisher’s method can be considered
as a reference, and comparative analysis of the results
using this method and the omnibus test helps in eval-
uating the role of correlation between AD and EDU.
Meta-analysis of pleiotropic associations for
SNPs that did not attain GW significance in the
univariate GWAS of EDU or AD (5 x 1073 < p <
0.1) identified 53 SNPs for which pleotropic sig-
nificance achieved GW level using Fisher’s method

Table 5 Biological
functions enriched in both
the non-pleiotropic and

Non-pleiotropic set Pleiotropic set

pleiotropic gene sets.

Prigher 1S p value from the
Fisher test; Pgpg is FDR
adjusted p value.

Score is IPA score defined

as sum of minus log-base-
ten transformed FDR

Biological functions Pricher Prpr Pricher Prpr Score
Development of CNS 1.68E-09  1.50E-07  1.50E-02  6.95E-02  7.98
Development of neurons 2.18E-08 1.66E-06  6.26E-04  2.54E-02  7.38
Microtubule dynamics 7.07E-07  4.18E-05  3.44E-04 1.87E-02  6.11
Organization of cytoplasm 5.85E-07 3.54E-05 7.18E-04 2.74E-02  6.01
Morphogenesis of neurons 4.85E-07 3.01E-05 3.30E-03 3.40E-02 599
Formation of cellular protrusions 3.09E-07 1.99E-05 7.58E-03  5.35E-02  5.97
Organization of cytoskeleton 1.79E-06  9.02E-05  6.46E-04 2.55E-02 5.64
Neuritogenesis 1.38E-06  7.23E-05 1.03E-02  591E-02 5.37
Guidance of axons 2.62E-05 8.48E-04 6.31E-03  4.62E-02 441
Spatial learning 5.80E-05 1.64E-03  8.73E-03  5.51E-02 4.04
Organismal death 1.31E-04 3.25E-03 9.21E-04 3.17E-02  3.99
Excitatory postsynaptic potential 1.49E-04  3.67E-03  2.68E-03  3.34E-02 3091
Neurotransmission 5.93E-04 1.15E-02  3.08E-03  3.34E-02 3.42
Development of CNS cells 7.63E-04  1.38E-02  7.64E-04 287E-02 3.40
Development of head 347E-04  7.54E-03 1.14E-02  6.48E-02  3.31
Nest building behavior 1.93E-03  2.85E-02  4.02E-03  3.96E-02 295
Quantity of filaments 2.50E-03  3.40E-02  1.80E-03  3.34E-02 294
Development of cerebral cortex 2.59E-03  345E-02 5.33E-03 4.62E-02 2.80
Quantity of cells 448E-03  493E-02  2.72E-03  3.34E-02 148
Developmental process of synapse ~ 3.81E-03 4.47E-02 1.52E-02  6.95E-02 1.16

adjusted p values.
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Table 6. Top 25 biological functions enriched either in the non-pleiotropic or pleiotropic gene set.
Non-pleiotropic set Pleiotropic set
Biological functions Pricher Prpr Biological functions Pricher Prpr
Formation of brain 2.20E-06 1.07E-04 Quantity of microtubules 9.29E-05 7.84E-03
Cell movement of neurons 7.03E-06 2.81E-04 Formation of senile plaques 9.73E-05 7.94E-03
Morphology of nervous tissue 7.93E-06 3.15E-04 Dissociation of microtubules 1.46E-04 1.03E-02
Differentiation of neuroglia 8.78E-06 3.44E-04 Grooming 1.81E-04 1.20E-02
Cell viability 1.33E-05 4.89E-04 Elongation of gonadal cell lines 2.04E-04 1.24E-02
Morphology of nervous system 1.46E-05 5.25E-04 Emotional behavior 2.65E-04 1.55E-02
Transcription 1.52E-05 5.46E-04 Lack of CD4+ T-lymphocytes 4.34E-04 2.08E-02
Cell viability of neurons 1.58E-05 5.61E-04 Differentiation of natural T-regulatory cells 4.34E-04 2.08E-02
Shape change of neurons 1.59E-05 5.61E-04 Hydrolysis of phosphatidylinositol phos- 5.29E-04 2.23E-02
phate
Abnormal morphology of cerebral neo- 1.61E-05 5.63E-04 Instability of microtubules 6.33E-04 2.54E-02
cortex
Abnormal morphology of commissure 1.70E-05 5.88E-04 Morphology of thymus gland 9.87E-04 3.34E-02
Morphology of neurons 1.83E-05 6.21E-04 Beat of cells 1.14E-03 3.34E-02
Differentiation of nervous system 1.87E-05 6.30E-04 Export of heavy metal 1.14E-03 3.34E-02
Cell survival 1.91E-05 6.36E-04 Uptake of water 1.14E-03 3.34E-02
Morphology of somatosensory cortex 1.91E-05 6.36E-04 Function of synapse 1.29E-03 3.34E-02
Migration of neurons 2.34E-05 7.68E-04 Homeostasis of leukocytes 1.67E-03 3.34E-02
Formation of rhombencephalon 2.84E-05 8.98E-04 Abnormal morphology of thymus gland 1.72E-03 3.34E-02
Survival of cerebellar cortex cells 2.98E-05 9.34E-04 Abnormal morphology of iris 1.79E-03 3.34E-02
Abnormal morphology of forebrain 3.23E-05 1.00E-03 Fear conditioning 1.79E-03 3.34E-02
Neuronal cell death 3.64E-05 1.09E-03 Quantity of amacrine cells 1.79E-03 3.34E-02
Abnormal morphology of brain 3.87E-05 1.15E-03 Abnormal morphology of lens fiber cells ~ 2.37E-03 3.34E-02
Branching of neurites 4.03E-05 1.19E-03 Anxiety-like behavior 2.38E-03 3.34E-02
Collapse of growth cone 4.05E-05 1.19E-03 Development of body axis 2.44E-03 3.34E-02
Necrosis 4.07E-05 1.19E-03 Release of neurotransmitter 2.48E-03 3.34E-02
Development of metencephalon 4.27E-05 1.24E-03 Differentiation of regulatory T lympho- 2.72E-03 3.34E-02

cytes

Priger 1s p value from the Fisher test; Pgpy is false discovery rate adjusted p value.

or the omnibus test. The vast majority of them, 46
of 53 SNPs (86.8%), showed pleiotropic signals
using Fisher’s method, but only 10 of these 46
SNPs attained pleiotropic GW significance. A com-
monly anticipated role of correlation between phe-
notypes is that it attenuates pleiotropic association
because of overlapped signals due to either biologi-
cal pleiotropy (influence of one genetic variant on
more than one trait [29]) or mediated pleiotropy
(indirect association with a downstream phenotype
through an intermediate phenotype [29]). Previ-
ously, we showed that correlation between pheno-
types might not necessarily attenuate pleiotropic
signals but can also strengthen them [18] (see also

“Pleiotropic meta-analysis” section in Methods).
Despite counter-intuitiveness, this phenomenon,
called antagonistic genetic heterogeneity, appears to
be common in the genetics of complex (heterogene-
ous) traits because genetic predisposition to them
may not be driven by the same mechanism as their
correlation [17]. Here, we show that the antagonis-
tic genetic heterogeneity increases the significance
of the pleiotropic associations for 51 SNPs, making
all of them attain the GW level, and suggests addi-
tional pleiotropic associations. Thus, contrary to the
common expectation, Fisher’s method may provide
more conservative estimates of pleiotropy than the
omnibus test.
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In contrast, Fisher’s method identified pleiotropic
associations only for 25 of 206 SNPs (12.1%), which
attained the GW significance in prior GWAS of EDU
or AD. Also, the antagonistic heterogeneity was less
pronounced in this set of SNPs affecting eight of 25
pleiotropic SNPs.

Larger fractions of pleiotropic associations and
antagonistic heterogeneity for SNPs, which did not
attain GW significances in the univariate GWAS
of AD and EDU compared to those which attained
such significances, support a role of heterogeneity of
genetic architecture of AD and EDU driven by dif-
ferent biological mechanisms. Our functional enrich-
ment analysis of genes harboring pleiotropic and non-
pleiotropic SNPs shows both common and specific
mechanisms associated with diseases and bio-func-
tions for these two sets.

The non-pleiotropic and pleiotropic gene sets were
characterized by enrichment for cancers at different
sites (although this enrichment was more pronounced
in the non-pleiotropic gene set), some familial brain
disorders, including familial AD, and Crohn’s dis-
ease (Figures 1A and 1B and Table 3). Studies report
that chronic inflammation may be connected to neu-
rodegeneration and increase cancer risk [30, 31].
For example, chronic inflammatory conditions of the
digestive system increase the risk of developing gas-
trointestinal malignancies [32]. Patients with inflam-
matory bowel disease showed positive association
with dementia including AD and Parkinson’s disease
(PD) [33, 34]. Prior studies reported genetic overlap
between AD and immune-mediated diseases includ-
ing Crohn’s disease [35].

Common bio-functions in the pleiotropic and non-
pleiotropic gene sets were related to the development
of the brain and synapse formation, organization of
the cytoskeleton, organismal death, spatial learn-
ing, and nest-building behavior (Table 5). Processes
related to the organization of the cytoskeleton (e.g.,
microtubule dynamics) play roles during the devel-
opment of neuronal morphology, synapse formation
and maintenance, and neurodegeneration [36]. Spatial
learning is necessary for orientation in space and the
formation of episodic memories, which is the most
severely affected aspect of memory in AD [37]. AD
has been characterized by spatial disorientation pre-
sented from its early stages and degradation with dis-
ease progression [38, 39]. Nest building is related to
social behavior and characterizes activities of daily
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living, which are impaired in people affected by pro-
gressive neurodegenerative disorders such as AD and
PD [40]. Impairment in nest building is a characteris-
tic feature of multiple transgenic mouse AD models
[41]. Also, children with neurodevelopmental disor-
ders usually have poorer activities of daily living per-
formance [42, 43].

In addition to enrichment of multiple cancer
types, the non-pleiotropic gene set was character-
ized by gene enrichment in age-associated cognitive
impairment and late-onset AD, along with neurode-
velopmental disorders, including congenital enceph-
alopathy, ASD, and mental retardation (Table 4 and
Supplementary Table S4). Both cancer and neurode-
generative diseases such as late-onset AD are com-
mon in aging, and they may have common underly-
ing age-related mechanisms. Epidemiological studies
show, however, that the relationship between these
diseases is complex [44-47]. Enrichment of cancers
is in line with the close relationship between can-
cer and developmental biology. Indeed, embryonic
development is characterized by synergistic regula-
tion when cells become organized in functional struc-
tures, whereas cancer is characterized by dysregula-
tion of well-behaved structures, i.e., by disorder [48,
49]. It might be hypothesized that dysregulation of
the transcriptional programs during embryonal devel-
opment causes abnormal morphology and develop-
mental disorders and leads to dysregulation in late-
life, causing tumorigenesis and cancer progression.
Neurodevelopmental disorders can lead to behavioral
and learning problems and visual and hearing impair-
ments and directly affect mental processes by limit-
ing educational opportunities and affecting academic
achievements.

Analysis of bio-functions for the non-pleiotropic
gene set highlighted morphological development
of the nervous system, cell survival and death, and
transcription process (Table 6 and Supplementary
Table S4). Terms related to the morphology of the
nervous system indicate anomalies of brain structure
and alterations in neuronal morphology, which can
contribute to neurodevelopmental disorders and neu-
rodegenerative diseases. For example, a change of the
physical structure and the connectivity in the brain
was shown in ASD and disorders associated with
intellectual disability [50, 51]. Structural changes in
specific brain regions and altered neuronal morphol-
ogy is also characteristic for AD patients [52-54].
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Neuronal cell viability is important in normal and
impaired brain development and during adult neuro-
genesis. Neuronal cell death is necessary to optimize
brain connectivity during development, and it affects
cognitive abilities. It is also associated with neurode-
velopmental and psychiatric disorders such as schizo-
phrenia and ASD and can occur in neurodegenerative
disorders, including AD [55, 56]. Transcription, the
first step of gene expression, highlights the role of
transcriptional control in gene regulation. Transcrip-
tional factors are especially important during devel-
opment. The activity of the transcription factors is
linked to multiple neurological disorders and devel-
opmental pathologies [57]. Dysregulation of the tran-
scriptional programs is a hallmark of cancer [58].

The pleiotropic gene set was characterized by
enrichment of immune and inflammatory pathways
driven by HLA genes (Supplementary Table S3). This
is in line with enrichment of a number of systemic or
organ-specific autoimmune diseases including MS,
systemic lupus erythematosus, and type 1 diabetes.
In this set, we identified enrichment of neurologic
and neuromuscular diseases and movement disorders
along with immune-mediated conditions (Table 4 and
Supplementary Table S5). A broad spectrum of pro-
gressive neurodegenerative diseases affecting various
organ systems was enriched in this gene set, including
slowly (e.g., MS, PD, severe AD) and rapidly (e.g.,
Creutzfeldt-Jakob disease) progressive conditions.

Enrichment of bio-functions in the pleiotropic
gene set was in line with diseases and disorders
characteristic for this set (Table 6 and Supplemen-
tary Table S5). For example, enrichment of specific
microtubule-related terms (e.g., quantity of microtu-
bules) emphasizes the role of microtubules, which are
a highly dynamic part of the cell cytoskeleton playing
roles in maintaining neuronal functions and neurode-
generative processes [59]. Microtubules network is a
dynamic regulator of skeletal muscle function [60].
Axonal microtubule loss correlates with progressive
motor neuron degeneration in motor neuron diseases
such as PMN [61]. Microtubule dysfunction is com-
mon in many neurodegenerative diseases and move-
ment disorders, including AD and PD [62, 63]. In
particular, neurofibrillary tangles, a hallmark of AD,
are abnormal accumulations of the microtubule-asso-
ciated protein tau in a hyperphosphorylated state [63,
64]. Enrichment of specific behaviors such as groom-
ing, emotional behavior, and stress-driven fear- and

anxiety-like behavior is consistent with the results
from animal models of AD and PD. For example,
progressive degeneration in grooming due to impair-
ments in motor function is considered a symptom of
PD and basal ganglia disorders [65, 66]. Emotional
symptoms such as stress, anxiety, fear, and depression
are common for neurodegenerative diseases, includ-
ing AD, PD, and MS [67-69]. Our functional analy-
sis highlights the role of T lymphocytes in immune
regulation and links the immune system with neu-
rological disorders (including AD and MS) and the
set-specific autoimmune diseases [70—72]. Phospho-
inositides signaling (e.g., hydrolysis of phosphati-
dylinositol phosphate) has several critical roles in
the nervous system, including synaptic transmission
and cytoskeletal function in neurons [73]. Phosphati-
dylinositol levels are also affected in AD [74]. Heavy
metal toxicity (e.g., export of heavy metal) has been
linked to neurological problems and progressive neu-
rological disorders, including AD, PD, and MS [75].
In addition, microtubules play important roles in lens
fiber cell functions (e.g., abnormal morphology of
lens fiber cells) [76]. Vision problems are the source
of behavioral impairments, which impact learning
opportunities affecting thus cognition.

Despite the rigor of this study, we acknowledge its
limitations. The first is the use of summary statistics
rather than individual-level data. Summary statistics
limit the ability to accurately model the role of cor-
relation between AD and EDU in pleiotropic predis-
position to these phenotypes because this correlation
was not reported in those studies. This limitation was
partly offset by estimating the phenotypic correlation
between AD and EDU from three independent stud-
ies available to us and the genetic correlation between
them evaluated from the reported summary statistics.
The second is the lack of replication statistics from
independent GWAS. This limitation is partly offset by
leveraging the results of large-scale GWAS. The third
is that different number of genes in the pleiotropic
and non-pleiotropic sets (75 vs. 195) may affects our
comparative functional analysis.

Thus, leveraging summary statistics from two
large-scale univariate GWAS of AD and EDU, we
identified pleiotropic associations of SNPs from mul-
tiple loci with both these phenotypes. We showed
that a large fraction of the pleiotropic associations
was affected by a counterintuitive phenomenon of
antagonistic genetic heterogeneity, which appeared to
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be widespread in the genetics of complex traits. Our
comparative functional enrichment analysis of pleio-
tropic and non-pleiotropic gene sets identified poten-
tial differences in biological mechanisms of AD and
EDU. The non-pleiotropic gene set was mainly char-
acterized by late-onset AD along with neurodevelop-
mental disorders and processes related to brain devel-
opment and neuronal morphology. The pleiotropic
gene set was associated with processes characteristic
for a broad spectrum of progressive neuromuscu-
lar and neurologic diseases and immune-mediated
conditions.
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