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A B S T R A C T

Background: The three main alleles of the APOE gene (e4, e3 and e2) carry differential risks for conditions
including Alzheimer’s disease (AD) and cardiovascular disease. Due to their clinical significance, we explored
disease associations of the APOE genotypes using a hypothesis-free, data-driven, phenome-wide association
study (PheWAS) approach.
Methods: We used data from the UK Biobank to screen for associations between APOE genotypes and over
950 disease outcomes using genotype e3e3 as a reference. Data was restricted to 337,484 white British partic-
ipants (aged 37�73 years).
Findings: After correction for multiple testing, PheWAS analyses identified associations with 37 outcomes,
representing 18 distinct diseases. As expected, e3e4 and e4e4 genotypes associated with increased
odds of AD (p � 7.6 £ 10�46), hypercholesterolaemia (p � 7.1 £ 10�17) and ischaemic heart disease
(p � 2.3 £ 10�4), while e2e3 provided protection for the latter two conditions (p � 3.7 £ 10�10) compared to
e3e3. In contrast, e4-associated disease protection was seen against obesity, chronic airway obstruction, type
2 diabetes, gallbladder disease, and liver disease (all p � 5.2 £ 10�4) while e2e2 homozygosity increased risks
of peripheral vascular disease, thromboembolism, arterial aneurysm, peptic ulcer, cervical disorders, and hal-
lux valgus (all p � 6.1 £ 10�4). Sensitivity analyses using brain neuroimaging, blood biochemistry, anthropo-
metric, and spirometric biomarkers supported the PheWAS findings on APOE associations with respective
disease outcomes.
Interpretation: PheWAS confirms strong associations between APOE and AD, hypercholesterolaemia, and
ischaemic heart disease, and suggests potential e4-associated disease protection and harmful effects of the
e2e2 genotype, for several conditions.
Funding: National Health and Medical Research Council of Australia.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Apolipoprotein E (APOE) is a glycoprotein involved in cholesterol
homeostasis and lipid metabolism, that is produced mainly by hepa-
tocytes and astrocytes, and is found in plasma and cerebrospinal
fluid. The three main APOE alleles (e4, e3, and e2) are defined by the
combination of variants at 2 single nucleotide polymorphisms
(rs429358 and rs7412). The e3 allele is the most common (~78% glob-
ally), followed by e4 (~14%), and e2 (~8%). Chronologically, e4 is
believed to be the ancestral allele from which the e3 and e2 variants
sequentially evolved over 200,000 years ago [1]. The APOE protein
has lipid-binding and receptor-binding domains that enable its role
in directing the uptake of chylomicrons and very low density lipopro-
tein (VLDL) remnant particles from the circulation via specific recep-
tors; the key one being the low density lipoprotein receptor (LDLR).
The polymorphisms affect the binding affinities of APOE for lipid and
the LDLR (appendix p 34 figure S1), resulting in various effects on bio-
markers of lipid and cholesterol health, and differential risks of a vari-
ety of health outcomes [2]. Serum APOE protein levels increase
progressively across the genotypes from e4e4 to e2e2 [3,4] which is
also likely to contribute to differing effects of the APOE variants. The
APOE e4 allele is one of the most notorious common genetic risk
factors, with the potential to increase AD risk up to 15-fold when
homozygous, and further adverse effects on lipid profiles and
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Research in context

Evidence before this study

We searched the PubMed database using the search terms
(“APOE” OR “apolipoprotein e”) AND (“meta-analysis” OR
“pooled analysis”). The review was restricted to meta-analy-
ses of APOE allele health outcome associations published up
to August 31st, 2019, totalling 501 papers whose abstracts
were reviewed for further information. We identified 184
meta-analyses that investigated disease outcome associa-
tions between APOE genotypes or alleles in humans. A
summary of the most extensive and up-to-date published
meta-analysis associations for all major conditions is pre-
sented in table 1 (and see extended, referenced table
S1 appendix p 5).

The e4 allele was associated with increased risk for several
mental, neurological, and cerebrovascular disorders, with the
strongest association seen with Alzheimer’s disease (AD). In
addition, there was some evidence suggesting the e2 allele was
associated increased risk for Parkinson’s disease, and multiple
sclerosis, and that both e2 and e4 were risky for intracerebral
haemorrhage.

There was consistent evidence of e4-associated elevated risk
of various cardiovascular diseases. In contrast, the e2 allele
showed protective effects in coronary heart disease and myo-
cardial infarction, however it appeared to have divergent
effects on risk for premature coronary heart disease in Cauca-
sian and Asian populations for which odds decreased, and
increased, respectively.

In addition to cerebral and cardiovascular diseases, APOE
variants associated with several other disorders. e4 increased
the risk of nephrotic syndrome, while e2 elevated the odds of
nephropathy in type 2 diabetes (T2D), and psoriasis. e2 and e4
alleles increased risk of T2D, particularly among Asian cohorts.
The e4 allele also increased risk of gallstone disease and breast
cancer in Asian populations. Not all e4 associations were
adverse, with this allele offering protection against age-related
macular degeneration, end stage renal disease, and proximal
colorectal cancer.

Evidence from meta-analyses also supported APOE associ-
ations with health-related outcomes that were not diseases,
but were of interest for the current study. For example, e4
carriers tended to have a less favourable lipid/cholesterol
profile while the reverse was generally true for e2 carriers.
e4 was associated with lower body mass index (BMI), and
reduced longevity, while possession of an e2 allele promoted
longevity. Both e2 and e4 were also associated with recurrent
pregnancy loss.

Added value of this study

Our large-scale data-driven analyses allowed us to investigate
phenome-wide risks associated with each APOE genotype com-
pared to e3e3. APOE genotypes were associated with 37 out-
comes representing 18 distinct diseases, supporting well-
established increased odds of AD, hypercholesterolaemia and
ischaemic heart disease (IHD) for e3e4 and e4e4 genotypes, and
beneficial effects of the e2e3 genotype against hypercholestero-
laemia and IHD. Additionally, we uncovered e4 associations
with protection against obesity, chronic airway obstruction,
liver disease, T2D, and gallstone disease. e2 homozygosity
increased risk of aortic aneurysm, peripheral arterial thrombo-
embolism, peripheral vascular disease, peptic ulcers, cervical
disorders and hallux valgus.

Implications of all the available evidence

While e2 is generally regarded as favourable, our study exposes
potential health risks of e2 homozygosity that may help explain
the limited prevalence of the e2 variant in the population, and
which should be considered in therapeutic attempts to promote
the beneficial effects of the e2 variant. Intriguingly, our findings
suggest that the AD risk-associated e4 allele provides protec-
tion against conditions such as obesity, T2D, chronic airway
obstruction, gallstone disease and liver disease. Since e4 is asso-
ciated with increased T2D and gallstone disease in Asian
cohorts, our findings support possible ethnic differences in
physiological consequences of APOE status. The outcomes of
this agnostic survey extend our knowledge of APOE associa-
tions, and warrant replication and validation in future studies.
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cardiovascular diseases. In contrast, the rare e2 allele is often found to
be protective, while e3 is considered neutral with respect to AD, lipid
profiles and cardiovascular health.

Despite some evidence for influences of APOE genotype on multi-
ple other conditions, results are often inconsistent, particularly due
to inadequately powered studies looking into the effects of least fre-
quent genotypes (~0.6% for e2e2). In this hypothesis-free phenome-
wide association study, we will explore the effects of APOE genotype
across the spectrum of human disease. For background, the Research
In Context section summarises all disease associations for APOE alleles
which have arisen from the most recently published meta-analyses
with respect to each disease. Subsequently, in our study we used
information from 337,484 UK Biobank participants to screen for APOE
genotype associations with over 950 disease outcomes covering all
conditions within hospital inpatient records and mortality registra-
tions, using the most common genotype, e3e3, as a reference.

2. Methods

2.1. UK Biobank Cohort

The UK Biobank consists of 503,000 participants who were aged
37�73 years (99.5% between 40�69 years) when recruited between
2006 and 2010 [5]. The study includes extensive self-reported infor-
mation collected using touchscreen questionnaires and verbal inter-
views, and information on genetics and biochemical marker levels
through sampling of blood, urine and saliva. Our analyses were
restricted to 337,484 unrelated white British individuals (established
by self-report and genetic data) [6] who had consistent information
between self-reported and genetic sex (appendix p 35 figure S2). Eth-
ical approval for the UK Biobank was granted by the National Infor-
mation Governance Board for Health and Social Care and North West
Multicentre Research Ethics Committee (11/NW/0382). This research
was conducted under application 10171. Participants provided elec-
tronic consent to use their anonymised data and samples for health-
related research, to be re-contacted for further sub-studies, and for
the UK Biobank to access their health-related records [5].

2.2. APOE genotyping

Genetic data was available for 488,377 UK Biobank participants, of
whom 49,950 were genotyped using a UK BiLEVE array while the
remaining 438,427 were genotyped using the UK biobank Axiom
array, with the two arrays having 95% marker content similarity [6].
The combination of variants at two single nucleotide polymorphisms
(SNPs rs429358 and rs7412) within the APOE gene define the three
main APOE alleles (e4, e3, and e2). We extracted rs429358 and rs7412
variants which were directly genotyped and did not deviate from
the Hardy-Weinberg equilibrium (both p > 0.05). Depending on the



Table 1
APOE allelic associations with major conditions, summarised from the most current and comprehensive meta-analyses. (Refer to table S1 appendix p 5 for extended
information.)

Disease outcomes # Studies in
meta-analysis

Population size (£1000) Ethnicity e4 Reported reference group e2

Mental, neurological, and cerebrovascular disorders
Sporadic late onset Alzheimer's disease 21 5 to 10 Mixed " Non carriers ��
Alzheimer's disease 20 1 to 5 Chinese " Non carriers ns
Severe cerebral amyloid angiopathy (vs mild/moderate) 5 <1 Mixed " Non carriers ns
Mild cognitive impairment 18 5 to 10 Mixed " e3 ns
Ischaemic stroke 81 10 to 70 Mixed " Non carriers ns
Vascular dementia 29 5 to 10 Mixed " e3 ns
Frontotemporal lobar degeneration 34 10 to 70 Mixed " e3 ns
Lobar intracerebral haemorrhage 4 5 to 10 Mixed " e3 "
Creutzfeldt-Jakob disease 11 1 to 5 Mixed " Non carriers ns
Depression 20 5 to 10 Mixed ns e3 ns
Depression (age � 50 years) 13 NA Mixed " e3 ns
Depression 9 1 to 5 Chinese Han " Non carriers ��
Epilepsy 9 1 to 5 Mixed " e3e3 ns
Aneurysmal subarachnoid haemorrhage 8 1 to 5 Mixed " Non carriers ns
Subjective cognitive decline 13 5 to 10 Mixed " Non carriers ��
Parkinson's disease 47 10 to 70 Mixed ns Non carriers "
Multiple sclerosis 20 5 to 10 Mixed ns e3 "
Cardiovascular diseases
Ischaemic heart disease 18 1 to 5 Chinese " e3 ns
Hypertension 28 10 to 70 Mixed " e3 ns
Premature coronary heart disease 18 5 to 10 Mixed " e3 ns
Premature coronary heart disease 12 1 to 5 Caucasian " e3 #
Premature coronary heart disease 5 <1 Asian " e3 "
Coronary heart disease 30 10 to 70 Mixed " e3 ns
Coronary heart disease 22 10 to 70 Caucasoid " e3 #
Coronary heart disease 8 5 to 10 Mongoloid " e3 ns
Myocardial infarction 20a 10 to 70 Mixed " e3 #
Other
Nephrotic syndrome 12 1 to 5 �� " Non carriers ns
T2D 26 5 to 10 Chinese Han " e3 "
T2D 30 10 to 70 Mixed �� Non carriers "
T2D 11 5 to 10 Caucasian �� Non carriers ns
T2D 15 5 to 10 Asian �� Non carriers "
T2D nephropathy (vs T2D) 17 1 to 5 Mixed ns e3 "
Gallstone disease 14 5 to 10 Mixed ns Non carriers ns
Gallstone disease 17 1 to 5 Mixed ns e3 ns
Gallstone disease 7 1 to 5 Chinese " e3 ns
Psoriasis 7 1 to 5 Mixed ns Other allelesb "
Breast cancer 11 1 to 5 Mixed ns e3 ns
Breast cancer 4 1 to 5 Caucasian ns e3 ns
Breast cancer 3 1 to 5 Asian " e3 ns
Proximal colorectal neoplasm 3 <1 Mixed # e3 ns
End stage renal disease 16 10 to 70 Mixed # Non carriers "
Age-related macular degeneration 12 10 to 70 Mixed # e3 "
a : reported as 22 studies in body text, but information is provided for only 20.
b : reported as (e4 vs e2+e3) and (e2 vs e3+e4)

ns: not significant. T2D: type 2 diabetes. “��”: data not presented. Arrows indicate whether an APOE allele increases (") or decreases (#) the odds of the corresponding
condition in reference to the reported reference group.
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combination of alleles at rs429358 and rs7412 variants, an individual
could possess one of six common APOE genotypes (e4e4, e4e3, e4e2,
e3e3, e2e3 and e2e2, appendix p 6 table S2). The e1e4 and e1e2 geno-
types were detected in 15 and two individuals, respectively. These
individuals were excluded from this analysis due to small sample
size. Ambiguous e2e4/e1e3 genotypes were coded as e2e4 since the
e1 allele is so rare. We used the e3e3 genotype as a reference since it
is the most frequent genotype. We generated a binary variable for
each of the six common genotypes, creating five indicator variables,
and the e3e3 reference group.

2.3. Phenome generation

Information on disease outcomes and underlying causes of death
were obtained through linkage to hospital episode statistics (HES)
and mortality registrations [6]. We included all entries until March
31st, 2017 resulting in 15,119 disease outcomes recorded according
to the International Classification of Diseases, ninth/tenth revision
(ICD-9/10) codes. Before analyses, ICD codes were converted into
1,859 phecodes which provide classifications more closely aligned
with diseases commonly cited in clinical practice and genomic stud-
ies [7]. For each phecode, we coded individuals with the phecode-of-
interest as cases, whilst participants without a phecode within the
same category were considered the control group [8]. For each Phe-
WAS analysis, we excluded phecodes with less than 200 cases, leav-
ing 958, 1070, 960, 1013 and 950 unique phecodes for analyses
involving e4e4, e3e4, e2e4, e2e3 and e2e2 (versus e3e3), respectively.

2.4. Biomarkers for sensitivity analyses

To further explore some of the PheWAS outcomes, we utilised
blood biomarkers and brain neuroimaging data from the UK Biobank
Assessment Centre to assess their association with APOE genotypes.
Outcomes included brain health biomarkers (total brain, white mat-
ter, grey matter, and whole hippocampus volumes, and volume of
white matter hyperintensities), cardiovascular biomarker levels (total
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cholesterol, low density lipoprotein (LDL), high density lipoprotein-
cholesterol (HDL-cholesterol), triglycerides, apolipoprotein A (APOA),
apolipoprotein B (APOB), lipoprotein A (Lp(A)), and C-reactive protein
(CRP)), diabetes markers (glucose, and glycated haemoglobin
(HbA1c)), obesity measures (BMI, waist circumference (WC), waist-
hip ratio (WHR)), and spirometry measures (forced expiratory vol-
ume in 1-second (FEV1), forced vital capacity (FVC), and FEV1/FVC
ratio). Brain volume measures were normalised to head size, and
white matter hyperintensity data were inverse normal transformed
due to left skewness, to approximate normal distribution. For FEV1

and FVC, we used ‘best measure’ values and the FEV1/FVC ratios were
calculated as the ratio of these values. Further details on the bio-
marker measures and detection methods are provided in the supple-
mentary methods (appendix p 4).

2.5. Statistical analysis

We used the R package phewas [9] to run logistic regression of
each phecode against each APOE genotype (in comparison to refer-
ence genotype e3e3), adjusting for demographics (age and sex), geno-
typing array, and population structure (dummy indicators for each
assessment centre, and top 40 genetic principal components). Prior
to undertaking the phenome-wide analyses, each APOE genotype was
run (as described above) for pre-selected control phecodes. These
included three positive control outcomes for which possession of
APOE e4 is known to increase the odds (namely dementia, hyperlipi-
daemia, and ischaemic heart disease (IHD)), and one negative control
with no known or likely association with APOE (diaphragmatic her-
nia). We used a false discovery rate (FDR q = 0.05) corrected p-value
threshold of 6.1 £ 10�4 to control for multiple testing [10], account-
ing for all comparisons across the five PheWASs. In sensitivity analy-
ses using the biomarker data, linear regressions of each biomarker
were fitted against each APOE genotype in models adjusted for age,
sex, assessment centres (as dummy variable), genotyping array and
40 principal components. For analysis of glucose levels, we further
adjusted for fasting time.
Table 2
General characteristics of the white British UK Biobank population across APOE g

n (%)

e4e4 e3e4

All 337,484 8,179 (2.4) 80,499 (23.9)
Sex
Women 181,236 (53.7) 4,360 (2.4) 43,202 (23.8)
Men 156,248 (46.3) 3,819 (2.4) 37,297 (23.9)

Age (in years)
39-44.9 31,719 (9.4) 771 (2.4) 7,590 (23.9)
45-49.9 42,130 (12.5) 1,048 (2.5) 10,281 (24.4)
50-54.9 50,240 (14.9) 1,224 (2.4) 12,118 (24.1)
55-59.9 61,032 (18.1) 1,489 (2.4) 14,497 (23.8)
60-64.5 85,434 (25.3) 2,087 (2.4) 20,206 (23.7)
65-73 66,929 (19.8) 1,560 (2.3) 15,807 (23.6)

History of Comorbidity
No 77,043 (22.8) 1,816 (2.4) 18,405 (23.9)
One 44,974 (13.3) 1,097 (2.4) 10,735 (23.9)
Two to three 70,419 (20.9) 1,733 (2.5) 16,788 (23.8)
Four to five 47,305 (14.0) 1,150 (2.4) 11,329 (23.9)
Six or more 97,743 (29.0) 2,383 (2.4) 23,242 (23.8)

General health
Excellent 56,531 (16.8) 1,352 (2.4) 13,389 (23.7)
Good 197,169 (58.4) 4,832 (2.5) 47,120 (23.9)
Fair 68,621 (20.3) 1,664 (2.4) 16,335 (23.8)
Poor 13,983 (4.1) 308 (2.2) 3,362 (24.0)
Missing 1180 (0.3) 23 (1.9) 293 (24.8)

APOE genotypes were coded as 0, 1, 2, 3, 4, and 5 for APOE e3e3 (reference), e2e2,
p-values were generated by a likelihood ratio test from logistic regression. For al
ponents, and birth location. For comorbidity and general health, further adjustm
e1e4 genotype (0.004%), and two individuals had the e1e2 genotype (0.0006%), th
3. Results

Population characteristics are shown in table 2. The most preva-
lent APOE genotype was e3e3 (58.2%), followed by e3e4 (23.9%), e2e3
(12.3%), e2e4 (2.6%), e4e4 (2.4%), and e2e2 (0.6%). We observed no dif-
ferences in genotypic frequencies based on sex (p = 0.68, likelihood
ratio test; PLRT), history of comorbidity (PLRT = 0.08) or general health
(PLRT = 0.07), although there was a slight underrepresentation of par-
ticipants with the e4 allele in the older age groups (PLRT = 0.0008).

3.1. Positive and negative controls

APOE genotypes showed the expected associations with all three
positive control disease outcomes; dementia, hyperlipidaemia, and
ischaemic heart disease (IHD) (appendix p 7 table S3). For diaphrag-
matic hernia, the negative control, there were no APOE genotype
associations that passed the PheWAS FDR threshold.

3.2. Genotype PheWAS analyses

Manhattan plots for each genotype are shown in figures S3�S7
(appendix pp 36�40), and PheWAS results for all outcomes can be
found in table S4 (appendix pp 8�32). Compared to e3e3, genotypes
e3e4 and e4e4 were associated with increased odds of 21 outcomes
representing six distinct diseases, and lower odds of seven outcomes
representing five diseases. Compared to e3e3, the odds of eight out-
comes representing six diseases were elevated in the presence of e2
homozygosity. Overall, PheWAS identified APOE genotypic associa-
tions with 37 outcomes, representing 18 distinct diseases. Odds ratios
(OR) and 95% confidence intervals (95% CI) for each genotype, for a
representative outcome from each distinct disease are presented as
forest plots in Fig. 1.

For brain conditions including dementias, neurological disorders,
and cerebral degenerations, the odds increased with the number of
e4 alleles. The strongest associations were with AD, with OR 3.69
(95% CI 3.08�4.40) for e3e4 and OR 13.52, (10.64�17.18) for e4e4
enotypes

APOE genotype, n (%) p

e2e4 e3e3 e2e3 e2e2

8,616 (2.6) 196,306 (58.2) 41,695 (12.3) 2,172 (0.6)
0.68

4,574 (2.5) 105,535 (58.2) 22,368 (12.3) 1188 (0.7)
4042 (2.6) 90,771 (58.1) 19,327 (12.4) 984 (0.6)

0.0008
830 (2.6) 18,457 (58.2) 3,861 (12.2) 208 (0.7)
1,082 (2.6) 24,213 (57.5) 5,199 (12.3) 305 (0.7)
1,297 (2.6) 29,133 (58.0) 6,156 (12.3) 308 (0.6)
1,580 (2.6) 35,488 (58.1) 7,561 (12.4) 414 (0.7)
2,135 (2.5) 49,871 (58.4) 10,607 (12.4) 525 (0.6)
1,692 (2.5) 39,144 (58.5) 8,311 (12.4) 412 (0.6)

0.08
2,033 (2.6) 44,701 (58.0) 9,566 (12.4) 515 (0.7)
1,136 (2.5) 26,181 (58.2) 5,570 (12.4) 251 (0.6)
1,800 (2.6) 40,714 (57.8) 8,906 (12.6) 476 (0.7)
1,215 (2.6) 27,487 (58.1) 5,851 (12.4) 272 (0.6)
2,432 (2.4) 57,223 (58.5) 11,802 (12.0) 658 (0.7)

0.07
1,495 (2.6) 33,041 (58.4) 6,905 (12.2) 347 (0.6)
5,037 (2.6) 114,414 (58.0) 24,523 (12.4) 1,232 (0.6)
1,709 (2.5) 40,022 (58.3) 8,412 (12.3) 476 (0.7)
342 (2.4) 8,138 (58.2) 1,723 (12.3) 109 (0.8)
333 (2.8) 691 (58.6) 132 (11.2) 8 (0.7)

e2e3, e2e4, e3e4, and e4e4.
l analyses, adjustments were made for genotyping array, 40 principal com-
ent was made for sex and age. Total n includes 15 individuals that had the
at were excluded from further analyses.



Fig. 1. APOE genotypes and risk of disease.
Forest plots depicting the OR (black box symbols) and 95% CI (horizontal lines) for each genotype compared to reference genotype, e3e3. Data is presented for representative

disease outcomes where at least one genotype showed a signal in the PheWAS. Actual values are shown to the right of each graph. Case and control numbers and p-values (logistic
regression) for each comparison group can be found in table S4 (appendix pp 8�32), with further breakdown by genotype shown within figures S3�S7 (appendix pp 36�40). “Other
aneurysm” encompasses aortic, and other arterial aneurysms, but not cerebral, or heart aneurysms. “Other cerebral degenerations” includes gangliosidosis, sphingolipidosis,
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compared to e3e3 (Fig. 1 and appendix pp 8�32, table S4). The odds
also increased with number of e4 alleles for ‘symptoms of nutrition,
metabolism, and development’ which includes descriptors such as
unspecified severe protein-energy malnutrition, feeding difficulties
and mismanagement, and abnormal weight loss. For hypercholester-
olaemia and IHD, the odds of disease increased with number of e4
alleles, while the odds were lower for carriers of one e2 allele, but not
for e2e2 homozygotes. e4e4 homozygotes had a lower odds of obesity
(0.78, 0.68�0.89), with little evidence of an association for ɛ4 hetero-
zygotes. e4e4 homozygotes also had lower odds of chronic airway
obstruction (0.74, 0.64�0.85) compared to e3e3. The e3e4 genotype
had protective effects against chronic liver disease and cirrhosis, T2D,
and cholelithiasis and cholecystitis (gallstone diseases) while the
e2e3 genotype increased the risk of osteoarthrosis (Fig. 1).

We observed evidence for elevated odds of six diseases for e2e2
homozygotes compared to e3e3, including peptic ulcer, arterial
thromboembolism of lower extremity, “other aneurysm” (encom-
passing aortic, and other arterial aneurysms, but not cerebral, or
heart aneurysms), peripheral vascular disease (unspecified), nonin-
flammatory disorders of the cervix, and hallux valgus (bunion; Fig. 1).
While the large population allowed detection of associations with
this low frequency genotype (0.6%), it should be noted that the
number of e2e2 homozygote cases with these diseases was still lim-
ited (8, 11, 30, 34, 35 and 63, respectively).

3.3. Sensitivity analyses of disease biomarkers

We next assessed associations of APOE genotypes with biological
and phenotypic markers of diseases identified by PheWAS (Fig. 2 and
appendix p 33 table S5). Firstly, we looked at neuroimaging markers
of brain health (Fig. 2A�E) since APOE genotypes were associated
with risk of dementia and some neurological disorders. While no sig-
nificant differences in volume of total brain, grey matter, or white
matter were observed across the APOE genotypes compared to e3e3
(Fig. 2A�C), APOE e3e4 and e4e4 were associated with decreases in
hippocampal volume, with the greatest effect size in e4e4 (Fig. 2D)
which also showed an increase in white matter hyperintensity
(Fig. 2E). Next we assessed biomarkers related to cardiovascular
health (Fig. 2F�M), since several APOE genotypes were associated
with hypercholesterolaemia and vascular diseases. Both e3e4 and
e4e4 were associated with an unfavourable lipid profile (high LDL
and triglycerides, and low HDL-cholesterol), while e2e3 had a favour-
able profile (low LDL and high HDL-cholesterol) and e2e2 was associ-
ated with very low LDL and very high triglycerides compared to e3e3
(Fig. 2F�L). Levels of CRP decreased by e4 dosage and were modestly
increased for e2e3 compared to e3e3 (Fig. 2M).

We also looked at markers for diabetes, obesity and lung function
(Fig. 2N�U). In line with PheWAS findings on T2D and obesity, there
was an e4 dose-dependent decrease in HbA1c (Fig. 2N), and all
markers of adiposity (Fig. 2P�R). Despite some evidence for an asso-
ciation between e4e4 and chronic airway obstruction, there was little
evidence for differences in the measures of lung function by APOE
genotype (Fig. 2S�U); compared to e3e3, the e4e4 genotype was asso-
ciated with an increase in forced vital capacity (FVC; Fig. 2T;
b = 19.97 mL, 2.89 to 37.06 mL).

4. Discussion

APOE e4 is one of the most notorious common variants affecting
the risks of chronic diseases, while e2 is often perceived as the pro-
tective rare variant. In this study, we have assessed APOE-associated
neuronal ceroid lipofuscinosis, Rett syndrome, Reye syndrome, systemic atrophy primarily
alcohol. “Nutrition, metabolism and development symptoms” pertains to symptoms includ
abnormal weight loss.
risks across the disease spectrum, with our large sample and hypoth-
esis-free approach revealing pleiotropic effects of APOE variants. We
confirmed many of the known adverse effects of the e4 variant,
including risk of AD, heart disease, and adverse lipid profile. How-
ever, we found that not all associations with the e4 allele were
adverse, with protection seen against obesity, chronic airway
obstruction, T2D, gallstones, and liver disease. On the other hand, we
found evidence to suggest that the e2 allele, which is typically consid-
ered to be beneficial, increases the risks of several conditions when
homozygous, including peripheral thromboembolism, aneurysms,
peptic ulcers, cervical disorders, and hallux valgus.

In this study, increased risk of dementia and AD in e4-associated
genotypes was supported by neuroimaging markers showing
decreased volume of the hippocampus (the memory-associated
region of the brain most affected in AD) and increased white matter
hyperintensities (which signify brain lesions). However, not all asso-
ciations with the e4 genotypes were found to be detrimental. Indeed,
possession of the e4 allele has previously been associated with bene-
fits such as improved fitness during foetal development, infancy and
youth [11], and endows carriers with the ability to thrive when faced
with severe infections, such as has been observed in children with
enteric infections and heavy diarrhoea [12], and adults with high par-
asitic burden [13]. Our study has revealed a number of additional
beneficial effects of the e4 allele. The reduced risk of obesity in e4e4
homozygotes relative to e3e3 is consistent with previous reports that
BMI and other measures of obesity increase across the APOE allelic
spectrum in the direction e4 < e3 < e2 [14,15]. It is conceivable that
the observed e4-associated reduced risk of T2D may be related to the
decrease in obesity risk, since T2D can often be alleviated with weight
loss. It could also be that other mechanisms are at play; for example,
APOE protein within the extracellular matrix of pancreatic islets iso-
lated from rats, directly stimulates expression of important genes for
b-cell function [16], although the impact of different APOE isoforms
on this stimulation in vivo (and in humans) is not yet known. Reduced
risk of gallstone disease may be a consequence of diminished T2D
risk, consistent with a previous study that identified APOE e4, and
lower levels of insulin resistance markers, as being associated with
protection against gallstone disease in a Caucasian (Danish) popula-
tion [17]. Our observation of reduced odds of chronic liver disease
and cirrhosis provides experimental support for the findings of a
recent literature review suggesting the e4 allele has protective effects
in the progression of liver cirrhosis [18]. Although spirometric meas-
ures of lung function provided limited support for the protective
effect we observed between the e4e4 genotype and chronic airway
obstruction (also known as chronic obstructive pulmonary disease,
COPD), our findings add to previous observations of marginally
increased lung function in e4 carriers [19], strengthening the sugges-
tion of an underlying difference in lung physiology.

Levels of plasma biomarkers of cardiovascular health generally
supported the signals observed in the PheWAS, with e4 carriers hav-
ing particularly high levels of LDL, a marker for LDL-cholesterol which
is known to activate pro-inflammatory macrophage responses
involved in the development of atherosclerosis that leads to IHD [20].
In line with previous findings of low plasma CRP levels in e4 carriers
[21], we found that CRP levels decreased with each additional e4
allele. Conversely, we saw marginal increases in CRP for e2 carriers.
The informativeness of CRP as an indicator of cardiovascular risk is
largely based upon the association of increased CRP levels with obe-
sity, and our findings are indeed consistent with this (genotypes with
lower BMI have lower CRP). Further studies are warranted to eluci-
date the mechanisms by which the e4 variant leads to lower plasma
affecting the central nervous system, and degeneration of the nervous system due to
ing severe protein-energy malnutrition, feeding difficulties and mismanagement, and



Fig. 2. APOE genotypes and differences in biomarkers
Graphs are displayed as standardised mean differences in biomarker levels for each APOE genotype with reference to e3e3. The values on the right correspond to absolute mean

difference values (b) and 95% CI. *Note that for white matter hyperintensity (WMH) volume (E), the plotted data were inverse normal transformed to approximate normal distribu-
tion, while the volume values presented to the right are natural values. The panel includes markers related to brain health (A�E), cardiovascular risk (F�M), diabetes (N�O), obesity
(P�R), and lung health (S�U). Population numbers and p-value (linear regression) for each biomarker can be found in table S5 (appendix p 33). APOA: apolipoprotein A. APOB:
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CRP levels and how/whether these relate to e4-associated risks of dis-
eases such as AD and IHD.

As is typically reported, e2e3 and e2e4 were protective for hyper-
cholesterolaemia compared to e3e3 (with lower levels of “bad” cho-
lesterol indicators; total cholesterol, LDL and APOB). e2e3 also had
increased levels of “good” cholesterol indicators (HDL-cholesterol
and APOA) and was associated with reduced risk of IHD, however it
slightly increased (by 6%) the odds of osteoarthrosis; a joint disease
characterised by degeneration of joint cartilage and underlying
bone.

A key advantage of our study was the large sample size, which
enabled investigation of the effects of the e2e2 genotype that repre-
sents only ~0.6% of the population. The homozygous e2e2 genotype
increased the odds for a distinct set of disease outcomes not associ-
ated with other genotypes, suggesting that these conditions stem
from a homozygous loss of APOE function specific to the e2 variant,
such as its inability to bind the LDL receptor [22]. The e2e2 genotype
was associated with more than a two-fold increase in risk for diseases
relating to blockage or rupture of peripheral vasculature. Our findings
are consistent with a 1.5-fold increase in prevalence of peripheral
artery disease that has been reported to associate with the e2e2 geno-
type amongst patients with high risk of cardiovascular disease [23],
and extend this risk to e2e2 carriers in the wider population. While
the low cholesterol and LDL indicators in the e2e2 group can gener-
ally be considered a favourable profile, the e2e2 genotype is known
to be associated with the highest circulating APOE protein levels of
all the genotypes [3,4], and APOE levels positively associate with
coagulation markers [24] which may contribute to blood viscosity.
This genotype also had the highest level of triglycerides; an indepen-
dent risk factor for stroke [25]. With regard to the increase in risk of
peptic ulcer associated with the e2e2 genotype, we suspect (due to
increased odds of thromboembolism-related disease in this group)
that this may be a consequence of blood thinning medication leading
to peptic ulcer bleeding and hospitalisation, rather than susceptibility
to infection with the bacteria Helicobacter pylori which underlies
most cases of peptic ulcer, since we found no evidence to suggest
increased susceptibility to bacterial infection in this group. Homozy-
gous e2e2 females had a greater than two-fold increased risk of non-
inflammatory cervical disorders compared to e3e3 females. The phe-
code encompassed cervical erosion and ectropion, stricture and ste-
nosis, cervical incompetence, and requirement of pregnancy-related
care for cervical abnormalities, suggesting this finding may be related
to risk of recurrent pregnancy loss, that has previously been associ-
ated with the e2 and e4 alleles [26]. The e2e2 genotype was also asso-
ciated with hallux valgus, suggesting the APOE e2 allele may
represent another risk allele for this highly heritable foot disorder
that has been linked to susceptibility loci near genes encoding Axin 2
(AXIN2), Esterase D (ESD) [27], vitamin D receptor (VDR) [28], and
tumour necrosis factor (TNF) [29]. It should be noted that while sig-
nificant associations were found with e2e2, the case numbers for
some outcomes were limited, and further targeted studies with
greater population sizes are warranted.

While utilisation of the white British contingent of the UK Biobank
aims to provide an ethnically homogenous population in order to
increase sensitivity of detection and avoid confounding due to popu-
lation stratification, the corollary is that not all findings from the
study may be applicable to other populations. For example, our study
suggests e4-associated protection against T2D and gallstones, while
meta-analyses of Asian and predominantly Asian populations have
reported the reverse; e4-associated increased risk of T2D [30], and
gallstone disease [31]. Another limitation is that, despite the large
apolipoprotein B. BMI: Body mass index. CRP: C-reactive protein. FEV1: Forced expiratory vo
haemoglobin). HDL: high density lipoprotein. LDL: low density lipoprotein. Lp(A): lipo
hyperintensity.
population size, we may have been underpowered for disease out-
comes with low case numbers, especially if the true effect sizes for
APOE-disease associations are relatively small (although clinical sig-
nificance of such small effects may be questionable). Another limita-
tion is that no selection by severity has been done and not all cases
can be captured in this analysis. It is also important to bear in mind
that the majority of phenotypes that comprise the phenome are
derived from hospital records, and are recorded for a patient only if
the outcome has been noted during a hospital visit. This method
could potentially lead to some degree of differential reporting of out-
comes across APOE genotypes. Although it is reassuring that APOE
genotypes are not associated with overall hospitalisation in the UK
Biobank (data not shown), reporting bias may still occur for some
conditions; in particular secondary diagnoses, which are reported
only if the person is hospitalised for other primary reasons. For exam-
ple, hypercholesterolemia, which is relatively common in the general
population, is more likely to be recorded for hospital visits relating to
vascular health, than those unrelated to vascular health. In the com-
parison of ɛ2ɛ2 versus ɛ3ɛ3, hypercholesterolaemia may be more
likely to be reported in the ɛ2ɛ2 group which has increased risk of
peripheral vascular diseases, than in the ɛ3ɛ3 control group. Indeed,
we believe this reporting bias may underlie the lack of association
with hospital-diagnosed hypercholesterolaemia for e2e2, which
conflicted with our analyses of cholesterol biomarkers (recorded at
baseline), and previous studies by others, that have shown low cho-
lesterol levels in this genotype group compared to e3e3 [4]. Finally,
while previous knowledge of APOE function and clinical significance
aids in the interpretation of the PheWAS analyses, we cannot rule out
the possibility that linked polymorphisms unrelated to APOE function
may contribute to the clinical associations observed, such that SNPs
used to define the APOE alleles are in partial linkage disequilibrium
with other causative/functional polymorphisms. That said, we did
not observe any significant APOE associations with our negative con-
trol. Further functional studies are warranted to validate the associa-
tions detected in this study.

In conclusion, while the e4 allele is generally thought of unfavour-
ably, particularly for being the greatest genetic risk factor for late-
onset AD, our current findings suggest the e4 allele is protective
against several metabolic and respiratory conditions in Caucasians.
The e2 allele, on the other hand, is typically considered beneficial,
especially in individuals possessing only a single e2 allele. Yet, homo-
zygosity was found to be associated with increased risk of peripheral
vascular disorders and other undesirable disease outcomes such as
cervical disorders that could reduce the chance of successful preg-
nancy in e2e2 females, and may contribute to the low prevalence of
the e2 variant in the population despite the apparent general health
linked to e2 heterozygosity. The adverse effects associated with e2
homozygosity also suggest that attempts to therapeutically mimic
the beneficial effects of e2 to counter e4-associated diseases should
be approached with caution.
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