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Abstract

Introduction: The mechanism behind the strong association between the ɛ2/ɛ3/ɛ4
apolipoprotein E gene (APOE) polymorphism and Alzheimer’s disease is not well-

characterized. Because low plasma levels of apoE associate with risk of dementia,

genetic variants altering apoE levels in general may also associate with dementia.

Methods: The APOE gene was sequenced in 10,369 individuals, and nine amino acid–

changing variants with frequencies ≥2/10,000were further genotyped in 95,228 indi-

viduals. Plasma apoE levels weremeasured directly.

Results: Risk of all dementia and Alzheimer’s disease (AD) increased with decreasing

genetically determined apoE levels (P= 5× 10−4 and P= 1× 10−4 after APOE ɛ2/ɛ3/ɛ4
adjustment). Hazard ratios (95% confidence intervals) for all dementia and AD were

2.76 (1.39 to 5.47) and 4.92 (2.36 to 10.29) for the group with the genetically lowest

apoE versus ɛ33.
Discussion: We found that genetically low apoE levels increase and genetically high

levels decrease risk, beyond ɛ2/ɛ3/ɛ4. This underscores that dementia risk more likely

relates to variants affecting levels of apoE.
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1 BACKGROUND

Dementia is a major cause of disability in later life, with an increas-

ing global prevalence.1-5 Currently no curative and preventive options

are available. Improved understanding of the underlying genetic back-

ground is likely to identify relevant targets for future treatmentoptions

andmore precise risk prediction for targeted preventive interventions.

In genome-wide association studies (GWASs) the apolipoprotein E

(APOE) gene stands out as an impressive signal for risk of Alzheimer’s
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disease (AD),6,7 thereby confirming the identification of the common

APOE ɛ4 allele as an important risk marker first reported by Corder

et al.,8 and since validated in major cohorts around the globe.9,10

ApoE is a central apolipoprotein in both cerebral and peripheral

cholesterol metabolism and is among many functions involved in

brain amyloid metabolism, blood–brain barrier integrity, and trans-

port of various lipid species to neuronal cells, as well as in hepatic

uptake of triglyceride-rich lipoproteins.11-16 Despite the impressive ɛ4
GWAS signal, the exact mechanism behind this observation is not well
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characterized. Of interest, low levels of plasma apoE per se were

recently reported tobeassociatedwith increased riskof dementia,10,17

thus suggesting that APOE variants that affect apoE protein levels in

general also associate with risk of dementia.10,17-19 Because the APOE

ɛ4 allele is both common and has a large risk effect—much higher than

generally observed for commonvariants in commondiseases—the con-

tribution fromother genetic less-frequent variants in theAPOE gene to

risk and their contribution to apoE levels has not been studied at the

population level.

Therefore, we set out to do a systematic resequencing of the APOE

gene with subsequent large-scale genotyping and related these vari-

ants to their specific gene product—plasma levels of apoE—and to

the risk of dementia. All rare variants were analyzed in the context

of the well-known APOE polymorphism, which is a combination of

two genetic variants (ɛ4 rs429358 and ɛ2 rs7412), defining six com-

mon APOE genotypes (ɛ22, ɛ32, ɛ42, ɛ33, ɛ43, and ɛ44), which corre-

spond to the isoform patterns apoE2/2, apoE3/2, apoE4/2 or 3/4+2,

apoE3/3, apoE4/3, and apoE4/4. For this purpose, we used two large

general population cohorts, the Copenhagen City Heart Study (CCHS)

and theCopenhagenGeneral Population Study (CGPS), and performed

population-based resequencing in 10,369 individuals from the CCHS

and further genotyped nine variantswith a frequency of≥2 per 10,000

in 95,228 individuals from the CGPS.

2 METHODS

Studies were approved by institutional review boards and Danish eth-

ical committees, and were conducted according to the Declaration of

Helsinki, with written informed consent from participants. All partici-

pants were white and of Danish descent. There was no overlap of indi-

viduals between studies.

2.1 Participants

We included individuals from two similar studies of the Danish general

population: The CCHS and the CGPS. Individuals were selected ran-

domly from the national DanishCivil Registration System to reflect the

adult population aged 20 through 100+ years. These studies combined

included a total of 105,597 of whom 3444 developed dementia during

the follow-up period.

2.1.1 The Copenhagen City Heart Study

This prospective study of the Danish general population was initiated

in 1976 to 1978 with follow-up examinations in 1981 to 1983, 1991

to 1994, and 2001 to 2003.10,20,21 Data collection included a question-

naire, a physical examination, and blood sampling for biochemical and

DNA analyses. We included 10,369 individuals from whom blood was

obtained for biochemical and DNA analyses at the 1991 to 1994 or

2001 to 2003 examinations; among these, 1093 developed dementia

during follow-up.

RESEARCH INCONTEXT

1. Systematic review: We searched PubMed with the

term “APOE” or “apolipoprotein E” plus “dementia”,

“Alzheimer”, “sequencing”, “rare”, or “variation”. We also

searched the reference lists of these articles.

2. Interpretation: Structural changes in apoE beyond the

common apolipoprotein E gene (APOE) ε2/ε3/ε4 poly-

morphism contribute to risk of dementia, where geneti-

cally low apoE levels increase and genetically high apoE

decrease risk. Consequently, APOE-associated dementia

risk is not a property solely related to the strong ε4 allele,
but more likely relates to variants affecting levels of apoE

in general.

3. Future directions: The study underscores apoE as an

important target for future therapeutic strategies.Genet-

ically determined low apoE levels, as seen for ɛ4 and ɛ4-
like variants, may reflect increased binding to heparan

sulfate proteoglycans (HSPGs), which is necessary for

development of tau pathology. Hence, inhibitors of HSPG

bindingmay be a future path for targeted therapies in the

3% high-risk ɛ44 group in the general population.

2.1.2 The Copenhagen General Population Study

This prospective study of the Danish general population was initiated

in 2003, with the first enrollment period from 2003 to 2015, and with

follow-up examinations ongoing.10,20,21 Participants were recruited

and examined as in the CCHS. We included 95,228 individuals; among

these, 2351 developed dementia during follow-up.

2.2 Endpoints

Information on diagnoses was collected from the national Danish

Patient Registry, with data on all patient contacts from all clinical

hospital departments in Denmark since 1977, and from the national

Danish Causes of Death Registry, with data on causes of all deaths

in Denmark, as reported by hospitals and general practitioners since

1977. Alzheimer’s disease was World Health Organization Interna-

tional Classification of Diseases (ICD) 8th Revision and 10th Revi-

sion ICD8 290.10 and ICD10 F00 and G30. All dementia included

Alzheimer’s disease, vascular dementia (ICD10 F01) and unspecified

dementia (ICD8 290.18 and ICD10 F03). For Cox regression models

for APOE variants and genetic scores, follow-up began at birth or start

of the registries (January 1, 1977), whichever came last. Follow-up

ended at occurrence of event, death, emigration, or on April 10, 2018

(last update of the registries), whichever came first. Median follow-up

from start of the registries was 40 years (range 0 to 41 years) for all
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Genotyping of 95,228 individuals in the Copenhagen General Population Study

Population-based resequencing of 10,369 individuals in the Copenhagen City Heart Study

APOE ε2/ε3/ε4 polymorphism

F IGURE 1 Population-based resequencing of the translated region of the apolipoprotein E gene (APOE) in the Copenhagen City Heart Study
followed by genotyping in the Copenhagen General Population Study. Gene screening and genotyping are described in theMethods Section. The
dark gray regions indicate the translated regions of the APOE gene. Of the 27 rare variants found by resequencing, nine amino acid–changing
variants with frequencies≥2/10,000 are indicated in green. Amino acid–changing variants with frequencies<2/10,000 are indicated in black, and
synonymous variants are indicated in light gray. In addition, the APOE ε2/ε3/ε4 polymorphism is indicated in purple. ApoE consists of two domains
connected by a “hinge region” and forms a tetrameric α-helical bundle, and in the presence of lipids, the bundle “opens” to expose the hydrophobic
cores, making the protein available to interact with lipids.28,42 The amino-terminal domain (amino acids≈19 to 209) contains the receptor binding
functions (amino acids≈148 to 168). This is preceded by a posttranslationally removed 18-residue signal peptide (amino acids 1 to 18).45 The
carboxyl-terminal domain (amino acids≈243 to 317) contains the lipid-binding functions. APOE, apolipoprotein E gene; NA, rs number not
available

dementia,with no individuals lost to follow-updue to the completeness

of the Danish nationwide registries.

2.3 Gene screening and genotyping

We screened the translated region of APOE by using five poly-

merase chain reaction (PCR) fragments covering exons 2, 3, and 4 and

exon-intron boundaries (APOE consensus sequence NC_000019.10)

(Figure 1). Mutation screening was performed by adding a fluorescent

dye (LC Green, Idaho Technology Inc, Salt Lake City, Utah) to the mix-

ture before amplification by PCR which allows for end-point melting

(Lightscanner with Lightscanner Instrument & Analysis Software, ver-

sion 2.0.0.1331, Idaho Technology Inc, Salt Lake City, Utah).22,23 If two

repeated Lightscanner melting analyses indicated variation, the ini-

tial PCR was followed by cycle sequencing with a dideoxy-termination
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reaction24 (Sanger sequencing) and further analysis by automated cap-

illary electrophoresis (ABI 3730 DNA Analyzer), and finally verified

by K.L.R. (Seqscape version 2.5.0, Applied Biosystems). Identified vari-

ants were confirmed by a second round of Sanger sequencing. An

ABI PRISM 7900HT Sequence Detection System (Applied Biosystems

Inc., Foster City, California, USA) and TaqMan-based assays were used

to genotype for p.Cys130Arg (rs429358, legacy name Cys112Arg,

c.388T>C) defining the ε4 allele and p.Arg176Cys (rs7412, legacy

name Arg158Cys, c.526C>T) defining the ε2 allele. Nine amino acid–

changing rare variants with frequency ≥2/10,000 (allele frequency

≥0.01%) were further genotyped in the CGPS, using either PCR-

based KASP assays (LGC, Teddington, UK) (p.Thr11Ser, p.Ala23Val,

p.Glu31Lys, p.Leu46Pro) or ABI PRISM 7900HT Sequence Detec-

tion System (Applied Biosystems Inc., Foster City, California, USA)

and TaqMan-based assays (p.Glu114Lys, p. Gly145Asp, p.Arg154Cys,

p.Val254Glu, p.Arg269Gly). A substantial fractionofheterozygote calls

and all homozygote calls for rare variants were validated by Sanger

sequencing. Genotypes for three APOE promoter variants (rs449647,

rs769446, and rs405509) in 74,940 individuals were determined as

described previously.18,19

2.4 Biochemical analyses and other covariates

Direct measurement of plasma apoE has previously been

described.10,18,25 Biochemical analyses are described in the Appendix;

other covariates are described in the legend to Table S1.

2.5 Statistical analysis

We used Stata/S.E. version 13.1 (Stata Corp., College Station, Texas,

USA). P-values <.0001 are given as powers of 10. Kruskal–Wallis

equality-of-populations rank test and the Pearson χ2 test or Fisher

exact testwereused in comparisonsof continuous and categorical vari-

ables, respectively. Z test evaluated plasma apoE levels for individu-

als with a rare variant versus individuals without this rare variant: The

two-sided P-value was derived from the z-value, which was calculated

as z = (mean1 − mean2)/(√(standard error of the mean1
2
− standard

error of themean 2
2).Missing data (<0.4%)were imputed fromage and

sex in each population separately, usingmultinomial logistic regression

for categorical variables and linear regression for continuous variables;

however, if only individuals with complete data were included, results

were like those reported.No genotypes, endpoints, or plasma apoE lev-

els were imputed.

The apoE-weighted allele score was calculated for each participant

using a weighted sum of apoE-changing variants. The weights corre-

spond to the sum of β-coefficients for the 11 apoE-changing variants

for each individual obtained from a linear regression for plasma levels

of apoE measured directly in 103,898 individuals in CCHS and CGPS,

accounting for the effect of the nine rare variants, APOE ε2/ε3/ε4, sex,
age, and cohort (Table 1). By doing so, we ensured that the contribu-

tion from both the common APOE ɛ2/ɛ3/ε4 polymorphism as well as

the nine rare variants were captured. Subsequently, we categorized

the weighted allele score into five reasonably sized groups (given the

large groups of “clean” ε33 (55%), ε32 (12%), and ε43 (25%) without

rare variation) with a “clean” ɛ33 group as the reference group display-
ing intermediate levels of genetically determined apoE and being the

most prevalent group of individuals in most populations.15 The “clean”

ɛ33 group consisted of individuals who were wild-type for the com-

mon ε2/ε3/ε4 polymorphism and with no additional genetic variants

in the coding part of APOE, thereby expressing only the apoE3 iso-

form. The five groups were named “very high,” “high,” ɛ33, “low,” and
“very low” weighted allele score group. To illustrate the rare variants

in the ε2/ε3/ε4 context we also divided the weighted allele score into

13 groups according to ε2/ε3/ε4 status with andwithout rare variation.
Finally, as a sensitivity analysis an unweighted allele score was created

bydividing individuals into 12 groups: the “clean” ε22, ε32, ε42, ε33, ε43,
and ε44 genotypes, as well as the same genotypes with additional rare

variation (ε22+, ε32+, ε42+, ε33+, ε43+, and ε44+).
To test whether rare APOE variants were associated with increased

risk of dementia, we used Cox regression models adjusted for

known biologically relevant risk factors and markers of lifestyle: age

(time scale), sex, body mass index, smoking, hypertension, diabetes,

lipid-lowering therapy, alcohol consumption, physical inactivity, post-

menopausal status, hormonal replacement therapy, and education, and

further APOE ε2/ε3/ε4 genotype. For Cox regression models, propor-

tionality of hazards over timewas assessed by plotting -ln(-ln[survival])

versus ln(analysis time). There was no suspicion of nonproportionality.

Interaction between apoE-weighted allele score in five groups and sex,

and between apoEweighted allele score in five groups and cohortwere

evaluated by the inclusion of two-factor interaction terms in the Cox

regression model, using a likelihood ratio test between models exclud-

ing and including the interaction term.

For the continuous causal, genetic estimates, we used the weighted

genetic score as described above, and further we included the

three common APOE promoter variants (rs449647, rs769446, and

rs405509) in an alternative weighted score suited to serve as a genetic

instrument for plasma apoE levels, as previously applied in Mendelian

randomization studies using instrumental variable analyses.18,19 For

comparison with causal, genetic estimates on risk of dementia, we also

studied plasma apoE on a continuous scale. These observational and

causal, genetic estimates were illustrated both using restricted cubic

splines and per 1mg/dL lower plasma apoE.

3 RESULTS

Twenty-seven rare APOE variants were identified by resequencing

APOE in the CCHS, and consequently nine amino acid–changing rare

variants with frequencies ≥2/10,000 were further genotyped in

the CGPS (Figure 1). Characteristics of study participants are given in

Tables S1, S2, and S3. Forty-five percent of participantswere≥60 years

of age at study entry corresponding to 44% of the person-years in the

genetic analyses for all dementia. The three promoter variants and the

ɛ2/ɛ3/ɛ4 polymorphism are associated with expression quantitative
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trait loci (eQTLs) of APOE or nearby genes in linkage disequilibrium

with APOE, whereas the rs769452 (Leu46Pro) is not associated with

any eQTLs (Table S4). Pairwise linkage disequilibria of APOE variants

are given in Table S5. ApoE-weighted allele score in five groups and sex

or cohort did not interact in predicting risk of all dementia and AD (all

P-values ≥ .10). Consequently, all further analyses were performed for

sex and cohorts combined.

3.1 Individual rare APOE variants and plasma
levels of apoE

Cohort-specific age- and sex-adjusted percentiles of plasma apoE

for nine rare variants are given in Figure S1. Plasma apoE levels

were increased for Gly145Asp and Arg154Cys (P ≤ 8 × 10−9); were

decreased for Ala23Val, Leu46Pro, Glu114Lys, and Arg269Gly (P ≤ 4

× 10−5); andwere unaltered from the populationmedian for Thr11Ser,

Glu31Lys, and Val254Glu (P ≥ .35) (Figure S1). Allele frequencies

for the nine rare variants ranged from 0.01% to 0.36%. All nine

variants were included in the weighted and in the unweighted allele

scores.

3.2 Individual rare APOE variants and risk of
dementia

Multifactorially adjusted Cox regression models evaluated risk of all

dementia and AD for individuals with each of the rare APOE vari-

ants (Figure S2). No events were observed for heterozygote carriers

of Thr11Ser, Gly145Asp, and Arg154Cys, and for homozygote carri-

ers of Leu46Pro. Hazard ratios (HRs) (95% confidence intervals [CIs])

for heterozygotes versus non-carriers for all dementia were 0.87 (0.12

to 6.17) for Ala23Val, 3.34 (0.47 to 23.85) for Glu31Lys, 1.87 (1.39

to 2.51) for Leu46Pro, 2.75 (1.37 to 5.51) for Glu114Lys, 0.30 (0.08

to 1.22) for Val254Glu, and 1.04 (0.34 to 3.23) for Arg269Gly. Corre-

sponding HRs for AD were 1.88 (0.26 to 13.37), 5.79 (0.81 to 41.42),

2.36 (1.66 to 3.34), 3.64 (1.63 to 8.13), 0.57 (0.14 to 2.28), and 1.16

(0.29 to 4.64), respectively. Estimates for Glu31Lys and Glu114Lys

improvedafterAPOE ɛ2/ɛ3/ɛ4adjustment,whereas the significant esti-

mates for Leu46Pro heterozygotes disappeared.

3.3 ApoE-weighted allele score, plasma apoE
level, and risk of dementia

The apoE-weighted allele score was calculated for each individual

(Table 1, panel A) using a weighted sum of apoE-changing variants and

subsequently categorized into five reasonably sized groups (Table 1,

panel B). The weights correspond to the sum of the individual β-
coefficients for the 11 apoE-changing variants for each individual

obtained from a linear regression accounting for the effect of the nine

rare variants, APOE ɛ2/ɛ3/ɛ4, sex, age, and cohort. By doing so, we

ensured that the contribution from both the common APOE ɛ2/ɛ3/ɛ4

polymorphism and the nine rare variants were captured, and at the

same time ensured that linkage disequilibrium between all variants

were accounted for (Table 1).

Risk of all dementia and AD increased with decreasing plasma apoE

level on the continuous scale, observationally and genetically deter-

mined (Figure 2), aswell as for genetically determined plasma apoE lev-

els in five groups (P for trends 9× 10−104 and 6× 10−107 from the very

high to high to ɛ33 to low to very low groups, and 5 × 10−4 and 1 ×

10−4 after APOE ɛ2/ɛ3/ɛ4 adjustment). HRs (95% CIs) for all dementia

and AD were 5.25 (4.61 to 5.98) and 7.54 (6.46 to 8.79) for the very

low weighted allele score group versus ɛ33 (Figure 3). Corresponding

estimates afterAPOE ɛ2/ɛ3/ɛ4 adjustmentwere 2.76 (1.39 to 5.47) and

4.92 (2.36 to 10.29).

3.4 ApoE-weighted allele score arranged
according to APOE ɛ2/ɛ3/ɛ4 genotype and risk of
dementia

For apoE-weighted allele score in 13 groups arranged according to

APOE ε2/ε3/ε4 genotype (ε22, ε32, ε42, ε33, ε43, and ε44 without rare

variation), there was an overall increased risk with decreasing apoE-

weighted allele score groups for both all dementia and AD (Figure 4;

P for trends≤1× 10−100).

HRs for a 1 mg/dL genetic decrease in plasma apoE were 2.18 (1.35

to 3.50) for all dementia and2.66 (1.49 to 4.77) forAD for theweighted

allele score after ε2/ε3/ε4 adjustment (Figure 5). Corresponding HRs

for the weighted allele score in ε33 individuals only were 2.48 (1.44 to

2.25) and 3.63 (1.98 to 6.66), respectively (Figure 5). For comparison,

Figure 5 also illustrates similar risk estimated for plasma apoE obser-

vationally and for genetically determined plasma apoE from APOE

ɛ2/ɛ3/ɛ4 genotype and from APOE promoter variants, respectively.

3.5 Unweighted allele score arranged according
to APOE ɛ2/ɛ3/ɛ4 genotype and risk of dementia

For 12 groups of the clean ε22, ε32, ε42, ε33, ε43, and ε44 genotypes,

as well as the same genotypes with additional rare variation (ε22+,
ε32+, ε42+, ε33+, ε43+, and ε44+) a similar pattern as for theweighted

allele score in 13 groups was observed (Figure S3; P for trends were

≤5× 10−100).

3.6 Sensitivity analyses

Excluding three or six variants in the weighted allele score did not

change estimates substantially (Figures S4 and S5). The three com-

pound heterozygotes (Glu31Lys/Arg269Gly, Leu46Pro/Glu114Lys,

and Leu46Pro/Val254Glu) and the two Leu46Pro homozygotes did

not contribute to estimates with any dementia events, and risk esti-

mates for Glu31Lys, Glu114Lys, and Val254Glu did not change after

exclusion of the three compound heterozygotes (data not shown).
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F IGURE 2 Multifactorially adjusted hazard ratios for all dementia and Alzheimer’s disease according to plasma levels of apolipoprotein E
(apoE) andweighted allele score in individuals in the general population. Solid lines aremultifactorially adjusted hazard ratios, whereas dashed
lines indicate 95% confidence intervals derived from restricted cubic splines with three knots, with the reference defined as themean plasma level
of apoE (4.3mg/dL) or ε33 (weighted allele score= 0). For the observational estimates, follow-up began at study entry and only if plasma apoE
measurements were available. Graphs are truncated at 15mg/dL for plasma levels of apoE and at−1.5 and 3.3 for the weighted allele score due to
statistically unstable estimates outside these values, thus including 103,682 and 105,578 individuals from the Copenhagen City Heart Study and
the Copenhagen General Population Study for these observational and genetic analyses. Cox regressionmodels were adjusted for age (time scale),
sex, bodymass index, smoking, hypertension, diabetes, lipid-lowering therapy, alcohol consumption, physical inactivity, postmenopausal status,
hormonal replacement therapy, and education (left andmiddle columns), and further for APOE ε2/ε3/ε4 genotype (right column). CI, 95%
confidence interval

Estimates for single rare variants and for apoE-weighted allele score

in five groups remained largely unchanged after adjustment for low-

density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL)

cholesterol, and triglycerides (data not shown and Figure S6, respec-

tively) and after stratification by ≥60 years at study entry (Figures S7

and S8).

4 DISCUSSION

The principal findings of this study are that rare amino acid–changing

variants in the APOE gene contribute to a risk of dementia beyond

the strong ɛ2/ɛ3/ɛ4 polymorphism where genetically low apoE levels

increase and genetically high levels decrease risk. A 1 mg/dL decrease

in genetically determined plasma apoE levels increased risk of demen-

tia two- to fourfold. These novel findings underscore the importance

of structurally well-functioning apoE in dementia risk and that risk

increase conferred by the APOE gene is not a property solely related to

the common ε2/ɛ3/ɛ4polymorphism, butmore likely relates to variants

affecting levels of apoE in general.

Mechanistically, our findings can possibly be understood as fol-

lows. First, it is well established that heterozygotes for Arg176Cys

(ε32) are associated with a decreased risk of dementia, likely explained

by higher apoE levels caused by decreased affinity of the apoE2 iso-

form to LDL receptors due to the well-established ligand-defect of

176Cys.15 Of interest, this is highly supported by a novel report on

theAPOEArg154Sermutation (APOE3Christchurch, oldnomenclature

Arg136Ser), where the effect of a dominant presenilin 1 mutation was

neutralized in a woman from a large Columbian kindred with autoso-

mal dominant AD.26 Functional studies have suggested that the ben-

eficial effect is related to decreased affinity for LDL receptor family

members and heparan sulfate proteoglycans (HSPGs). Consequently,

no tau pathology develops because apoE binding may be necessary

for neuronal uptake of extracellular tau.27 Additional support comes

from the present data, where Gly145Asp and Arg154Cys are located

in the receptor binding region (amino acids ≈148 to 168)28 and dis-

play a phenotype similar to the ɛ2-defining Arg176Cys residue with

high apoE levels and seemingly low risk of dementia (no events). Sec-

ond, variation near the ε4-defining residue Cys130Arg results in an ε4-
like increased risk of dementia. Glu114Lys is the rare variant located
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F IGURE 3 Risk of all dementia and Alzheimer’s disease as a function of apolipoprotein E (apoE)-weighted allele score in five groups.
Geometric mean± standard errors of themean are given for plasma apolipoprotein E (left column). Cox regressionmodels were adjusted for age
(time scale), sex, bodymass index, smoking, hypertension, diabetes, lipid-lowering therapy, alcohol consumption, physical inactivity,
postmenopausal status, hormonal replacement therapy, and education (middle column), and further for APOE ε2/ε3/ε4 genotype (right column). ;
CI, 95% confidence interval

closest to Cys130Arg but is not in linkage disequilibrium with ε4. Of

interest, this variant is associated with decreased apoE levels and

increased risk of dementia, similar to ε4. HSPGs are suggested to play

a role in neuronal uptake of tau and in amyloid beta metabolism, and

apoE binding may play an important role here.26,27 It is important to

note that HSPGs binding studies have shown that apoE4 had higher

affinity than apoE3, apoE2 and apoE3 Christchurch,29 and antibod-

ies raised against the receptor-binding region mimicked the protec-

tive effect of apoE2 and apoE3 Christchurch,26 thereby raising hope

for apoE4-targeted therapies and/or possibly therapies modulating

apoE–HSPG interactions.26 Functional studies of rare variation near

the receptor- binding area—near ε4 as well as ε2—would be relevant

to explore this further.

Taken together, and in light of the potential amyloid-neutralizing

effect of an apoE-increasing mutation,26 these ε2-like and ε4-like devi-
ations of the structure of apoE have potential important biologic and

therapeutic implications. Whereas brain apoE plays a major role in

brain amyloid metabolism, in blood-brain barrier integrity, and in sup-

plying cholesterol and phospholipids to neuronal cells,12-14,16,30,31 it

is also well-known that ε4 is associated with an adverse lipid pro-

file and that ε22 carriers have a propensity to develop a reces-

sive form of dysbetalipoproteinemia (formerly known as type III

hyperlipoproteinemia).15,18 Mutations in the LDL receptor–binding

domain, as the APOE Arg154Ser Christchurch, as well as the presently

identified Gly145Asp and Arg154Cys mutations, are also associated

with dysbetalipoproteinemia—a condition that is, however, treatable

with standard lipid medications.32 Therefore, if receptor binding–

inhibiting therapieswill be developed, a natural side effectwill be intro-

ductionof dysbetalipoproteinemia, unless the therapy canbe limited to

the brain.

This is the first time that the full spectrum of genetic variation in

the coding parts of the APOE gene, corresponding effects on the direct

gene product, levels of apoE, and risk of dementia are presented in

a large general population cohort. The current literature is sparse on

this issue and consists mostly of case reports and smaller studies. In

accordance with previous studies, we found Leu46Pro in linkage dis-

equilibrium with ε4, and whereas some studies reported Leu46Pro to

add risk beyond ε433,34 through a destabilized apoE structure,35 oth-

ers found that Leu46Pro did not increase risk of AD beyond ε4.36,37

Our study confirmed the latter. A resequencing study of 376 healthy

individuals ≥85 years of age and 376 controls 41 to 54 years of

age found no excess of rare variants in the 85+ year olds.38 How-

ever, that study was unable to investigate the effects of the identi-

fied rare variants for development of dementia in a large prospec-

tive set-upwith an unselected populationwith long follow-up. Further-

more, two case-studies of patients with frameshift mutations and pre-

mature stop codons in exon 4 did not observe clear neurocognitive

defects, and one case-control study found a higher frequency of a com-

bined Glu262Lys and Glu263Lys variant in patients withmemory com-

plaints (P = .08)39-41: however, these variants were not found in our

population. Val254Glu and Arg269Gly are located in the lipid-binding

carboxyl-terminal domain (amino acids ≈243 to 317).28,42 We did not

find risk associations, although Val254Glu was previously reported to

be protective.36 Whereas APOE ε4 is the main contributor to late-

onset AD, and has provided the clearest and most consistent signal in

GWASs,6,7 the risk of dementia for carriers of rare APOE variants was

also substantial, with effect sizes similar to those for ɛ4 aswell as other
rare variants in dementia risk genes such as TREM2.43

Collectively, the present data suggest that rare functional genetic

variation in APOE, which causes lifelong changes in apoE levels, affects
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F IGURE 4 Risk of all dementia and Alzheimer’s disease as a function of the weighted allele score stratified according to apolipoprotein E gene
(APOE) ε2/ε3/ε4 status. The weighted allele score was divided in 13 groups according to APOE ε2/ε3/ε4 genotype (clean ε22, ε32, ε42, ε33, ε43 and
ε44 genotypes without rare variation). Geometric mean± standard errors of themean are given for plasma apoE (left column). Cox regression
models were adjusted for age (time scale), sex, bodymass index, smoking, hypertension, diabetes, lipid-lowering therapy, alcohol consumption,
physical inactivity, postmenopausal status, hormonal replacement therapy, and education (middle and right column). P for trends were from
3.32-4.47 to 3.30 (ε22) to 1.67-2.82 to 1.65 (ε32) to 1.23-1.34 to 1.20 (ε42) to 0.02-1.10 to 0 (ε33) to−0.41-(−0.13) to−0.45 (ε43) to−0.88-(−0.55)
to−0.89 (ε44) to−1.80-(−1.00). ApoE, apolipoprotein E; CI, 95% confidence interval

risk of dementia, both alone and compiled in weighted allele scores.

This general statement is highly supported by the fact that the asso-

ciation between the weighted allele score groups and risk of demen-

tia becomesmore linear after adjusting for the ɛ2/ɛ3/ɛ4 polymorphism.

Because ɛ4 is a strong risk-increasing allele and ɛ2 is a strong apoE-

increasing allele, the ɛ42 genotype displays a higher risk than ɛ33 but

also higher apoE levels than ɛ33. This results in a less linear trend

for the weighted allele score group before adjustment, because the

“high” weighted allele score group contains the majority of ɛ42 indi-

viduals. However, after adjustment, the weighted allele score groups

reflect that genetically high apoE levels in general are associated with

low risk. These findings are in accordance with our previous work on

common APOE variants, where genetically low plasma apoE level was

associated with increased risk of dementia and dementia-associated

mortality.18,19 Hence,wenow suggest that both rare and commonvari-

ants inAPOE contribute to plasma levels of apoE, likelymimicking brain

apoE levels, and to risk of dementia in the general population.10,19

A major strength of the study is the large prospective general pop-

ulation design with no losses to follow-up: that is, every single individ-

ual could be followed to occurrence of event, end of follow-up, death,

or emigration. In addition, due to the large sample size, we were able

to conduct survival analyses with a meaningful power despite the fact

that allele frequencies for the nine rare variants were ≤0.4%. Finally,

the ability to adjust for and relate estimates for rare variants to the

common APOE ε2/ε3/ε4 genotype is a major advantage. One poten-

tial limitation concerns the validity of the dementia diagnoses; how-

ever, the national Danish Patient Registry includes all hospital visits,

and dementia diagnoses in the Danish registries have high diagnostic
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F IGURE 5 Risk for all dementia and Alzheimer’s disease for a 1mg/dL decrease in plasma apolipoprotein E (apoE) levels. Cox regression
models were adjusted for age (time scale), sex, bodymass index, smoking, hypertension, diabetes, lipid-lowering therapy, alcohol consumption,
physical inactivity, postmenopausal status, hormonal replacement therapy, and education (left column), and further for APOE ε2/ε3/ε4 genotype
(right column). For the observational estimates, follow-up began at study entry and only if plasma apoEmeasurements were available, thus
including 103,744 individuals in these analyses. The first weighted allele score, ε2/ε3/ε4+ rare variants, is the score described in theMethods
section (n= 105,597). For the second score, ε2/ε3/ε4 alone, the score was obtained similarly, but in amodel only including the ε4 and the ε2 alleles,
and not the nine rare variants (n= 105,597). The third score, ε2/ε3/ε4+ promoter variants, was obtained like themain genetic score, but included
weights from ε4, ε2, and three common promoter variants (rs449647, rs769446, and rs405509) (n= 74,940). The estimates for rare variants alone
and for promotor variants alone were for the same genetic scores for ε33 individuals only (n= 58,737 and 41,789). CI, 95% confidence interval

validity19,44; any unregistered events would only lead to decreased

power of estimates and bias results toward the null hypothesis. Sec-

ond, the generalizability of our study results is limitedbecausewe stud-

ied white individuals only, and consequently our results may not nec-

essarily apply to other populations. In the majority of populations, the

ε33 genotype is the most common; however, interestingly allelic fre-

quencies vary indifferentpopulations,15 which could affect the relative

contribution. The impact of the APOE polymorphism is well described,

however, among many ethnicities, so our results are likely to be appli-

cable to most humans. Third, as the present large prospective cohort

study is the only study with measurements of both plasma apoE and

genetic variation, the weights for the 11 apoE-changing variants were

estimated from the data to which they were applied. Therefore, risk of

overfitting is a potential limitation, and as the score is generated in a

very homogeneous sample, it may be less likely to perform as well in

other populations.

In conclusion, by resequencing the APOE gene in 10,369 individu-

als from the general population and genotyping selected variants in

up to 105,597 individuals, we found that structural changes in apoE

beyond ε2/ε3/ε4 contribute to a risk of dementia where genetically low

apoE levels increase and genetically high apoE levels decrease risk.We

suggest, that it is useful to genotype more than just the ε2/ε3/ε4 poly-

morphism, despite its strong impact. Rare genetic variation in APOE

may thus add to explain missing heritability for dementia. These find-

ings underscore the importance of structurally well-functioning apoE

in dementia risk and that this is not a property related solely to the

common ε2/ɛ3/ɛ4 polymorphism, but more likely relates to variants

affecting levels of apoE.
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