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Abstract.
Background: DNA methylation variation has been implicated in memory, cognitive performance, and dementia. Plasma
apolipoprotein-A1 (ApoA1) levels may act as a biomarker of age-associated cognitive performance and decline.
Objectives: To estimate the heritability of plasma ApoA1 protein levels; to examine DNA methylation variation within the
APOA1 gene; and to investigate whether APOA1 methylation is associated with plasma ApoA1 levels and episodic memory
performance.
Method: Heritability of ApoA1 protein levels in Older Australian Twins Study (OATS) was assessed using structural equation
modelling. APOA1 methylation levels were assayed in two cohorts of cognitively normal older individuals. The methylation
status of 12 CpGs in 24 twin pairs from OATS was assayed using the Illumina 450K methylation array. Candidate CpGs were
assayed in 454 individuals from Sydney Memory and Ageing Study (Sydney MAS) using pyrosequencing. Regression analyses
assessed associations between APOA1 methylation levels, ApoA1 plasma levels, and memory performance.
Results: No significant heritability was observed for ApoA1 protein levels. APOA1 candidate-gene analyses revealed CpG
sites associated with memory performance in the twin study (p < 0.050). Replication of an association between methylation
of a specific CpG (cg03010018) in APOA1 and memory performance was observed in Sydney MAS (� = –0.145, p = 0.010).
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Methylation of this CpG site was also significantly correlated with ApoA1 protein levels (� = 0.161, p = 0.019). However, no
relationship between a composite memory domain score and methylation was observed (p = 0.389).
Conclusion: Findings demonstrated that epigenetic control of APOA1 expression and DNA methylation levels are associated
with episodic memory performance in older adults.
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INTRODUCTION

Aging is associated with increased cognitive decline
[1], which may be an early marker of dementia,
such as Alzheimer’s disease (AD) [2]. Despite animal
studies that have implicated epigenetic mechanisms,
such as DNA methylation, in age-related cognitive
decline [3, 4], only three human studies have examined
leukocyte DNA methylation and cognitive perfor-
mance in healthy adults. Schiepers and colleagues
[5] found no significant association between global
DNA methylation and any of several key domains of
cognitive function in healthy older adults. Another
study reported no significant association between
performance on the Mini-Mental State Examination
(MMSE) and global methylation in older adults [6].
Finally, Yu and colleagues [7] investigated whether or
not DNA methylation is associated with human intel-
ligence, in a Japanese cohort of young monozygotic
twins. One differentially methylated gene was found:
Rho GTPase activating protein 18 (ARHGAP18) gene.
However, the study did not test other important cog-
nitive domains such as memory, and only examined
promoter regions in 59% of CpG islands in the genome.
Moreover, age-related cognitive performance was not
examined.

Apolipoproteins are multi-functional glycoproteins
that bind lipids and are associated with various
functions, especially lipid metabolism [8]. Major pro-
tein classes include apolipoproteins A, B, C, E, H,
and J (clusterin). Evidence from animal and human
studies suggests apolipoproteins are involved in age-
related cognitive performance and decline. The APOE
�4 polymorphism is widely accepted as a genetic
risk factor for age-related cognitive performance and
decline [9]. However, additional apolipoproteins have
recently been implicated in cognitive decline. Song
and colleagues [10] examined the levels of plasma
apolipoproteins A1, A2, B, C3, E, H, and J, and cogni-
tion in a longitudinal community-based cohort with
a mean age of 78 years. Results demonstrated that
multiple apolipoprotein levels predicted cognitive per-
formance and decline. Specifically, low plasma ApoA1
levels were significantly associated with mild cognitive
impairment (MCI) and predicted conversion to Clinical

Dementia Rating scale >0 over a 2 year period [10].
A related study using the proteomics iTRAQ platform
confirm that plasma ApoA1 levels were dysregulated
in amnestic MCI and AD, suggesting a role for ApoA1
in memory aspects of cognition [11]. Consistent with
the role of ApoA1 in AD, Lefterov and colleagues [12]
demonstrated that deletion of mouse APOA1 exacer-
bates memory deficits, and secondly that ApoA1 is
protective against amyloid-� toxicity in brain vascular
smooth muscle cells.

In this study, we utilized the advantages of a
discordant-phenotype monozygotic (MZ) twin study
to examine the relationship between DNA methylation
and memory performance. MZ twin studies repre-
sent a unique resource for epigenetics research and
are considerably more powerful than population-based
singleton studies [13], as the effects of important epige-
netic confounders such as age, sex, early environmental
experiences, and genetic background, are significantly
reduced [14]. Hence, the discordant MZ twin design
is a powerful tool to decipher the role of epigenetics
and/or environment on a particular phenotype such as
memory performance in humans. The current study
is an extension of work conducted by Song and col-
leagues [10] to examine whether DNA methylation of
the APOA1 locus is associated with ApoA1 protein
levels and memory performance in older adults. Here
we examined whether ApoA1 protein levels are her-
itable in the Older Australian Twins Study (OATS).
We then examined whether differentially methylated
regions in the APOA1 gene were associated with mem-
ory performance using the discordant MZ twin design.
Replication of the APOA1 CpG results was then under-
taken in an independent cohort of cognitively healthy,
community-based older individuals, the Sydney Mem-
ory and Aging Study (Sydney MAS). We also assessed
whether APOA1 DNA methylation variation influ-
enced ApoA1 plasma protein levels.

METHODS AND MATERIALS

Older Australian Twins Study

The OATS is described in detail in a previous pub-
lication [15]. Participants who were aged 65 and over



J. Lazarus et al. / DNA Methylation in APOA1 and Memory Performance 177

were recruited into OATS through the Australian Twin
Registry and a recruitment drive from the three east-
ern states of Australia (Victoria, New South Wales,
Queensland). Phenotypic data including demograph-
ics, medical history, and performance on a battery
of cognitive assessments were collected. Peripheral
blood samples were donated for DNA extraction and
blood biochemistry. DNA was extracted using standard
methods by Genetic Repositories Australia. Written
informed consent was provided by all participants
and ethics approval was given by the relevant ethics
committees (Australian Twin Registry, University of
New South Wales, University of Melbourne, QIMR
Berghofer Medical Research Institute, and the South
Eastern Sydney and Illawarra Area Health Service).
Inclusion criteria included a co-twin who consented
to participate and had completed some education in
English. Exclusion criteria included a current diagnosis
of an acute psychosis or insufficient English to com-
plete the cognitive assessments. Further details of the
study are provided in Sachdev et al. [15].

Sydney memory and ageing study (sydney MAS)

Participants in this study were drawn from the
Sydney MAS, which comprised community-based
participants aged 70–90 years, who were randomly
recruited from the electoral roll in two regions of
Sydney, Australia. Data include results from demo-
graphic information and validated neuropsychological
tests. Peripheral blood samples were collected for DNA
extraction and blood biochemistry analysis. DNA was
extracted using standard methods by Genetic Reposito-
ries Australia. Written informed consent was provided
by all participants and ethics approval was issued by
the relevant ethics committees (University of New
South Wales, South Eastern Sydney and Illawarra Area
Health Service). For further details see Sachdev et al.
[16].

ApoA1 protein levels

Serum ApoA1 protein levels in both cohorts were
measured using an immunoassay method as described
in Song et al. [11]. Current use of lipid-lowering
drugs (hypolipidemic medications) was also deter-
mined via self-report, which included the following
medications: Atorvastatin Calcium, Cholestyramine,
Ezetimibe, Fenofibrate, Fluvastatin Sodium, Gemfi-
brozil, Pravastatin Sodium, Rosuvastatin Calcium, and
Simvastatin.

Heritability of ApoA1 protein levels

Heritability is defined as the ratio of additive genetic
variance to the total phenotypic variance. Twin data
enables us to model the phenotypic covariance between
the twin pairs as a function of additive genetic (A),
shared environmental (C), and unique environmental
(E) components as the MZ and dizygotic (DZ) twins,
respectively, are known to share 100% and 50% of
their genetic material. The three parameters (A, C, and
E) can be estimated using Structural equation models
(SEM), known as the ACE model [17]. For parsi-
mony, models containing the variance components A
and E (AE), C and E (CE), and E are usually com-
pared with the full ACE model. Here heritability for
plasma ApoA1 levels was estimated using 68 MZ and
46 DZ pairs (63 female, 32 male same-sex pairs and 19
opposite sex pairs) from OATS. The package OpenMx
was used to fit the ACE model for heritability using
the covariates age, sex, batch number of assay, and
hypolipidemic medication.

Cognitive measures

Two cognitive measures were examined in this
study, an episodic memory test, Logical Memory Story
A delayed recall (LMDR) [18] and a composite mem-
ory domain measure. The LMDR is routinely used as
a test of episodic memory [19] in both cohorts. A com-
posite memory domain score for Sydney MAS was
calculated from the average of the Z-scores of follow-
ing tests: LMDR, Rey Auditory Verbal Learning Test
(RAVLT) [20] total learning (trials 1–5), RAVLT short-
term delayed recall (trial 6), RAVLT long-term delayed
recall (trial 7), and the Benton Visual Retention Test
(recognition) [21].

Memory-discordant MZ twin pairs

OATS discordant MZ twin pairs (n = 24) for episodic
memory were defined as co-twins whose absolute dif-
ference for the LMDR [18] scores was ≥1 SD. This
test was chosen since: (i) prior evidence suggests that
epigenetics is implicated in memory and learning [22]
and; (ii) this cognitive test showed the highest discor-
dance between twin pairs within our OATS sample.

Determination of APOA1 CpG methylation by
hybridization array

Methylation levels of the 12 APOA1 CpGs were
determined from peripheral blood DNA samples from
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24 pairs of OATS LMDR-discordant twins. Individual
data for each CpG were extracted from whole-genome
data generated by Illumina 450K methylation array
using an established genomics provider. DNA methyla-
tion was estimated as M-values, defined as the log ratio
of the methylated over unmethylated channels [23].

Pyrosequencing

Replication of the results observed for the memory-
discordant MZ twin study was undertaken in Sydney
MAS (n = 454). DNA methylation was assessed by the
CpG site-specific pyrosequencing technique. Primers
were designed to encompass the identified CpG sites
using the PyroMark® Assay Design Software 2.0
(QIAGEN, Hilden, Germany). The primers designed
for PCR amplification and pyrosequencing, includ-
ing forward (F), reverse (R), and sequencing (SEQ)
primers are shown in Supplementary Table 1. MAS
DNA samples were bisulphite-converted in prepa-
ration for pyrosequencing using the Epitect® 96
Bisulphite Kit (QIAGEN). Target genomic regions
of bisulphite-treated DNA were amplified using spe-
cific primers. Touchdown Polymerase Chain Reaction
(T-PCR) was used to amplify the regions of interest
using the PyroMark® PCR Kit (QIAGEN) in accor-
dance with the manufacturer’s protocol. Agarose gel
electrophoresis confirmed the expected size of the
amplified PCR product.

Pyrosequencing of the PCR products was then per-
formed using the appropriate sequencing primers to
estimate DNA methylation variation of the target
CpG sites. Pyrosequencing was carried out using the
QIAGEN PyroMark® Q24 Pyrosequencing System
following the manufacturer’s protocol using 5 �l of
PCR product. Accuracy and reliability of the pyrose-
quencing technique was confirmed by intra-assay
triplicate experiments using eight control DNA sam-
ples run on a single plate.

Statistical analyses

The analysis of candidate APOA1 CpG sites avail-
able on the 450K array chip in the memory-discordant
twins was conducted in R using the minfi and limma
packages. Analyses were undertaken to assess the
relationships between methylation (M-values) of the
APOA1 CpG sites and memory performance using a
paired analysis in the limma [24]. All other analyses
were undertaken using IBM® SPSS® Statistics Version
21. Correlation, and its (two-tailed) significance, was
assessed using Pearson’s correlation coefficient. Mul-

tivariate linear regression analyses were undertaken in
Sydney MAS to assess the relationships between DNA
methylation levels and (i) ApoA1 protein levels and (ii)
memory test performance. Potential confounders were
age, sex, years of education, non-English speaking
background (NESB) status, hypolipidemic medica-
tion, and plate to plate variability (batch effects).
ApoA1 plasma levels were significantly correlated
with sex, with higher levels observed for females than
males. Batch effects were evident for APOA1 methy-
lation. Age, sex, years of education, and NESB status
were correlated with LMDR and memory domain
scores. Hypolipodemic medication was only corre-
lated with sex. Therefore, the final covariates used
in multiple regression models were those which were
significantly correlated with either the dependent or
predictor variables, as well as the a priori covariates
of age and sex. For all statistical analyses, significance
was defined as p ≤ 0.05.

RESULTS

Heritability of plasma ApoA1 levels

Descriptive statistics of the OATS sample (n = 136
MZ and n = 92 DZ twins) are shown in Table 1.
Heritability analysis for plasma ApoA1 levels shows
environmental influence on this trait is higher com-
pared to the additive genetic and shared environmental
influences. Comparison of the likelihoods of the full
ACE model versus the reduced models AE (p = 1.000),
CE (p = 0.720), and E (p = 0.840) shows that the model
with the unique environmental component adequately
explains the trait variability. Considering the model
parsimony based on the maximum p-value, the heri-
tability estimate under the AE model is found to be 0.07
(95% CI is 0–0.295). The covariates, sex (p = 0.030)
and batch (p < 0.001), were found to be significant and
all other covariates were not (p = 0.600–0.950).

Identification of candidate APOA1 CpGs using
memory-discordant MZ twin pairs

Twenty-four MZ pairs discordant for episodic
memory performance (Mean LMDR score = 11.02,
SD = 5.32, range = 1–23), aged 65–79 years
(Mean = 68.48, SD = 3.45) and comprising 18 male
and 30 females, were examined in these analyses.
Of the 12 APOA1 associated probes (Illumina 450K
manifest), methylation levels of two APOA1 CpG
sites were significantly correlated with LMDR scores
(cg03010018 (hg19, chr11:116,708,300) located in the
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Table 1
Demographic data for OATS and Sydney MAS cohorts

OATS MAS

Monozygotic Dizygotic

N 136 92 454
Male n (%) 58 (42.6) 25 (27.2) 226 (50%)
Age, 70.95 ± 5.67 69.83 ± 4.50 78.34 ± 4.65
Mean ± SD (range) (65–88) (65–81) (70–90)
Years of education, 10.77 ± 2.83 10.73 ± 3.02 11.86 ± 3.61
Mean ± SD (range) (6–19) (5–20) (4–24)
Non-English-speaking 0 0 15%
background, n (%)
APOA1-[CpG1] methylation %, N/Ab N/Ab 78.08 ± 8.36
Mean ± SD (range) (59–100)
ApoA1 plasma levels (�g/mL), Mean ± SD 2857.07 ± 2466.59 2414.44 ± 1683.95 2745.23 ± 1173.58
LMDR scores, 9.63 ± 3.89 9.90 ± 3.73 9.43 ± 3.98
Mean ± SD (range) (1–21) (1–16) (0–20)
Memory Domain scorea, N/A N/A –0.51 ± 1.18
Mean ± SD (range) (–4.12–2.43)
Currently taking hypolipidemic medication 52 (44.4) 26 (30.2) 245 (54.1%)

N/A, not applicable; az-score; bvalues were omitted as data from Illumina chip were not directly comparable with
pyrosequencing analysis.

5’UTR (log fold change M value = –0.135; p = 0.012;
cg20200605 (hg19, chr11:116,706,865) located in
the gene body, log fold change M value = 0.157;
p = 0.013). Pair-wise comparisons of the M values
of the 12 CpGs in the 48 individuals revealed that
the CpGs were not independent but multiple CpGs
displayed significant correlation in their methyla-
tion levels (Pearson correlation coefficient r > |0.3|;
p < 0.050) as shown in Supplementary Table 2. Of
note, two CpGs that were significantly associated
with LMDR (cg03010018 and cg20200605) had
correlated methylation values (r = –0.41; p = 0.005).
The relationships between ApoA1 protein levels and
the other two parameters, APOA1 methylation (linear
regression coefficient = +161.558; p > 0.050), and
LMDR score (linear regression coefficient = –5.271
e-04; p > 0.050), were not significant. However,
care should be taken in the interpretation of the
results, as protein data was not available for 27%
(13/48) of the OATS discovery cohort. The two CpG
sites (cg03010018 and cg20200605) were selected
for replication in the Sydney MAS cohort using
pyrosequencing.

Examination of APOA1 methylation levels by
pyrosequencing in Sydney MAS cohort

After optimization of both PCR and pyrosequenc-
ing reactions by systematic variations in buffer and
annealing conditions, only one CpG site (cg03010018)
was suitable for further investigation as the second site
(cgcg20200605) failed quality control. The average

intra-assay coefficient of variation for pyrosequencing
of this APOA1 CpG site was 2.85%, indicating high
reliability and reproducibility of the pyrosequencing.
The observed mean APOA1 methylation value for the
entire sample was 78.08% (SD = 8.36) ranging from
59–100%. Descriptive statistics for the Sydney MAS
sample with methylation data are presented in Table 1.

Using multiple linear regression, a significant
association between APOA1-methylation and ApoA1
protein levels was observed (� = 0.157 p = 0.022;
covariates age, sex, and batch effects; Fig. 1a).
APOA1 methylation was also a significant predic-
tor of LMDR scores, with an inverse relationship
observed (� = –0.132, p = 0.019; covariates age, sex,
years of education, batch effects, and NESB status;
Fig. 1b). In contrast, no significant relationship was
observed between methylation and memory domain
scores when analyses were adjusted for the same
covariates (� = 0.010, p = 0.855; Fig. 1c).

Of interest, there was no significant relationship
between ApoA1 plasma protein levels and: i) LMDR
test scores (� = 0.009, p = 0.864); or ii) memory
domain scores (� = –0.062, p = 0.231) after adjusting
for age, sex, years of education, and NESB status.

DISCUSSION

In this study, the role APOA1 methylation plays
in age-related memory performance was investigated
in older adults. Using a discordant MZ twin design,
in a candidate gene analysis, we identified two puta-
tive CpG sites which were differentially methylated
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Fig. 1. Scatter plots illustrating relationships (Pearson corre-
lation coefficient (r) and corresponding p value) between (a)
plasma Apo-A1 protein levels and APOA1 DNA methylation
(r = 0.101, p = 0.073); (b) Logical Memory Delayed Recall test
scores and APOA1 DNA methylation (r = 0.111, p = 0.019); (c)
Memory Domain scores and APOA1 DNA methylation (r = –0.018,
p = 0.705).

and associated with memory performance. One of
these CpG sites was pyrosequenced successfully in an
independent sample of older adults and the association
with memory performance replicated. Interestingly,
plasma ApoA1 levels did not appear to be herita-
ble in our cohort of older adults, suggesting factors
such as epigenetic variation rather than genetic poly-
morphisms play a major role in determining ApoA1
levels. Consistent with this finding, differential DNA
methylation of the APOA1 CpG site was significantly
associated with ApoA1 protein levels in our study. Epi-
genetic mechanisms within other lipoprotein genes,
such as the Phospholipid transfer protein gene, have
also been demonstrated to contribute independently to
plasma lipid levels [25]. Finally, epigenetic mecha-
nisms that are sensitive to environmental influences
and age, may explain the wide variation in estimates
of heritability of ApoA1 and other lipoproteins [26].

The identified APOA1-CpG site is located in the 5’
untranslated region of the gene and hence is transcribed
into mRNA but not translated. This site may poten-
tially affect gene expression and consequently, protein
levels. Our results are consistent with this premise
suggesting differential methylation may play a role
in influencing gene expression. However, contrary to
expectations, a positive correlation was observed with
higher levels of methylation linked to increased ApoA1
levels. A possible explanation is that DNA methyla-
tion at this particular CpG site may be involved in
the “switching-on” of the target gene, resulting in
increased gene expression and synthesis of the encoded
protein. Support for this phenomenon can be found in
recent literature [27] that suggests both positive and
negative correlations can be observed between DNA
methylation and gene expression in CpG sites located
near the transcription site and in the gene body [27].
The exact mechanisms for this process are yet to be
understood and warrant further investigation. A limi-
tation was that we examined the relationship between
APOA1 methylation and ApoA1 protein levels, and
not APOA1 transcript levels. Post-translational mod-
ifications [28] may alter the protein independently of
transcript levels and obscure the relationship between
APOA1 methylation and gene expression.

A significant inverse association between DNA
methylation of APOA1-CpG and episodic memory
(LMDR performance) was observed in two indepen-
dent cohorts of older adults. However, there was no
significant relationship between a composite mem-
ory domain measure, comprising scores from multiple
memory tests, and APOA1-CpG DNA methylation.
Since the memory domain measure included additional
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tests of memory performance, such as visual and short-
term memory tests, the finding in this study and the
preliminary data from OATS may only be relevant to
verbal delayed recall as represented by the LMDR.

The direction of our results is to some extent incon-
sistent with earlier results from Song et al. [11] that
found lower plasma ApoA1 protein levels were asso-
ciated with MCI and predicted cognitive decline. We
found that poorer episodic memory was associated
with increased DNA methylation and hence higher
levels of ApoA1 protein although ApoA1 protein lev-
els were not significantly associated with this specific
memory performance test. In spite of this observation,
recent research demonstrated ApoA1 protein levels are
associated with MCI and increased risk of cognitive
decline over 2 years [11]. A possible explanation for
this unexpected finding is that memory performance
may not only be associated with solely with APOA1-
CpG methylation, but the consequences of variation in
DNA methylation patterns of multiple loci. Another
possibility is that key regulators of global methyla-
tion levels, such as the DNA methyltransferases, may
be involved. Dysregulation of DNMT3A expression
has previously been associated with neurodegenera-
tive diseases such as frontotemporal dementias [29].
Moreover, using mice models, Oliveira and colleagues
[22] demonstrated that DNA-methyltransferase 3a2
(DNMT3a2), an important regulator of DNA methy-
lation patterns in the genome, is associated with
age-related cognitive decline. By increasing expres-
sion of DNMT3a2 the authors were able to restore
cognitive performance in aged mice, suggesting an
association between DNA methylation patterns and
age-related cognitive performance in mice.

Limitations of the current study include the use of
leukocyte-derived DNA for examining memory per-
formance, a brain-related phenotype. However, there
are obvious difficulties in sampling brain tissue from
living volunteers and there is some evidence suggest-
ing blood DNA samples may be utilized as a proxy for
other tissues [30]. From the current study it is not pos-
sible to ascertain whether DNA methylation changes
to the APOA1 gene are causally related to memory
performance, or whether it is an epiphenomenon.

Although we have shown that APOA1 DNA methy-
lation is associated with age-related verbal episodic
memory performance, the mechanism driving this
relationship remains unclear. Future studies should
examine longitudinal DNA methylation changes and
whether or not these changes are linked to decline
in age-related memory performance. Ultimately, the
identification of epigenetic marks that may predis-

pose individuals to age-related cognitive decline and
dementia may distinguish at risk individuals and
facilitate preventative and treatment interventions in
the future.
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