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Abstract:

Modifiable lifestyle factors influence the risk of developing many neurological diseases. These factors
have been extensively linked with blood-based genome-wide DNA methylation (DNAm), but it is
unclear if the signatures from blood translate to the target tissue of interest - the brain. To investigate
this, we apply blood-derived epigenetic predictors of four lifestyle traits to genome-wide DNAm from
five post-mortem brain regions and the last blood sample prior to death in 14 individuals in the
Lothian Birth Cohort 1936 (LBC1936). Using these matched samples, we found that correlations
between blood and brain DNAm scores for smoking, high-density lipoprotein cholesterol, alcohol and
body mass index were highly variable across brain regions. Smoking scores in the dorsolateral
prefrontal cortex had the strongest correlations with smoking scores in blood (» = 0.5, n=14, P = 0.07)
and smoking behaviour (» =0.56, n=9, P = 0.12). This was also the brain region which exhibited the
largest correlations for DNAm at site cg05575921 - the single strongest correlate of smoking in blood
- in relation to blood (» =0.61, n=14, P = 0.02) and smoking behaviour (» =-0.65, n=9, P = 0.06). This
suggested a particular vulnerability to smoking-related differential methylation in this region. Our
work contributes to understanding how lifestyle factors affect the brain and suggests that lifestyle-
related DNAm is likely to be both brain region dependent and in many cases poorly proxied for by
blood. Though these pilot data provide a rarely-available opportunity for the comparison of
methylation patterns across multiple brain regions and the blood, due to the limited sample size
available our results must be considered as preliminary and should therefore be used as a basis for

further investigation.
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Abbreviations:

BA17 Brodmann’s area 17; BA46 Brodmann’s area 46; BA24 Brodmann’s area 24; BA35
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dinucleotide; DNAm DNA methylation; HDL High-density lipoprotein; LBC1936 Lothian Birth
Cohort 1936; VRF vascular risk factor
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Introduction

DNA methylation (DNAm) is one route by which modifications to the genome can occur and
typically involves the addition of a methyl group to a cytosine residue on CG dinucleotides (CpGs).!
Lifestyle traits such as smoking, alcohol intake and body mass index (BMI), as well as high-density
lipoprotein (HDL) cholesterol levels are known to associate with differential blood DNAm at CpG
sites across the genome. 28 These lifestyle factors are associated with a range of brain health
outcomes and neurological diseases,’'* in addition to brain morphology differences.!>-'® Whereas the
DNAm differences are likely to be a consequence, as opposed to cause, of lifestyle traits, it is
unknown if these patterns are consistent across the blood and brain. Previous work suggests that blood
is unlikely to reflect brain reliably for all CpGs, but that some sites more closely reflect brain DNAm
than others.!2! Given that the brain is the critical organ of interest for the pathology of neurological
diseases, characterising the signature of DNAm resulting from lifestyle exposures in brain, as well as

the extent to which blood DNAm can proxy for this is therefore paramount.

Blood-based DNAm predictors have been previously shown to explain 60% of the variance in
self-reported smoking patterns and ~12% of the variance in the alcohol, smoking, and BMI when
projected into blood DNAm.??> We therefore hypothesised that differential methylation patterns at the
CpG sites associated with lifestyle traits in these blood predictors would be present across the
corresponding sites in the brain. To test this, we applied the described out-of-sample blood-based
predictors from our previous work?? to a pilot dataset consisting of matched blood and brain samples
in 14 individuals from the Lothian Birth Cohort 1936 (LBC1936). We profiled four traits: HDL, BMI,
alcohol and smoking. The most recent DNAm measure in blood taken prior to death was matched
with genome-wide DNAm from post-mortem brain samples across five regions: Brodmann’s areas
BA35 (hippocampus), BA46 (dorsolateral prefrontal cortex), BA24 (anterior cingulate cortex),
BA20/21 (inferior temporal cortex) and BA17 (primary visual cortex).

We first assessed the correspondence between the scores derived from blood-based lifestyle
predictors between the blood and brain, to characterise how well circulating DNAm measures of
lifestyle traits may translate to the brain. We then compared the associations between the predictor
scores and the corresponding self-reported or clinically assessed data available for each lifestyle trait.
DNAm at a single CpG (cg05575921 in the AHRR gene; the strongest CpG correlate of smoking in
blood which is hypomethylated in response to smoking)®*** was also profiled in each of these
analyses. This site is a key component of the smoking predictor and we hypothesised that the same
hypomethylation observed in blood would also be evident in the brain. The relationship between

blood-based predictor scores and lifestyle traits are presented for 499 individuals in the wider
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LBC1936 group to illustrate how representative the 14 individuals are of a larger reference group. The

brain regions and study design are presented in Fig. 1.

Methods

The Lothian Birth Cohort 1936

The Lothian Birth Cohort 1936 (LBC1936, N=1,091) is a longitudinal study of healthy ageing in
individuals who reside in Scotland.?>?¢ Participants completed a childhood intelligence test at age 11
years in 1947 and were then recruited for this cohort at the mean age of 70 years. They have been
followed up approximately every 3-4 years (currently at the 61" wave), collecting a series of cognitive,
physical, clinical and social data, along with blood donations that have been used for genetic,
epigenetic, and proteomic measurement. Approximately 15% of individuals in the LBC1936 have
consented to post-mortem tissue collection. To date, brain samples from 14 individuals are available

and were therefore selected as the brain bank group (n=14) for the present study.

Participant consent

Written informed consent was obtained from all participants. Ethical permission for the LBC1936 was
obtained from the Multi-Centre for Scotland (MREC/01/0/56), Lothian (LREC/2003/2/29) and
Scotland A (07/MREOQ00/58) Research Ethics Committees. Use of human tissue for post-mortem
studies has been reviewed and approved by the Edinburgh Brain Bank ethics committee and the
ACCORD medical research ethics committee, AMREC (ACCORD is the Academic and Clinical
Central Office for Research and Development, a joint office of the University of Edinburgh and NHS
Lothian, ethical approval number 15-HV-016). Human tissue from the Edinburgh brain bank was used
under the research ethics committee (REC) approval (16/ES/0084. All experimental methods were in

accordance with the Helsinki declaration.

Blood DNAm in the Lothian Birth Cohort 1936

DNA from whole blood at 485,512 CpG sites was assessed using the [llumina Human Methylation
450K array at the Edinburgh Clinical Research Facility. The full details of the processing steps have

been previously described.?’?® Raw intensity data were background-corrected and normalised using
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internal controls. Following background correction, manual inspection permitted removal of low
quality samples presenting issues relating to bisulphite conversion, staining signal, inadequate
hybridisation or nucleotide extension. Quality control analyses were performed to remove probes with
low detection rate <95% at P<0.01. Samples with a low call rate (samples with <450,000 probes
detected at p-values of less than 0.01) were also eliminated. Furthermore, samples were removed if
they had a poor match between genotype and SNP control probes, or incorrect DNA methylation-
predicted sex. There were a total of 450,276 probes which remained. Investigators were blinded to

participant information when assessing DNAm to reduce potential sources of bias.

Blood DNAm was available for up to 4 waves, measured over a 10-year period. The most recent
blood sample prior to death was selected and self-report and clinical information was also taken from
the most recent wave for which it was available. The most recent blood measurement was performed
at wave 3 in seven individuals and wave 4 in the remaining seven, with a mean time between blood
sampling and death of 3.2 years (SD 1.6) in the wave 3 group and 1.6 years (SD 0.94) in the wave 4
group (Supplementary Table 1). In the 14 individuals, the mean age at blood sampling was 77.9 (SD
1.7) and the mean age at death was 80.3 (SD 1.6). The blood DNAm reference group (n=499) was
taken from wave 4 of the LBC1936 and the mean age at sampling was 79.3 years (SD 0.62). Lifestyle
trait information and blood DNAm were recorded in a consistent way across both the brain bank and

reference groups.

Brain DNAm processing in the Lothian Birth Cohort 1936

Brain tissue samples were received from the Edinburgh Brain Bank. Regions of the brain were
dissected after brains were removed and cut coronally into slices, as per previous methodology.?
Samples from regions BA46 (dorsolateral prefrontal cortex), BA17 (primary visual cortex), BA24
(anterior cingulate cortex), BA20-21 (ventral (20) and lateral (21) inferior temporal cortex) and BA35
(hippocampus) were taken from the cortex and snap frozen. A tissue selection of ~25 mg was
processed for DNA extraction, which was done using the DNeasy kit (Qiagen). DNAm was measured
at the Edinburgh Clinical Research Facility using [llumina MethylationEPIC BeadChips. Quality
control steps were then performed: the wateRmelon pfilter() function removed samples in which >1%
of probes had a detection p-value of >0.05, probes with a beadcount of <3 in >5% of samples, and
probes with >1% of samples reaching a detection p-value of >0.05. Additional SNP probes and cross-
hybridising probes on X and Y chromosomes were removed.*® If a discordance between the
methylation-predicted sex and recorded sex was identified samples were also removed. Performance

of 15 normalisation functions was examined, as per Pidsley et al., with danet selected as the top-
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ranking method.3! The normalised data had a total of 69 samples (14 individuals, across 5 regions,
with 1 hippocampal sample unavailable) and 807,163 probes. DNAm beta values were used in all

analyses. Investigators were blinded to participant information when assessing DNAm.

Lifestyle trait information in the Lothian Birth Cohort 1936

Lifestyle trait phenotype measurements were as follows: self-reported smoking status (0=never
smoked, 1=former smoker, 2=current smoker); alcohol consumption in a usual week (converted into
units); BMI (defined as the ratio of weight in kg divided by height in m?) and HDL cholesterol
(measured in mmol/L). Pack years smoked was calculated by multiplying the number of packs of
cigarettes smoked per day by the number of years the individual had smoked for, divided by 20
(cigarettes per pack). If a person reported having never smoked, their pack years was recorded as 0
and this was done for both the reference and brain bank groups. Of the reference group, 37 people had
pack years available, 193 did not have information available and the remaining 269 indicated that they
were never smokers. Five individuals were excluded from the pack years trait in the brain bank group
as they did not have information on the number of packs smoked per day, which is why a smaller
subset were used for analysis of this trait (n=9). One individual in the brain bank group did not have a
starting age for smoking; however, the mean of the group starting age was imputed (16 years old).
Any other unknown trait information from the reference group was not used. Mortality data were
obtained through data linkage to the National Health Service Central Register, provided by the
General Register Office for Scotland (now National Records of Scotland) and were correct as of July

2020.

DNAm signature predictor scores for lifestyle traits

CpG predictor weights for complex traits were generated and validated through a pipeline described
previously.?? Briefly, LASSO penalised regression was used to identify a linear combination of CpG
sites with DNAm levels that were associated with lifestyle traits. The coefficients/weights generated
for the CpG sites were based on whole-blood derived samples from 5,087 individuals (mean age = 49,
SD = 14) in the Generation Scotland cohort.3?3* Though Scotland has an historic and sustained high
prevalence of unhealthy lifestyle behaviours such as smoking and alcohol consumption, with a large
proportion of the current population either overweight or obese,3*3 cohort profiling has found both
the Generation Scotland and Lothian Birth Cohorts to be healthier and of higher socioeconomic status

than the general population.?6-3
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Here, the described CpG weights for each trait (taken from McCartney et al.??> Additional file 1:
Tables S1-3 and Table S6) were applied to DNAm at the same CpG sites in LBC1936 individuals and
summed to generate predictor scores for smoking, HDL, BMI and alcohol for each individual.
Lifestyle trait scores were generated using DNAm in the blood and five brain regions in the brain
bank group (n=14) and the blood DNAm which was available in the reference group (n=499). Blood
and brain DNAm samples were restricted to sites included on the Illumina Human Methylation 450K
array, to ensure comparability across samples. Over 95% of CpG sites in the predictors were available

in both the blood and brain DNAm for each lifestyle trait score.

Statistical analyses

First, Pearson correlations were applied to measure the correspondence between the methylation
predictors in the blood and brain. These correlated the lifestyle predictor scores - generated from the
application of blood-derived CpG predictor weights - between blood and brain, as well as the DNAm
measurements at site cg05575921 between the blood and brain. Second, Pearson correlations were
used to measure the relationships between brain and blood DNAm measures of lifestyle traits and the
respective lifestyle trait information. Units of alcohol consumed weekly, BMI, HDL cholesterol from
blood and both smoking status and pack years smoked were included as traits and correlated with the
DNAm-based lifestyle predictor scores. Smoking information was also correlated with DNAm at site
cg05575921. These lifestyle trait correlations were also performed for the blood-based predictor

scores and cg05575921 measurements in the reference group from wave 4 of the LBC1936.

As a sensitivity analysis, Spearman correlations were conducted for every association tested in the
described Pearson correlations. Inter-region Spearman correlations were also performed for the blood-
derived lifestyle predictor scores applied to brain and for the cg05575921 DNAm measure across the
five regions. Though covariate information was available on the proportion of neurons in the brain,
the brain weight, brain pH and most-mortem interval, power calculations suggested that linear mixed
effects regression analyses in the sample size of 14 individuals were unlikely to be sufficiently
powered to detect significant effects (Supplementary Table 2). For this reason, no further statistical
testing was performed. Correlations were conducted using the Hmisc library (Version 4.4-0).37 Inter-
region correlation heatmaps were produced using the ggcorrplot library (Version 0.1.3)% and
correlation plots were produced using the corrplot library (Version 0.84).3 All analyses were

performed using R (Version 3.6.3).40

Data availability
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LBC1936 data are available on request from the Lothian Birth Cohort Study, University of Edinburgh
(simon.cox@ed.ac.uk). LBC1936 data are not publicly available due to them containing information

that could compromise participant consent and confidentiality.

Code availability

All R code used in this study is available with open access at the following Gitlab repository:

https://gitlab.com/dannigadd/blood-brain-lifestyle-traits. The predictor weights used in our study and

the original code used to generate them (McCartney et al.??) can also be found at this location.

Results

Cohort assessment

Summary information for the 14 individuals from the LBC1936 brain bank subset and the reference
group (up to n=499) is presented in Table 1. The brain bank subset had a higher proportion of males
(64%) than the reference group (50%). Age at death in the brain donor group ranged from 77.6 to 83.0
years and the mean age of the reference group was well matched to this group (77.9 vs 79.3,
respectively). The majority of the 14 individuals within the brain bank subset either had been or were
still smokers (86%) at the time of death, which was a higher proportion than in the reference group
(46%). Most of the 14 individuals (86%) had high HDL cholesterol (> 1 mmol/L), drank alcohol
weekly (92%) and had mean BMI of 25.5 kg/m?. Five of the individuals did not have smoking pack

years data recorded.

Correlation between blood and brain measures

Blood-derived epigenetic predictors for lifestyle traits were applied to the matched blood and brain
DNAm samples in the brain bank group to generate lifestyle trait scores. DNAm at the smoking-
associated CpG site cg05575921 was also considered. The variability across brain regions in the
magnitude of correlations between DNAm predictor scores and DNAm at site cg05575921 are
illustrated in Supplementary Fig. 1. The correlations between both the blood and brain lifestyle
scores and the blood and brain measures of cg05575921 were regionally variable (Fig. 2). The
strongest association between blood and brain DNAm at site cg05575921 was observed for BA46 (r
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https://gitlab.com/dannigadd/blood-brain-lifestyle-traits

=0.61, n=14, P =0.02) followed by BA17 (» =0.39, n=14, P = 0.16). Blood smoking scores were most
highly correlated with the BA46 region scores for smoking ( =0.5, n=14, P = 0.07), with weaker
associations observed for BA24 (r =0.29, n=14, P = 0.31) and BA35 (» =0.36, n=13, P =0.23). BMI
scores were negatively correlated in regions BA46 (» =-0.72, n=14, P = 0.004) and BA35 (» =-0.46,
n=14, P = 0.12), suggesting that methylation patterns related to BMI were divergent across blood and
brain. The HDL scores were moderately-correlated between the blood and region BA20/21 (» =0.55,
n=14, P = 0.04), with weaker correlations observed for regions BA24 (» =0.38, n=14, P = (.18) and
BA35 (r=-0.32, n=13, P =0.29). Blood alcohol scores were most highly correlated with BA24 (r
=0.35, n=14, P =0.22) and with BA46 (» =0.25, n=14, P = 0.38) alcohol scores. A sensitivity analysis
suggested that the strongest correlations were consistent across Pearson and Spearman methods. The

correlation coefficients and p-values are presented for both analyses in Supplementary Table 3.

Correlation of blood and brain measures with lifestyle traits

The lifestyle trait scores generated by applying blood-derived epigenetic predictors to brain and blood
samples and the DNAm measures at site cg05575921 were then correlated with clinical and self-

reported lifestyle phenotypes (Fig. 3).

As expected, in the reference cohort we observed hypomethylation in blood DNAm levels of
cg05575921 associated with pack years smoked (» =-0.31, n=306, P = 4.7x10-®). This trend was
mirrored by the negative association found for blood DNAm at cg05575921 in the brain bank subset
(r=-0.55,n=9, P =0.11). Similar patterns were observed in some but not all brain regions. The
strongest association for cg05575921 in brain with pack years was found for region BA46 (» =-0.65,
n=9, P = 0.06), followed by a weaker correlation in BA35 (» =-0.22, n=8, P = 0.59). BA20/21 had an
opposite trend to that expected in blood (» =0.2, n=9, P = 0.61). Methylation in all other brain regions

showed much weaker associations with the pack years phenotype (|| < 0.1).

Regarding the lifestyle predictor scores, all trait scores in the blood samples from the brain bank
subset were reflective of the wider reference cohort in terms of direction and approximate magnitude
(7] between 0.35 and 0.65), except BMI for which the brain bank group (» =-0.14, n=14, P = 0.68)
was not representative of the reference group ( =0.41, n=498, P < 0.05). As with the results for
cg05575921, BA46 was the region for which smoking scores were most highly correlated with pack
years smoked (» =0.56, n=9, P =0.12). To a lesser extent BA17 (» =0.22, n=9, P = 0.56) and BA35 (r
=0.24, n=8, P = 0.56) smoking scores were also correlated with pack years. HDL brain scores
correlated with HDL trait information strongly in BA17 (» =0.62, n=14, P = 0.02), whereas BA35 (r
=0.21, n=14, P =0.49) had a weaker association and a negative trend was observed for BA46 (r =-0.4,
n=14, P =0.16). Alcohol signatures showed the strongest trends in regions BA17 (» =-0.55, n=14, P =
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0.04) and BA20/21 (r =-0.41, n=14, P = 0.15), in the opposite direction to that found in blood. BMI
signature scores in BA17 were negatively correlated with BMI information (» =-0.3, n=14, P =0.3) in
a trend opposite to the LBC reference group and BA20/21 also had a positive correlation with BMI (»
=0.27, n=14, P = 0.35). The remaining regions did not show any notable correlations with BMI trait
information (]| < 0.1). A sensitivity analysis comparing Pearson and Spearman methods found that,
though there was variability across the methods, the top associations were consistent (Supplementary

Table 4). Correlations between smoking measures and smoking status are also available in this file.

Discussion

Through the application of blood-derived epigenetic predictors of four lifestyle traits to
whole-genome DNA methylation in matched blood and brain samples, we uncover regional
variability in how well blood-derived scores may be able to proxy for brain-based scores. Though our
results highlight disparities between the blood and the brain, we did find evidence to suggest that the
blood-derived predictors of lifestyle traits may translate to specific regions. The dorsolateral
prefrontal cortex (BA46) was identified as a region of interest for the smoking trait and showed
relationships in our analyses using the epigenetic predictor of smoking and the CpG site cg05575921 -
the single strongest known correlate of smoking across the epigenome. We present these preliminary
findings as a contribution to the ongoing, important question of how circulating DNAm measures are

able to reflect methylation in brain tissue.

The pilot dataset used in this study provided a rarely-accessible resource to compare genome-
wide methylation specific to each of the five brain regions against matched blood methylation in the
same individuals. Given that the generation of epigenetic predictors requires large training datasets, it
was not feasible to generate lifestyle predictors derived from brain DNAm in this study, but we
hypothesised that CpG sites from the blood predictors of lifestyle traits would be concordant in their
methylation patterns in the brain. We tested this by applying blood-derived CpG predictor weights to
the matched blood and brain samples. This context is central to the interpretation of our results, which
suggest that lifestyle-related methylation in some brain regions is more highly correlated with blood
than others. The variability we found across brain regions may be due to two possibilities: 1) lifestyle
traits may have a stronger influence on DNAm in the regions which were well-correlated, or 2) poorly
correlated regions may have CpGs influenced by lifestyle traits which are unique to the brain and

therefore not captured through the blood predictors.
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Previous studies have found that many sites in the genome are poorly correlated between the
blood and brain with further variability across brain regions.!*2! The c¢g05575921 site has been shown
to correlate between blood and adipose tissue,*!' suggesting that it may have a discernible trace across
circulating measures and tissues; however, in most brain regions we did not observe strong
correlations at this site both in relation to blood or smoking traits. Generally, there were weak
correlations between the lifestyle predictors across blood and brain samples and in relation to lifestyle
traits for many regions. Though the effects of lifestyle on brain DNAm directly are relatively
unknown, in the LBC1936 sample, the blood-based DNAm predictor for smoking used in the present
study has been shown to associate with brain morphology differences.!'® There is also evidence linking
in utero exposure to smoking and alcohol use disorders to brain DNAm alterations*>*3, Blood lipids
have also been causally associated with DNAm differences in circulating cells,* though it is unknown
whether this is true of lipids and brain DNAm. Taken together, these studies suggest that our findings
may be due to possibility (2), that there could be CpG sites related to lifestyle traits which are unique
to the brain and may not be captured in the present study.

The dorsolateral prefrontal cortex (BA46) smoking predictor score and methylation at site
cg05575921 were well-correlated with both the equivalent measures in blood and smoking trait
information. A previous study found that of four regions, DNAm at cg05575921 in blood was most
highly correlated with cg05575921 in the prefrontal cortex (+=0.28, P=0.02) in matched samples in 74
individuals.?’ Though this correlation is somewhat weaker than that observed in our study, it suggests
that possibility (1) may be correct; there may be a particularly strong influence of smoking on
differential DNAm in regions such as BA46. This possibility is further supported by studies that have
pinpointed the frontal cortex as a region that is particularly vulnerable to the effects of smoking on
brain morphology.!>* One of the discussed studies was able to show that smoking had unique
statistical contributions to brain morphology when modelling against many other vascular risk factors
(VRFs) in a large population (N=9,722)%; these findings indicate that there some brain areas may be
more susceptible to smoking. As VRFs (such as smoking) associate with various adverse outcomes
including cognitive ageing and dementia,*° areas such as BA46 may be more susceptible to ageing
and effects that underpin cognitive function, as they show the strongest VRF-related coupling in blood
and brain. A larger sample with more detailed regional sampling across the brain will be required to

investigate DNAm differences in relation to this.

Though our brain bank sample was particularly enriched for smoking and alcohols traits, we
anticipate our results generalising to similar populations due to the representative nature of the large
healthy ageing cohort used to train lifestyle predictors.*® The weights that we used for BMI and
smoking have also been projected into an independent cohort.>® An important caveat is the relatively
homogeneous Scottish ancestries of both cohorts in this study, which may limit translation of our

findings to other ethnic backgrounds. There may also be selection biases which exist within the
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cohorts, as they are considered to be of higher socioeconomic status than the general population.?6-3¢
The LBC1936 group were born in 1936 and there are socioeconomic and cultural trends in their
lifestyles that must be taken into consideration; many may have worked in factories or in shipbuilding
yards, exposing them to high levels of respiratory pollutants and poorer socioeconomic status in this
era was related to behaviours such as smoking.3!*? Associations between childhood intelligence and a
range of comorbidities in this group have also been shown to be partially attenuated by smoking.>!
However, we anticipate that the generally poor correlations between lifestyle trait predictors which we
observe across the blood and brain would also be seen in other cohorts with reduced exposures to the

lifestyle factors studied here.

There are a number of limitations to our study. First, there were only 14 individuals with
matched samples in the LBC1936 brain bank. As discussed, the lack of brain DNAm samples meant
that it was not possible to create lifestyle predictors in brain tissue. Recent work has generated
predictors for ageing in cortical samples, providing evidence that, though imperfect, there is a
concordance between predictors generated in blood and brain.>? Future work should seek to determine
if this is the case for lifestyle predictors. The limited sample size also meant that though we had
information on covariates such as the post-mortem interval between death and brain DNAm sampling,
regression analyses were not feasible due to insufficient power. Though confounders may have
influenced our results, the effect of post-mortem interval is still debated.>**> Second, the blood-based
BMI DNAm signatures of the 14 individuals were not reflective of the wider reference group and are
therefore limited in their interpretability. Third, differences have been observed in DNAm levels from
the same blood samples when measured by different arrays.>® Here, the EPIC array was used to
generate DNAm measures in both the Generation Scotland cohort used to train predictor weights
(after being subset to sites overlapping with the 450K array) and in the brain DNAm subset of 14
individuals. The EPIC-derived DNAm predictors correlated well with the lifestyle traits when applied
to the blood-based LBC samples, which were all assessed on the 450K array. Fourth, many current or
former smokers had not reported pack years information and there was variability in the strength of
correlations across smoking phenotypes. Though trends for the smoking status trait were generally
weaker than those observed for pack years, this difference may be reflective of the longitudinal nature
of smoking that pack years captures. Finally, whereas all participants were free from
neurodegenerative conditions at the study recruitment at age 70, the absence of clinical data on
subsequent diagnoses means that we cannot rule out the possibility that these results are partly driven
by disease-specific DNAm profiles in the brain. Several studies have found differential DNAm at
regions such as the hippocampus in those with Alzheimer’s disease pathology, suggesting that DNAm
alterations may result from the pathological changes seen before symptoms arise.>”3% Growing sample

donations and ongoing clinical ascertainment will partly address these limitations in future work.
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Conclusion

In this study, we characterise variability in how well blood-derived epigenetic measures of lifestyle
traits correlate when applied across a rarely-available pilot dataset consisting of matched blood and
brain samples. We find variability in the alignment between blood and brain lifestyle predictor scores
across brain regions, with the most notable relationships found between the dorsolateral prefrontal
cortex (BA46) and smoking-related measures. Though our work relies on the application of blood-
based signatures of lifestyle traits to brain tissue and is limited by low sample size, it nonetheless
provides a preliminary insight into whether circulating DNAm proxies may reflect the epigenetic
effects of lifestyle traits in the brain. This is critical given the known associations between modifiable

lifestyle factors with both neurological disease risk and brain health outcomes.

Acknowledgements

The authors thank all LBC1936 study participants and research team members who have contributed,

and continue to contribute, to ongoing LBC1936 studies.

Funding

The LBC1936 and this research are supported by Age UK (Disconnected Mind project) and by the
UK Medical Research Council [MRC; G0701120, G1001245, MR/M013111/1, MR/R024065/1,
MR/K026992/1]. Methylation typing was supported by Centre for Cognitive Ageing and Cognitive
Epidemiology (Pilot Fund award), Age UK, The Wellcome Trust Institutional Strategic Support Fund,
The University of Edinburgh, and The University of Queensland. SRC was also supported by a
National Institutes of Health (NIH) research grant RO1AG054628. The Edinburgh Brain Bank is
funded by the Medical Research Council (MR/L016400/1). T.C.R is a member of the Alzheimer
Scotland Dementia Research Centre funded by Alzheimer Scotland. T.C.R is employed by NHS
Lothian and The Scottish Government. D.A.G, A.J.S, and R.F.H are supported by funding from the
Wellcome Trust 4-year PhD in Translational Neuroscience — training the next generation of basic
neuroscientists to embrace clinical research [108890/Z/15/Z to DAG and RFH; 203771/Z/16/Z to
AJS]. R.EE.M and D.L.Mc.C are supported by Alzheimer’s Research UK major project grant ARUK-
PG2017B-10. Brain methylation typing was supported by AJS [203771/Z/16/Z ].

Competing interests

: . 13
https://mc.manuscriptcentral.com/braincom

120Z 1udy 1z uo 1senb Aq 8/8/£29/2809E2)/SWWO0DUIRI/SE60 ] "0 | /I0P/a|0NIB-80UBADPE/SWILLOOUIRIC/WO02 dNo olwapede//:sdiy Woll papeojumMo(]



L.M and R.E.M have received payment from [llumina for presentations. All other authors declare no

competing interests.

Supplementary materials

Supplementary Figure 1.

Supplementary Tables 1-4.

References

1. Mazzio EA, Soliman KFA. Basic concepts of epigenetics impact of environmental signals on
gene expression. Epigenetics. 2012;7(2):119-130.

2. Joehanes R, Just AC, Marioni RE, et al. Epigenetic Signatures of Cigarette Smoking. Circ
Cardiovasc Genet. 2016;9(5):436-447.

3. Liu C, Marioni RE, Hedman AK, et al. A DNA methylation biomarker of alcohol
consumption. Mol Psychiatry. 2018;23(2):422-433.

4. Wahl S, Drong A, Lehne B, et al. Epigenome-wide association study of body mass index, and
the adverse outcomes of adiposity. Nature. 2017;541(7635):81-86.

5. Braun KVE, Dhana K, de Vries PS, et al. Epigenome-wide association study (EWAS) on
lipids: the Rotterdam Study. Clin Epigenetics. 2017;9(1):1-11.

6. Mendelson MM, Marioni RE, Joehanes R, et al. Association of Body Mass Index with DNA
Methylation and Gene Expression in Blood Cells and Relations to Cardiometabolic Disease: A
Mendelian Randomization Approach. PLoS Med. 2017;14(1):1-30.

7. Sayols-Baixeras S, Subirana I, Lluis-Ganella C, et al. Identification and validation of seven
new loci showing differential DNA methylation related to serum lipid profile: an epigenome-
wide approach. The REGICOR study. Hum Mol Genet. 2016;25(20):4556-4565.

8. Sundar IK, Yin Q, Baier BS, et al. DNA methylation profiling in peripheral lung tissues of
smokers and patients with COPD. Clin Epigenetics. 2017;9(1):1-18.

9. Donnan GA, You R, Thrift A, McNeil JJ. Smoking as a risk factor for stroke. Cerebrovasc
Dis. 1993;3(3):129-138.

10.  Kivipelto M, Solomon A. Cholesterol as a risk factor for Alzheimer’s disease -
Epidemiological evidence. Acta Neurol Scand. 2006;114(SUPPL. 185):50-57.

11.  Bove R, Musallam A, Xia Z, et al. Longitudinal BMI trajectories in multiple sclerosis: Sex
differences in association with disease severity. Mult Scler Relat Disord. 2016;8:136-140.

12. Helzner EP, Luchsinger JA, Scarmeas N, et al. Contribution of vascular risk factors to the
progression in Alzheimer disease. Arch Neurol. 2009;66(3):343-348.

13.  Quek YH, Tam WWS, Zhang MWB, Ho RCM. Exploring the association between childhood
and adolescent obesity and depression: a meta-analysis. Obes Rev. 2017;18(7):742-754.

14.  Sabia S, Fayosse A, Dumurgier J, et al. Alcohol consumption and risk of dementia: 23 year
follow-up of Whitehall II cohort study. BMJ. 2018;362.

15.  Karama S, Ducharme S, Corley J, et al. Cigarette smoking and thinning of the brain’s cortex.
Mol Psychiatry. 2015;20(6):778-785.

16.  Corley J, Cox SR, Harris SE, et al. Epigenetic signatures of smoking associate with cognitive
function, brain structure, and mental and physical health outcomes in the Lothian Birth Cohort
1936. Transl Psychiatry. 2019;9(1).

17.  Opel N, Redlich R, Grotegerd D, et al. Obesity and major depression: Body-mass index (BMI)

is associated with a severe course of disease and specific neurostructural alterations.

: . 14
https://mc.manuscriptcentral.com/braincom

120Z 1udy 1z uo 1senb Aq 8/8/£29/2809E2)/SWWO0DUIRI/SE60 ] "0 | /I0P/a|0NIB-80UBADPE/SWILLOOUIRIC/WO02 dNo olwapede//:sdiy Woll papeojumMo(]



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Psychoneuroendocrinology. 2015;51:219-226.

Wobrock T, Falkai P, Schneider-Axmann T, Frommann N, Wolwer W, Gaebel W. Effects of
abstinence on brain morphology in alcoholism : AAA MRI study. Eur Arch Psychiatry Clin
Neurosci. 2009;259(3):143-150.

Braun PR, Han S, Hing B, et al. Genome-wide DNA methylation comparison between live
human brain and peripheral tissues within individuals. Trans! Psychiatry. 2019;9(1):1-10.
Hannon E, Lunnon K, Schalkwyk L, Mill J. Interindividual methylomic variation across blood,
cortex, and cerebellum: Implications for epigenetic studies of neurological and
neuropsychiatric phenotypes. Epigenetics. 2015;10(11):1024-1032.

Edgar RD, Jones MJ, Meaney MJ, Turecki G, Kobor MS. BECon: A tool for interpreting DNA
methylation findings from blood in the context of brain. Trans! Psychiatry. 2017;7(8):e1187-
10.

McCartney DL, Hillary RF, Stevenson AJ, et al. Epigenetic prediction of complex traits and
death. Genome Biol. 2018;19(1):136.

Fasanelli F, Baglietto L, Ponzi E, et al. Hypomethylation of smoking-related genes is
associated with future lung cancer in four prospective cohorts. Nat Commun. 2015;6(1):1-9.
Bojesen SE, Timpson N, Relton C, Smith GD, Nordestgaard BG. AHRR (cg05575921)
hypomethylation marks smoking behaviour, morbidity and mortality. Thorax. 2017;72(7):646-
653.

Deary 1J, Gow AlJ, Pattie A, Starr JM. Cohort profile: The lothian birth cohorts of 1921 and
1936. Int J Epidemiol. 2012;41(6):1576-1584.

Taylor AM, Pattie A, Deary 1J. Cohort profile update: The Lothian birth cohorts of 1921 and
1936. Int J Epidemiol. 2018;47(4):1042-1060.

Shah S, McRae AF, Marioni RE, et al. Genetic and environmental exposures constrain
epigenetic drift over the human life course. Genome Res. 2014;24(11):1725-1733.

Zhang Q, Marioni RE, Robinson MR, et al. Genotype effects contribute to variation in
longitudinal methylome patterns in older people. Genome Med. 2018;10(1):75.

Samarasekera N, Salman RAS, Huitinga I, et al. Brain banking for neurological disorders.
Lancet Neurol. 2013;12(11):1096-1105.

McCartney DL, Walker RM, Morris SW, Mclntosh AM, Porteous DJ, Evans KL.
Identification of polymorphic and off-target probe binding sites on the Illumina Infinium
MethylationEPIC BeadChip. Genomics Data. 2016;9:22-24.

Pidsley R, Y Wong CC, Volta M, Lunnon K, Mill J, Schalkwyk LC. A data-driven approach to
preprocessing Illumina 450K methylation array data. BMC Genomics. 2013;14(1):293.
doi:10.1186/1471-2164-14-293

Habota T, Sandu A-L, Waiter GD, et al. Cohort profile for the STratifying Resilience and
Depression Longitudinally (STRADL) study: A depression-focused investigation of
Generation Scotland, using detailed clinical, cognitive, and neuroimaging assessments.
Wellcome Open Res. 2019;4(11):185.

Smith BH, Campbell H, Blackwood D, et al. Generation Scotland: The Scottish Family Health
Study; a new resource for researching genes and heritability. BMC Med Genet. 2006;7:1-9.
Scottish Government. Scottish Executive Health Department: The Scottish Health Survey -
2003 (accessed January 2021)
[http://www.scotland.gov.uk/Publications/2005/11/25145024/50251].

Scottish Government. Scottish Executive Health Department: The Scottish Health Survey -
2019 (accessed January 2021) [https://www.gov.scot/publications/scottish-health-survey-2019-
summary-report/].

Smith BH, Campbell A, Linksted P, et al. Cohort profile: Generation scotland: Scottish family
health study (GS: SFHS). The study, its participants and their potential for genetic research on
health and illness. Int J Epidemiol. 2013;42(3):689-700.

Harrell F. Hmisc: Version 4.4-0. 2020.

Kassambara A. ggcorrplot: Visualization of a Correlation Matrix using “ggplot2”. R package
(Version 0.1.3). 2019.

Wei T, Simko V. R package “corrplot”: Visualization of a Correlation Matrix (Version 0.84).
2017.

: . 15
https://mc.manuscriptcentral.com/braincom

120Z 1udy 1z uo 1senb Aq 8/8/£29/2809E2)/SWWO0DUIRI/SE60 ] "0 | /I0P/a|0NIB-80UBADPE/SWILLOOUIRIC/WO02 dNo olwapede//:sdiy Woll papeojumMo(]



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

8.

R-Core-Team, RCore-Team. R: A Language and Environment for Statistical Computing.
2020;(1).

Tsai P-C, Glastonbury C, Eliot M, et al. Smoking induces coordinated DNA methylation and
gene expression changes in adipose tissue with consequences for metabolic health. Clin
Epigenetics. 2018;10(126).

Chatterton Z, Hartley BJ, Seok MH, et al. In utero exposure to maternal smoking is associated
with DNA methylation alterations and reduced neuronal content in the developing fetal brain.
Epigenetics and Chromatin. 2017;10(1):1-11.

Gatta E, Grayson DR, Auta J, et al. Genome-wide methylation in alcohol use disorder subjects:
implications for an epigenetic regulation of the cortico-limbic glucocorticoid receptors
(NR3C1). Mol Psychiatry. 2019;26(3):1029-1041.

Dekkers KF, van Iterson M, Slieker RC, et al. Blood lipids influence DNA methylation in
circulating cells. Genome Biol. 2016;17(1):1-12.

Cox SR, Lyall DM, Ritchie SJ, et al. Associations between vascular risk factors and brain MRI
indices in UK Biobank. Eur Heart J. 2019;40(28):2290-2299.

Cheng YW, Chiu MJ, Chen YF, Cheng TW, Lai YM, Chen TF. The contribution of vascular
risk factors in neurodegenerative disorders: From mild cognitive impairment to Alzheimer’s
disease. Alzheimer’s Res Ther. 2020;12(1):1-10.

Haley AP, Oleson S, Pasha E, et al. Phenotypic heterogeneity of obesity-related brain
vulnerability: One-size interventions will not fit all. Ann N Y Acad Sci. Published online
2018:89-102.

Pasha EP, Birdsill AC, Oleson S, Haley AP, Tanaka H. Impacts of Metabolic Syndrome
Scores on Cerebrovascular Conductance Are Mediated by Arterial Stiffening. Am J Hypertens.
2018;31(1):72-79.

Sweeney MD, Kisler K, Montagne A, Toga AW, Zlokovic B V. The role of brain vasculature
in neurodegenerative disorders. Nat Neurosci. 2018;21(10):1318-1331.

Trejo Banos D, McCartney DL, Patxot M, et al. Bayesian reassessment of the epigenetic
architecture of complex traits. Nat Commun. 2020;11(1):1-14.

Calvin CM, Batty GD, Der G, et al. Childhood intelligence in relation to major causes of death
in 68 year follow-up: Prospective population study. BMJ. 2017;357(6):1-14.

Johnson W, Gow AlJ, Corley J, Starr JM, Deary 1J. Location in cognitive and residential space
at age 70 reflects a lifelong trait over parental and environmental circumstances: The Lothian
Birth Cohort 1936. Intelligence. 2010;38(4):402-411.

Shireby GL, Davies JP, Francis PT, et al. Recalibrating the epigenetic clock: implications for
assessing biological age in the human cortex. Brain. Published online 2020:1-13.

Jarmasz JS, Stirton H, Davie JR, Del Bigio MR. DNA methylation and histone post-
translational modification stability in post-mortem brain tissue. Clin Epigenetics.
2019;11(1):1-23.

Ernst C, McGowan PO, Deleva V, Meaney MJ, Szyf M, Turecki G. The effects of pH on DNA
methylation state: In vitro and post-mortem brain studies. J Neurosci Methods.
2008;174(1):123-125.

Logue MW, Smith AK, Wolf EJ, et al. The correlation of methylation levels measured using
Illumina 450K and EPIC BeadChips in blood samples. Epigenomics. 2017;9(11):1363-1371.
De Jager PL, Srivastava G, Lunnon K, et al. Alzheimer’s disease: Early alterations in brain
DNA methylation at ANK1, BIN1, RHBDF2 and other loci. Nat Neurosci. 2014;17(9):1156-
1163.

Yu L, Chibnik LB, Srivastava GP, et al. Association of brain DNA Methylation in SORLI,
ABCA7, HLA-DRBS, SLC24A4, and BIN1 with pathological diagnosis of Alzheimer disease.
JAMA Neurol. 2015;72(1):15-24.

: . 16
https://mc.manuscriptcentral.com/braincom

120Z 1udy 1z uo 1senb Aq 8/8/£29/2809E2)/SWWO0DUIRI/SE60 ] "0 | /I0P/a|0NIB-80UBADPE/SWILLOOUIRIC/WO02 dNo olwapede//:sdiy Woll papeojumMo(]



Characteristic

Study group

N=14

Reference group

N=499

n (%)

mean (sd)

n (%)

mean (sd)

Sex

Female
Male

5 (36%)
9 (64%)

248 (50%)
251 (50%)

Age at blood sample (years)

77.9 (1.7)

79.3 (0.6)

Smoking status

Current
Former

Never

5 (36%)
7 (50%)
2 (14%)

19 (4%)
211 (42%)
269 (54%)

Pack years smoked

53 (40)

4 (15)

Unknown

5

193

Alcohol units per week

14 (15)

11 (11)

Unknown

141

Body mass index (kg/m?)

25.5 (5.1)

27.3 (4.5)

Unknown

1

HDL cholesterol (mmol/L)

1.49 (0.4)

1.48 (0.4)

Unknown

16

Brain pH

6.1(0.2)

Time to death (years)

2.4 (1.5)

Age at death (years)

80.3 (1.6)

ApoE genotype

E2/E3
E3/E3
E3/E4

1(7%)
9 (64%)
4 (29%)

Table 1. Summary information for the brain bank subset (n=14) and reference cohort

(n=499). Phenotypic, lifestyle and clinical information is provided for both groups.

https://mc.manuscriptcentral.com/braincom

17

120Z 1udy 1z uo 1senb Aq 8/8/£29/2809E2)/SWWO0DUIRI/SE60 ] "0 | /I0P/a|0NIB-80UBADPE/SWILLOOUIRIC/WO02 dNo olwapede//:sdiy Woll papeojumMo(]



Figure Legends

Fig. 1. The application of blood-derived epigenetic predictors of four lifestyle traits to matched blood and brain
DNA methylation samples in 14 individuals. (A) The five brain regions examined in 14 individuals with matched
DNAm across brain regions and the last blood sample taken prior to death. (B) Epigenetic predictors of HDL, BMI,
alcohol and smoking generated in 5087 out-of-sample individuals (McCartney et al.??) were applied to matched
genome-wide blood and brain DNAm. The ¢g05575921 site in the AHRR gene locus was also measured across
matched blood and brain samples. Analyses investigated the correlation between blood and brain measures and the
correlation between the measures and respective lifestyle trait phenotypes relevant in each case. Figure created with
BioRender.com.

Fig. 2. Correlations for (A) site cg05575921 (dark blue) and blood-derived lifestyle trait predictor scores for (B)
smoking, (C) HDL, (D) alcohol and (E) BMI traits applied to the blood and brain (light blue). Relationships
between brain DNAm and blood DNAm are shown for each brain region and measure. Each point represents one
individual. Pearson correlation coefficients are annotated in each case. All individuals had both blood and brain
samples available (n=14), apart from one individual for which no BA35 hippocampal sample was available (n=13).
The solid blue line represents the linear regression slope; shaded areas represent 95% confidence intervals.

Fig. 3. Lifestyle trait correlations with the blood DNAm measures from the reference group (up to n=499) and
the blood and brain measures for the brain bank group (n=14). Correlations for blood measures are shown in red,
with ¢g05575921 DNAm in dark blue and lifestyle trait scores generated from the application of blood-derived
lifestyle predictors to brain in light blue. A, DNAm at site cg05575921 is correlated with pack years smoked for the
reference (n=306) and brain bank (n=9) groups. Correlations are then provided for each group between lifestyle trait
scores for (B) smoking, (C) HDL, (D) alcohol and (E) BMI, against relevant lifestyle trait information. HDL is
measured in mmol/L. Alcohol is measured in average units per week. Each point represents one individual. Pearson
correlation coefficients are annotated in each case. All individuals had both blood and brain samples available (n=14),
apart from one individual for which no BA35 hippocampal sample was available. The solid blue line represents the
linear regression slope; shaded areas represent 95% confidence intervals.
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Fig. 1. The application of blood-derived epigenetic predictors of four lifestyle traits to matched blood and
brain DNA methylation samples in 14 individuals. (A) The five brain regions examined in 14 individuals with
matched DNAm across brain regions and the last blood sample taken prior to death. (B) Epigenetic
predictors of HDL, BMI, alcohol and smoking generated in 5087 out-of-sample individuals (McCartney et al.,
2018) were applied to matched genome-wide blood and brain DNAm. The cg05575921 site in the AHRR
gene locus was also measured across matched blood and brain samples. Analyses investigated the
correlation between blood and brain measures and the correlation between the measures and respective
lifestyle trait phenotypes relevant in each case. Figure created with BioRender.com.
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Fig. 2. Correlations for (A) site cg05575921 (dark blue) and blood-derived lifestyle trait predictor scores for
(B) smoking, (C) HDL, (D) alcohol and (E) BMI traits applied to the blood and brain (light blue).
Relationships between brain DNAm and blood DNAm are shown for each brain region and measure. Each
point represents one individual. Pearson correlation coefficients are annotated in each case. All individuals
had both blood and brain samples available (n=14), apart from one individual for which no BA35
hippocampal sample was available (n=13). The solid blue line represents the linear regression slope; shaded
areas represent 95% confidence intervals.
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Fig. 3. Lifestyle trait correlations with the blood DNAmM measures from the reference group (up to n=499)
and the blood and brain measures for the brain bank group (n=14). Correlations for blood measures are
shown in red, with cg05575921 DNAm in dark blue and lifestyle trait scores generated from the application
of blood-derived lifestyle predictors to brain in light blue. A, DNAm at site cg05575921 is correlated with
pack years smoked for the reference (n=306) and brain bank (n=9) groups. Correlations are then provided
for each group between lifestyle trait scores for (B) smoking, (C) HDL, (D) alcohol and (E) BMI, against
relevant lifestyle trait information. HDL is measured in mmol/L. Alcohol is measured in average units per
week. Each point represents one individual. Pearson correlation coefficients are annotated in each case. All
individuals had both blood and brain samples available (n=14), apart from one individual for which no BA35
hippocampal sample was available. The solid blue line represents the linear regression slope; shaded areas
represent 95% confidence intervals.
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Abbreviated summary: Gadd et al. apply blood-derived epigenetic signatures of lifestyle traits to matched blood and
brain samples, uncovering variability in how well blood translates across brain regions and a relationship between
smoking and the prefrontal cortex. These preliminary results contribute to understanding how lifestyle-related DNA
methylation affects the brain.
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