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ABSTRACT 

Neurons live for the lifespan of the individual and underlie our ability for lifelong learning and 

memory. However, aging alters neuron morphology and function resulting in age-related 

cognitive decline. It is well established that epigenetic alterations are essential for learning and 

memory, yet few neuron-specific genome-wide epigenetic maps exist into old age. 

Comprehensive mapping of H3K4me3 and H3K27ac in mouse neurons across lifespan 

revealed plastic H3K4me3 marking that differentiates neuronal age linked to known 

characteristics of cellular and neuronal aging. We determined that neurons in old age 

recapitulate the H3K27ac enrichment at promoters, enhancers and super enhancers from young 

adult neurons, likely representing a re-activation of pathways to maintain neuronal output. 

Finally, this study identified new characteristics of neuronal aging, including altered rDNA 

regulation and epigenetic regulatory mechanisms. Collectively, these findings indicate a key 

role for epigenetic regulation in neurons, that is inextricably linked with aging. 
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INTRODUCTION 

 

Aging is characterised by the gradual loss of physiological integrity resulting in the impaired 

function of bodily systems. In the central nervous system, aging is associated with variable 

cognitive decline in healthy individuals. The activity of neurons in the brain underlies cognitive 

function, and like many bodily systems, aging of the central nervous system is linked to 

functional and structural vicissitudes in neurons1,2. Neurons are one of the few cell types in the 

body that can subsist for the entire lifespan. Although neurons exit the cell cycle, functional 

plasticity is retained to enable lifelong learning and memory. Changes in epigenetic marking 

are inextricably linked with learning and memory, as well as with age-related cognitive 

decline3-5. 

 

The epigenome is at the interface of genes and the environment, enabling dynamic regulation 

of gene expression in each cell. The ‘epigenome’ includes DNA methylation and histone 

modifications, as well as the physical organisation of DNA inside the nucleus, which 

dynamically regulates gene expression6. The combination of epigenetic elements determines 

whether a genomic region is active, repressed or silenced. Yet like all bodily systems, age-

related alterations in the epigenome occur in cells linked to a decline in function7. Added to 

this, the long lifespan of neurons may enable epigenetic “errors” to accumulate over time.  

 

Several studies have established that age-associated epigenetic alterations occur in the brain8-

11. Histone modifications correlate with age-associated memory deficits, while increased 

histone acetylation and inhibition of histone de-acetylation pathways can reverse age-

associated cognitive deficits12-15. However, the brain comprises a complex mixture of cell 

types, and each cell type in the brain has a unique epigenetic signature8,16-19. Furthermore, age-
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related changes to the epigenome differ between neurons and glia8,10,16,17. In 2013, two seminal 

papers describing epigenetic signatures in neurons across lifespan were published16,20. Human 

neurons from the prefrontal cortex exhibited dynamic histone 3 lysine 4 tri-methylation 

(H3K4me3) marking from prenatal development to adulthood, which remained relatively 

stable into old age20. However, in mouse hippocampal neurons genome-wide analysis revealed 

histone 2 lysine 12 acetylation (H3K12ac) depletion with age8. Few genome-wide epigenetic 

maps of purified neurons exist from adulthood into old age8,10,16,20, and we are just beginning 

to unravel how the multi-layered epigenetic landscape of neurons changes across a lifetime. 

 

Here we have produced comprehensive maps of H3K4me3 and histone 3 lysine 27 acetylation 

(H3K27ac) dynamics in purified neurons across lifespan in C57/BL6 mice. These maps reveal 

dynamic H3K4me3 marking that differentiates between neurons of different ages. We also 

identify that neurons in old age recapitulate the H3K27ac enrichment at promoters, enhancers 

and super enhancers that were present in young adult neurons. Furthermore, this work has 

discovered epigenetic regulation and rDNA regulation as new characteristics of neuronal aging. 

 

RESULTS 

 

Generation of epigenome maps for H3K4me3 and H3K27ac during neuron aging 

To date, there are few epigenetic maps of neurons from adulthood into old age8,10,16,20. To 

address the need for neuronal epigenetic information we optimised a protocol using 

fluorescence activated nuclei sorting (FANS) protocol to purify NeuN+ (RNA binding protein, 

fox-1 homolog; Rbfox3 positive) neuronal nuclei from the forebrains of C57/BL6 mice 

(Extended Data Figure 1A-B). We applied the FANS neuronal nuclei purification technique to 

the forebrains of C57/BL6 mice at 3 months (young adult), 6 months (mature adult), 12 months 
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(middle age) and 24 months of age (old age; Figure 1A-B). Post-purification, the chromatin of 

the neuronal nuclei was immediately cross-linked then subject to chromatin 

immunoprecipitation and sequencing (ChIP-seq; Figure 1C-D) to profile the dynamics of 

H3K4me3 and H3K27ac across lifespan. Both H3K4me3 and H3K27ac are associated with the 

promoters of actively expressed genes6,21, and are key predictors of age-related transcriptional 

change in the brain11,22. In addition, H3K27ac is associated with active enhancers and super 

enhancers, which are linked to cell identity6,21. Given these histone modifications have been 

extensively characterised as features of DNA regulatory elements they were ideal to 

characterise the neuronal aging epigenome. 

 

To first illustrate that we can enrich for a neuronal epigenetic signature we performed ChIP-

qPCR for H3K27ac and compared our purified neuronal nuclei and to whole brain lysates. 

Differences in H3K27ac enrichment at the promoter of Sorbs3 were detected, with enrichment 

in the whole brain sample (Figure 1E). Conversely, there was higher enrichment of H3K4me3 

at the Picalm promoter in neuronal nuclei compared to the whole brain (Figure 1F). Meanwhile, 

the promoter region of Bin1 showed similar enrichment in whole brain and the neuronal sample 

(Figure 1G). These data demonstrate that purified neurons have a unique neuronal epigenetic 

signature that is masked when examining whole brain lysate. 

 

We then examined our genome-wide sequencing data from purified neurons at the promoters 

of the neuronal specific genes Syt1 and Syp. As expected, there was a robust signal for 

H3K4me3 at the promoters of these genes (Figure 2A). However, H3K27ac was more plastic 

at these genes across the neuronal lifespan. Conversely, at genes that are expressed in glial cells 

and not in neurons, for example Gfap and Aif1, no signal was detected for either H3K4me3 or 

H3K27ac (Extended Data Figure 2A). We also examined the regions analysed in the ChIP-
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qPCR and found that H3K27ac was also enriched at the Picalm1 and Bin1 promoters in the 

genome wide dataset (Extended Data Figure 2B). Moreover, there was no enrichment at the 

Sorbs3 promoter, which we had shown was more highly enriched in the whole brain sample 

(Extended Data Figure 2B). Therefore, our data shows the expected pattern of H3K4me3 and 

H3K27ac enrichment at neuronal marker genes and supports our preparation of purified 

neurons. 

 

H3K4me3 and H3K27ac enrichment is dynamic during neuronal aging 

We examined our data for the similarities and variations in H3K4me3 and H3K27ac 

enrichment in neurons with age. To compare the genome wide features of our data we 

calculated the ChIP-seq signal enrichment in each sample across the genome. Pearson 

correlation analysis comparing each sample within each histone mark revealed that the 

correlations were the strongest between samples from the same time point, as expected 

(Extended Data Figure 3A-B). Similarly for Principal Component Analysis (PCA), samples for 

each time point clustered strongly together (Figure 2B-2C). In the PCA for H3K4me3, the 

young adult neurons separated from the other time points on the first dimension, and in the 

second dimension, the mature adult neurons were significantly separated from the middle and 

old age neurons (Figure 2B). A comparable pattern was observed for H3K27ac, however the 

middle age neurons clustered closer to the mature adult neurons on the second dimension 

(Figure 2C). Together, these analyses indicate that a leading source of variation in our datasets 

is related to age. 

 

We next considered whether the proportion of the genome marked by these histone 

modifications changes during neuronal aging. We assessed the genome coverage (in base pairs) 

using MACS2 peak calling and found both histone marks varied by ~0.3% across the time 
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course. H3K4me3 ranged from ~0.5-0.8% and H3K27ac ranged from ~0.001-0.3% (Figure 

2D). The young adult mice exhibited the highest genome coverage for both histone marks, 

which reduced in mature adults. Whilst H3K4me3 coverage is reacquired in middle age and 

then retained in old age, H3K27ac is not regained until old age. This suggests that while 

globally these marks are, in part, re-established in aging neurons, this occurs independently for 

individual marks. 

 

H3K4me3 is redistributed at promoters across neuronal lifespan  

To determine which genome regions exhibited variation in H3K4me3 enrichment, we next 

performed chronological pairwise differential analysis. Using the genome-wide ChIP-seq 

signal and a 150bp sliding window we compared 1) young and mature adult neurons, 2) mature 

and middle age neurons and 3) middle and old age neurons. Differential regions required a 

minimum of 1000bp between them, and reported as up or down based on the largest change 

that occurred within the region. We detected 27,769 H3K4me3 regions that changed between 

young and mature adult neurons, and strikingly the vast majority (94%) were down regulated 

(Figure 3A). Fewer changes were observed between mature adult and middle age neurons 

(18,825) and between middle and old age (22,162; Figure 3B-C). In contrast to younger 

neurons, most of the regions detected here were up regulated with increased age (74% and 63% 

respectively; Figure 3B-C). This supports the global pattern of H3K4me3 we identified across 

aging (Figure 2D). 

 

The most well-known function of H3K4me3 is to mark the promoters of actively transcribed 

genes. Therefore, we interrogated our data to determine the impact of H3K4me3 at promoters 

during neuronal aging. We categorised each promoter for H3K4me3 signal as either; 1) 

constitutive, where no statistically significant change in signal was detected, including 
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promoters where no signal was detected across the entire dataset; 2) single change, where there 

is a significant change in signal at one time point and that change persists for the remainder of 

the lifespan; 3) dynamic, where the promoter signal changes twice across aging or 4) 

hyperdynamic, where a change in signal at the promoter was detected at each time point across 

the adult mouse lifespan (Figure 3D). In this analysis, we observed 21,460 H3K4me3 

constitutively marked promoters (Figure 3E). There were 1,262 promoters exhibiting a single 

change, with the majority of these (955; 76%) occurring between young and mature adults 

(Figure 3E). We also detected 620 regions with dynamic changes that were spread across the 

lifespan (Figure 3E). Overwhelmingly, the promoters with a change in H3K4me3 were 

hyperdynamic, with 26,801 regions included in this group (Figure 3E). 

 

We next performed a gene ontology (GO) analysis using GREAT to identify gene pathways 

and regulatory networks with a change in H3K4me3 in aging neurons. For promoters with a 

single change in H3K4me3 between young and mature adults, we found a significant 

enrichment of GO terms relating to brain development and cell proliferation (Figure 3F). This 

suggests that neuron maturation, differentiation and cell cycle processes are still occurring 

between neurons in young and mature adulthood. In addition, the term ‘Pallium development’ 

was enriched for dynamic promoters with a change between young and mature, and mature and 

middle age neurons (Figure 3F). The GO term ‘nuclear receptor activity’ was enriched for 

dynamic promoters with a change in H3K4me3 between middle age and mature neurons, and 

between mature and old age neurons, suggesting hormone activity is important during the aging 

process (Figure 3F). The remaining single change and dynamic groups were not enriched for 

any GO terms. The hyperdynamic group was linked with numerous GO terms, which warranted 

further investigation of this group to determine how these pathways were affected across the 

mouse lifespan. 
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To probe the hyperdynamic group further we performed hierarchical clustering of the 

H3K4me3 signal at the 26,801 promoters. We identified four clusters of H3K4me3 signal 

enrichment each peaking at a different phase of adulthood (Figure 4A), with multiple GO terms 

associated with each cluster (Figure 4B and Extended Data Figure 4A, 5A). In the cluster that 

had the highest H3K4me3 enrichment in young adults and the lowest in old age (cluster 3), the 

most enriched pathways were relating to telomeres and mitochondrial function. Additionally, 

this cluster was enriched for spliceosome and DNA repair pathways (Figure 4B and Extended 

Data Figure 4A, 5A). Promoters that had most H3K4me3 enrichment in mature adult neurons 

and the least in aged neurons (cluster 2) were also associated with mitochondrial function, 

although these pathways were less significant than in cluster 3 (Figure 4B and Extended Data 

Figure 4A). In the cluster characterised by promoters that had the highest H3K4me3 marking 

in middle age and the least in old age (cluster 1), linked GO pathways included base-excision 

repair, rRNA processing, strand elongation and synaptic vesicle transport (Extended Data 

Figure 4A, 5A). Where promoters were highly marked with H3K4me3 in aged neurons with 

some enrichment in young neurons (cluster 4), we observed associations with cellular response 

to dsRNA and gene silencing by RNA (Extended Data Figure 4A, 5A). We also detected 

pathways enriched across multiple time points, which notably were all more statistically 

significant in younger neurons and the significance decreases with age. These include pathways 

known to be altered in neurons with age including DNA replication-dependent nucleosome 

assembly, protein folding, ncRNA processing and mitochondrial pathways. Moreover, we 

identified a novel pathway associated with neuronal aging; chromatin silencing at rDNA 

(Figure 4B and Extended Data Figure 4A). Together, this shows that the epigenomic signature 

of H3K4me3 is plastic and enriches for different pathways over neuronal lifespan. 
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Analysis of gene expression has identified the down regulation of telomere maintenance, 

mitochondrial function and DNA repair genes as known hallmarks of cellular aging23,24. Since 

we similarly identified pathways related to these in cluster 3 of the hyperdynamic promoters 

(highest in young, lowest in old age cluster), we examined the gene hits in these pathways more 

closely. Examples of reduced H3K4me3 signal with aging can be seen at the promoters for 

Cyc1 and Cycs for mitochondrial function (Figure 4C and Extended Data Figure 5B), Terf1 

and Terf2 for telomere maintenance (Figure 4C and Extended Data Figure 5B), and several 

DNA repair genes such as Xrcc1, Lig4, Pold3, Xrcc6, Rad52, Brca2 (Figure 4C and Extended 

Data Figure 5B).  

 

Together, this analysis of dynamic epigenetic modifications identifies known traits of cellular 

and neuronal aging, such as alterations in DNA repair, protein folding, telomere maintenance, 

mitochondrial function, non-coding RNA regulation and synaptic function. Furthermore, these 

data highlight the alterations of nucleosome assembly in aging neurons and support rDNA 

chromatin regulation being a hallmark of neuronal aging. 

 

Age-related H3K27ac plasticity at promoters demonstrated a recapitulation of the early 

adulthood profile in aged neurons 

We performed the same differential analysis for H3K27ac in the aging neurons, where we 

observed fewer changes than for H3K4me3, but detected a more dynamic enrichment pattern. 

Between young and mature adults, there was a large decrease in H3K27ac signal at promoters 

where 99% of the 11,867 differential regions were down regulated (Figure 5A). Far fewer 

changes occurred between mature adult and middle aged neurons (2,595), with 99% of the 

promoters demonstrating increased H3K27ac marking (Figure 5B). Between middle age and 

old age, there were 9,516 differentially marked promoters detected in neurons, with 88% of 
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them exhibiting increased levels of H3K27ac (Figure 5C). Thus, as seen with the global 

coverage levels (Figure 2D), the neuronal H3K27ac landscape demonstrated a dramatic loss 

between young and mature adults, with H3K27ac enrichment progressively increasing until 

old age. 

 

We again categorised promoters into the four groups of change (constitutive, single change, 

dynamic, hyperdynamic), this time utilizing the H3K27ac enrichment signal. The majority of 

promoters (38,069; 76%) had no significant change in H3K27ac (Figure 5D). Of the promoters 

with a change in H3K27ac, there were 4,293 that exhibited a single change and interestingly, 

these changes occurred mostly either between young and mature adults (1,186) or between 

middle and old age (3,106; Figure 5D). A similar number of promoters were dynamic (4,464), 

with the majority also changing early (young vs mature adult neurons) and late (middle to old 

age) during aging (98%; Figure 5D). There were 3,317 promoters hyperdynamic for H3K27ac 

in neurons, which clustered into four groups by patterning (Figure 5E). Surprisingly, clusters 

2-4, which encompass most of these regions, had a triphasic pattern of H3K27ac enrichment 

that was high in young adults and in old age and was reduced in mature adult and middle aged 

neurons. Each cluster varied slightly in the degree of enrichment, while following this triphasic 

pattern. Together, this shows that while there is a general loss of H3K27ac after young 

adulthood, this mark is recapitulated in old age at a subset of gene promoters. 

 

We next performed GO analysis of the promoter groups for H3K27ac. Notably, the significant 

GO terms associated with a change in H3K27ac were mostly associated with a change 

occurring between young vs mature adults and/or middle vs old age adults (including single 

changes at either of these time points or dynamic changes occurring at both), as well as with 

hyperdynamic promoters (Extended Data Figure 6A-B, 7A). As with H3K4me3, significant 
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GO terms related to processes that are cellular hallmarks of aging. This included DNA repair 

(dynamic promoters), which recapitulated the H3K27ac signal from young neurons in old age, 

as well as several pathways relating to mitochondrial function (Extended Data Figure 6A-B, 

7A). Several significant GO terms were also related to epigenetics and chromatin regulation 

including chromatin organisation, RNA processing, chromatin modifications, nucleotide 

synthesis, histone acetylation, PcG protein complex, and SWI/SNF superfamily-type complex 

(Extended Data Figure 6A-B, 7A). Positive gene hits within these terms include several 

epigenetic histone modifiers such as a histone acetyltransferase (Kat2a, Figure 5F), histone 

deacetylases (Hdac10, Hdac3; Figure 5F), and lysine demethylases (Kdm- 3a, 4a, 5a, 6a and 

8; Figure 5F). It also included RNA modifier Nsun2, a RNA cytosine methyltransferase 

(Extended Data Figure 7B), and several ATP-dependent chromatin remodelling enzymes such 

as from the CHD family (Chd2, Chd5, Chd6, Chd8), ISWI family (Smarca5) and the SWI/SNF 

family (Smarca2, Smarcc2 and Smarcd3; Extended Data Figure 7B). The hyperdynamic 

H3K27ac promoters were enriched for biological processes such as modulation of synaptic 

transmission, cognition, learning and memory, along with cellular components relating to 

neuronal function including synapses, synaptic substructures and axons (Extended Data Figure 

6A-B, 7A). This indicates that H3K27ac has a role in synaptic plasticity, learning and memory 

across lifespan. Together, this reveals biologically relevant gene networks accompanying age-

related changes in H3K27ac. Notably, this included a consistent theme of epigenome-

associated changes that were highly enriched in young neurons were subsequently recapitulated 

in old age. 

 

H3K27ac enriched enhancers and super-enhancers exhibit a recapitulation of early 

adulthood signatures in aged neurons 
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As H3K27ac is also enriched at enhancers, gene regulatory regions that are distal to promoters, 

we examined the behaviour of H3K27ac at regions distal to gene promoters. We classified 

distal regulatory region into three categories; single change, dynamic or hyperdynamic. We did 

not identify distal constitutive regions as there is no defined complete list of putative enhancers 

available for neurons in the aging brain. We found 4,923 distal regions that changed once across 

the neuron lifespan, with almost all changing either early in adult life (72% between young and 

mature adults) or late in life (27% between middle and old age; Figure 6A). There were 1,753 

dynamic distal regions, where 99% (1,739) changed early (between young and mature adults) 

and late in life (between middle and old age; Figure 6A). There were also 646 hyperdynamic 

distal regions (Figure 6A). Of these, 96% (621 regions) had a gradual decrease in H3K27ac 

signal from young adults through to middle age, which then increased in old age (Figure 6B). 

Therefore, the single-change, dynamic and hyperdynamic distal regions also largely 

demonstrate the triphasic recapitulation of early adulthood in aged neurons (Figure 6C). 

 

Super enhancers are defined as multiple enhancers in close proximity that collectively drive 

gene transcription linked to cell identity. We overlapped the differential H3K27ac distal 

regions with annotated putative neuronal super enhancers25 to determine if their epigenetic 

signature is altered with neuronal aging. Of the 389 neuronal super enhancers, greater that 70% 

had altered levels of H3K27ac across the adult neuron lifespan (Figure 6D). We compared the 

difference in H3K27ac signal at neuronal super enhancers pairwise in a chronological fashion 

across our time course. We found that the H3K27ac signal at super-enhancers decreased from 

the young adults through to middle age, followed by an increased in old age (Figure 6E-G), 

such as within and around the gene Msra (Figure 6H). The vast majority of H3K27ac marked 

dynamic and hyperdynamic enhancers and super enhancers demonstrated a recapitulation of 
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early adult enrichment in old age, suggesting an age-related program of H3K27ac plasticity 

potentially related to cell identity and function. 

 

DISCUSSION 

 

We assembled comprehensive maps of H3K4me3 and H3K27ac epigenetic modifications in 

neurons across an aging time course. The most dramatic change oberseverd in our aging time 

course was a loss of H3K4me3 and H3K27ac marking between young adult and mature adult 

neurons. Neurons between 3 and 6 months of age represent the transition from young to mature 

adult mice 26,27. H3K27ac and H3K4me3 marking are generally indicative of increased 

transcriptional activity 28,29, and enrichment of these marks at gene promoters in young adult 

mice may reflect a critical time of neuronal plasticity and maturation30. The current dogma of 

brain maturation suggests that neuronal connections are established in mice by 3 months of 

age27, however, emerging evidence shows ongoing developmental changes beyond 3 

months26,27,30. Our data indicate that the maturation of neurons continues between young adult 

and mature adult mice, with genes involved in cell proliferation and brain development losing 

H3K4me3 marking between 3 and 6 months of age. This is supported by reports of widespread 

synaptic pruning in pyramidal neurons in the cortex of mice at 3 months of age30, and the 

stabilisation of adult levels of neurotransmitters and synaptic densities after 3 months of age in 

mice26. Furthermore, the emergence of adult behavioural tendencies, such as reduced risk 

taking and increased parenting, occurs after 3 months of age26,27. Thus, enrichment of H3K27ac 

and H3K4me3 marking in young adult neurons may reflect the developmental plasticity critical 

for establishing gene expression profiles for stable neuronal networks in mature adult mice26.  
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The vast majority of promoters with plastic age-related H3K4me3 marking in neurons were 

hyperdynamic. Each of the 4 main hyperdynamic clusters of H3K4me3 marked promoters in 

neurons had peak H3K4me3 marking at a different stage of life. In contrast, promoters with 

changing H3K27ac marking were evenly split between the single change, dynamic and 

hyperdynamic categories (~30% each). GO analysis of hyperdynamic H3K4me3 promoters 

and plastic H3K27ac promoters (including single change, dynamic and hyperdynamic 

promoters) revealed known traits of cellular and neuronal aging including DNA repair, protein 

folding, mitochondrial function, non-coding RNA regulation and synaptic function. This is 

supported by previous reports of age-related changes in H3K4me3 peaks in human neurons in 

synaptic structure/transmission and DNA repair pathways20 as well as age-related 

transcriptomic changes in mouse neurons that mapped to non-coding RNA processing and 

metabolism and mitochondrial function pathways31. 

 

DNA repair pathways play a vital role in neurons, which are highly metabolically active, post-

mitotic and long-lived. In aging neurons, DNA breaks and single nucleotide variants 

increase24,32,33. In this study, pathways related to DNA repair were detected in promoters with 

hyperdynamic H3K4me3 and dynamic H3K27ac marking, including DNA repair, base 

excision repair, inter-strand crosslink repair and DNA mismatch repair. We also observed 

H3K4me3 enrichment at the promoters of genes involved in DNA repair to decrease with age, 

including genes involved in non-homologous end joining repair (Lig4, Xrcc6) and break-induce 

DNA replication (Pold3, Rad52, Brca2, Rad51). Interestingly, neuronal activity induces 

double strand DNA breaks near early response gene promoters that is required for their 

expression34,35, and the base excision repair pathway also plays a critical role in the expression 

of late response genes following neuronal activity36. Thus, neurons implement selective DNA 

repair, with actively transcribed promoters being repaired more frequently24. Furthermore, 
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recent data determined that DNA single-strand breaks in iPSC derived neurons were co-

localised with enhancers, including 90% of super-enhancers associated with neuronal 

identity37. Thus, the changes in DNA repair related pathways in our data may be inextricably 

linked with the changes in transcription-independent genome maintenance as well as the 

changes in neuronal activity and synaptic plasticity that occur in aged neurons. 

 

Our data also highlight that aged neurons recapitulate the H3K27ac enrichment at promoters, 

enhancers and super enhancers observed in young adult neurons. This mirroring of epigenetic 

signatures at the extremes of our aging time course mapped to genes involved in chromatin 

organisation/modification, protein folding/modifications, RNA processing, and synaptic 

function and structure. Synapse loss and alterations in synaptic function and plasticity occur 

with age1,38. Thus, it is possible that pathways related to synaptic plasticity are reactivated in 

aged neurons with the aim of maintaining neuron function39,40 and combatting age-associated 

cognitive decline. The concept of age associated recapitulation of a youthful epigenetic state 

has been proposed in previous literature41,42. Studies have shown that the epigenome is 

divergent throughout life 10, but cortical aging leads to a convergence of inter-individual DNA 

methylation states, suggesting cell de-differentiation in the aging human frontal cortex41. Of 

note, enhancers and super enhancers contribute to cell type specificity, particularly in the 

brain43, and the reversion of enhancers and super enhancers to a young adult status may 

contribute to cell de-differentiation. While the role of developmental programs in aging is 

contentious, there is increasing evidence that developmental programs may play an important 

role in aging alongside the accumulation of molecular damage over time44-46. Transcriptomic 

data from the human prefrontal cortex indicates that miRNA and transcription factors regulate 

gene expression programs, not just during development, but across lifespan; inextricably 

linking development and aging45,46. 
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Chromatin organisation and modification were a common theme identified with H3K27ac 

recapitulation in neuronal aging. The promoter of histone acetyl transferase Kat2a exhibited 

altered H2K27ac enrichment between young and mature adult neurons. Kat2a has critical 

activity in transcription, where it targets multiple sites on histone-3 for acetylation47. The 

reduction of H3K27ac at the promoter of Kat2a is suggestive of a positive feedback loop, where 

down regulation of Kat2a is concomitant with a reduction in H3K27ac genome wide. Some 

studies have reported that Kat2a inhibition promotes cellular lifespan47,48, and others have 

linked Kat2a reduction to impaired hippocampal synaptic plasticity and long-term memory 

consolidation49. Interestingly, we also observed changes in H3K27ac at the promoters of 

histone deacetylases Hdac3 and Hdac10. The overexpression of Hdac3 in the rat brain causes 

death of otherwise healthy neurons and it is associated with preventing long-term memory 

formation4,50. Concomitantly, reduced expression protects against neuronal death50, and 

rescues long-term memory impairments5. The targets of Hdac10 have not been well defined, 

however, it has been associated with the activity of Hdac351,52. We also identified several ATP-

dependent chromatin remodelling complex subunits, in particular members of the SWI/SNF 

complex and CHD family, in chromatin organisation pathways enriched in young and old aged 

neurons. Both SWI/SNF and CHD remodellers have been associated with neuronal 

development53-55, for example, Chd5 is specific to the brain and mice lacking Chd5 have 

autism-like characteristics53. However, there is little research into the role of ATP-dependent 

remodellers in the aging brain. Chd5 has been associated with the regulation of neuronal genes 

linked to aging and Alzheimer’s disease56, but the effect of Chd5 on the epigenetic signature 

of these genes during the normal aging process is unclear. This highlights a link in Chd5 

function and epigenome regulation between development and aging in the brain. 
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Our study revealed decreasing rDNA chromatin regulation as a characteristic of neuron aging 

(Extended data Figure 2).  rDNA encodes the proteins necessary to produce ribosomes and 

plays roles in genome stability, widespread epigenetic regulation of transcription and 

lifespan57,58. In mice, there are hundreds of copies of rDNA in tandem repeat arrays, a subset 

of which are required for the production of ribosomes, and the remainder is silenced in 

heterochromatin59. rDNA loci are inherently unstable, and in dividing cells copy loss naturally 

occurs during aging and is combated using homologous recombination59,60. In the aging mouse 

brain and human cerebral cortex no change of rDNA dose or copy number have been 

detected61,62. To date, there have been no studies of rDNA in aging neurons, however, our data 

highlights that rDNA regulation warrants further investigation specifically in aging neurons.  

 

In summary, to address a need for neuronal specific epigenetic information, our study has 

generated reference maps of H3K4me3 and H3K27ac from neuronal nuclei across the adult 

mouse lifespan. This catalogue of active promoters and putative enhancers demonstrate the 

plasticity of the epigenome in aging and identified rDNA and epigenetic regulation as novel 

hallmarks of neuron aging. 

 

METHODS 

 

Mouse tissue processing 

All animal procedures were undertaken with ethical approval from the Animal Ethics 

Committee of the University of Tasmania (A12780/A15120) and all experiments abided by the 

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Male 

mice aged 8-10 months were used for ChIP-qPCR analysis of whole brain (n=3) and isolated 

neuronal nuclei (n=2). Male mice for ChIP-seq were aged to 3 months (young adult), 6 months 
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(mature adult), and 12 months (middle age adult) and 24 months (old age adult), with n = 5 

mice per time point. Animals were housed in standard conditions (12hr day/night cycle, 

housing temperature of 20oC, ad libitum access to food). Mice were sacrificed with an 

intraperitoneal injection of Lethobarb (110mg/kg), and cardiac perfusion with 0.01M PBS. The 

forebrain was then rapidly dissected and snap frozen in liquid nitrogen. 

 

Isolation of nuclei from mouse forebrain 

Fresh-frozen mouse forebrains were sectioned along the midline. Half of each forebrain was 

immersed in 4.8 ml nuclei extraction buffer (NEB [Sucrose 0.32M, CaCl 5mM, Mg(Ac).4H20 

3mM, EDTA 0.1mM, Tris-HCl pH8.0 10mM, 1x protease inhibitor cocktail, PMSF 0.1mM, 

Triton-X-100 0.1%]) on ice and homogenised with a dounce tissue homogeniser (#357544, 

Wheaton, Millville, New Jersey, USA). Homogenised tissue was filtered through four layers 

of cheesecloth (#9338918004577, Ogilvies Designs, Belmont, Western Australia, Australia), 

followed by 70μm and 40μm cell strainers (#352350, #352340, Thermo Fisher Scientific, 

Waltham, MA, USA) on ice. Nuclei were pelleted by centrifugation and resuspended 500 μl 

0.01M PBS. Nuclei (90%) were incubated with anti-NeuN antibody (1:1000, #MAB377, Merk 

Millipore, Billerica, Massachusetts, USA) and goat-anti-mouse AlexaFluor 647 (1:2000, 

#A31571, Invitrogen/Life Technologies, Carlsbad, CA, USA) in blocking solution (0.5% BSA, 

#B4287 25G, Sigma-Aldrich, St Louis, Missouri, USA; and 10% normal goat serum, #G9023-

10, Sigma81 Aldrich, St Louis, Missouri, USA in 0.01M PBS) for 40 mins at 4oC on a slow 

rotator in the dark. The remaining 10% of the nuclei were used as the secondary only control 

and were incubated with goat-anti-mouse AlexaFluor 647 (1:2000) in blocking solution for 40 

mins at 4oC on a slow rotator in the dark. DAPI (#D3571, Life Technologies, Carlsbad, CA, 

USA) was added to the secondary only control for the final 5 mins of the incubation. Following 

antibody incubations, nuclei were collected by centrifugation then resuspended in ice cold PBS. 
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Fluorescence activated nuclei sorting (FANS) for neuronal nuclei 

FANS was performed on a BD Biosciences FACS Aria III (Becton Dickinson Biosciences, 

Franklin Lakes, NJ, USA). The secondary antibody only negative controls established gating 

for each sample and NeuN labelled nuclei were then sorted and collected in tubes pre-coated 

with foetal calf serum (FCS; #SH30084.02, Hyclone, GE Healthcare Life Sciences, South 

Logan, Utah, USA). Purity checks were performed and all samples were validated at >97% 

purity. 

 

Chromatin immunoprecipitation (ChIP) 

NeuN+ nuclei were fixed in 1% methanol-free formaldehyde (#28906, Pierce, Thermo Fisher 

Scientific, Waltham, MA, USA) for 15 mins at room temperature then quenched with 0.125M 

glycine (#G8898, Sigma-Aldrich, Missouri, USA) for 5 mins, prior to freezing at -80oC. 

Neuronal nuclei were the collected by centrifugation at 52,000 x g at 4oC for 25 mins (Sorvall 

WX Ultra 90 ulracentrifuge; TH-641 swinging bucket rotor (#54295, Thermo Fisher Scientific, 

Waltham, MA, USA), resuspended in SDS lysis buffer (EDTA 10mM, SDS 1%, Tris-HCl 

pH8.1 50mM) and transferred to 1.5mL Bioruptor+ TPX microtubes (#C30010010-300, 

Diagenode, Seraing, Belgium). Samples were sonicated on the Bioruptor Plus next-gen 

ultrasonicator (Diagenode, Seraing, Belgium) for 50 cycles of 30 secs on / 30 secs off, on ice. 

Chromatin fragment size was confirmed to be 200-500bp on the Agilent 4200 tape-station with 

HS D1000 tape and reagents (#5067-5584, Agilent Technologies, California, USA). Chromatin 

immunoprecipitation was performed as previously described previously63-65 with minor 

modifications. Briefly, 5 x 105 nuclei were used per immunoprecipitation. All samples (n = 20) 

were processed in parallel to eliminate batch effects. Samples were incubated with primary 

antibodies anti-H3K4me3 (2μg; #39160; Active Motif, Carlsbad, CA, USA) or anti-H3K27ac 
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(2μg; #39134; Active Motif, Carlsbad, CA, USA) overnight at 4oC with rotation. All antibodies 

have been previously validated for specificity and use in ChIP assays. 

 

ChIP-qPCR 

DNA from whole brain and neuronal nuclei ChIP samples was purified with the Chromatin IP 

DNA purification kit (Active Motif, #58002) according to the manufacturer’s instructions. 

Real-time quantitative PCR was performed using 5uL of KAPA Sybr Fast Universal 2x PCR 

master mix (Merck, #KK4601), 0.6uL of 5 uM forward primer, 0.6uL of 5uM reverse primer, 

2uL sample and 1.8uL of nuclease free water per reaction. Primer sequences targeting promoter 

regions were as follows; Sorbs3 For-GCCCAACAAGGAAGAGAGC, Rev-

CAAGTCCCAAACTCCTCCTG, Picalm1 For-GACGAGCCGCAGAGATGT, Rev-

GTCGTGGCCTTGCATACTGT and Bin1 For-CCCCTGAGCTGTTCTAGTGC, Rev-

GAAGCGAGCGCGGATAAT. Signal was calculated as enrichment over IgG and over total 

input (%). 

 

ChIP library preparation and next-generation sequencing 

Sequencing libraries were prepared using the Nugen Ovation Ultralow V2 (#0347 V2 1-

96/0344 V2 1-16, Redwood City, CA, USA) library preparation kits as per the manufacturer’s 

protocol. Library quality control and normalisation was carried out by the Australian Genomics 

Research Facility with the Agilent 4200 tape-station system and KAPA qPCR quantification. 

Samples were then pooled and distributed equally across all sequencing lanes. Samples were 

sequenced on the Illumina Hi-Seq 2500 Next-Generation-Sequencer (Illumina, San Diego, CA, 

USA) using 50bp single-end sequencing. 

 

ChIP-seq sequence alignment and pseudoreplicate generation 
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Sequencing FASTQ files were imported onto the Nectar Research Cloud for all processing. 

Raw reads were checked for quality control with FASTQC version 0.11.7 and MultiQC66,67. 

Adapters were trimmed using the Trim Galore wrapper version 0.4.3 for Cutadapt (version 

1.15)68. Samples were aligned with Bowtie269 version 2.3.4 to Mus musculus reference genome 

mm10 using default parameters70. After mapping, samples were converted to BAM file format 

and indexed with SAMtools version 1.7. Bigwig files were generated with bamCompare from 

deepTools for visualisation on IGV71,72. Samples not passing QC were removed at this stage, 

with between 2-5 samples retained for each histone mark at each time point. Reads from 

samples for each mark at each time point were pooled using samtools merge, read with 

samtools view, shuffled, and randomly distributed into pseudoreplicates equal to the number 

of samples passing QC to obtain an average signal for the mouse population assayed73,74. 

 

PCA and Pearson Correlation of Pseudoreplicates 

The log counts per million ChIP-seq signal for each sample was determined for 500bp bins 

across the entire mm10 genome using Subread. This data was then used to perform PCA 

analysis using ‘prcomp’ from the stats package in R. and the first and second dimensions were 

plotted. The Pearson correlation coefficients were then calculated between each sample and 

plotted as a matrix using ggplots2. 

 

Peak calling and genome coverage 

Peaks were called for H3K4me3 and H3K27ac against a merged input control utilising MACS2 

with a Q value cut-off of 0.0575. Any ENCODE blacklisted regions76 for mm10 were removed 

from the called peaks. Percent of genome covered was calculated by accumulating the number 

of base pairs covered by all called peaks within a sample, divided by the total number of base 

pairs within the mm10 genome and multiplied by 100. 
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Differential analysis 

Differential enrichment analysis was performed within R using the ChIP-seq Analysis with 

Windows (csaw) package77. Briefly, bam files from pseudoreplicates were imported with the 

following parameters: frag.length: 250, window.width 150, spacing 50, minq =30, then filtered 

to remove blacklisted regions76. Samples were counted into 2000bp bins for further filtering of 

low abundance regions of non-specific binding, keeping reads higher than log2(3) above 

background. After filtering steps, reads were binned into 10kb bins for removal of library 

composition and trended bias with the scaling normalisation strategy of trimmed mean of M 

values (TMM) from EdgeR77-79. Differential enrichment analysis was then performed with a 

quasi-likelihood framework and negative binomial modelling from the EdgeR package78. 

Binned reads were then clustered into 2000 bp tolerance regions for H3K4me3 and H3K27ac, 

and false discovery rate error control was established with Benjamini Hochberg correction for 

multiple testing (F<0.05). Heatmaps of differential regions were created using computeMatrix 

and plotHeatmap tools from deepTools80. Heatmaps were plotted as +/- 3 kb from the centre 

of each differential region and sorted in descending order. 

 

ChIP-seq overlap with annotated gene regulatory features 

Using the AnnotationHub package in R, we obtained a list of Ensembl annotated TSS in the 

mm10 genome. We classified the proximal promoter of these TSS by obtaining the region 

1,500 bp upstream and 500 bp downstream. Differential regions for each histone mark were 

merged into a single consensus set using countOverlaps. The consensus differential regions 

were intersected with the annotated promoters using subsetByOverlaps and classified by the 

number of times a significant change was detected at each promoter. Heatmaps of the 

hyperdynamic groups were generated by calculating the number of reads per promoter using 
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Subread and plotting the normalised Z-score with hierarchical clustering using pheatmap. 

clusters were extracted using cutree and exported for gene ontology analysis. 

 

Gene Ontology 

Differential regions that overlapped with promoters were analyzed for enrichment of gene 

ontology terms in GREAT 81, using the whole genome as background and assigned to the single 

nearest gene. All significant GO terms for Molecular Function, Biological Process or Cellular 

Component and mouse phenotype gene sets are reported. 

 

Super enhancers 

We obtained a list of mouse neuron super enhancers from DB super25. All differential distal 

H3K27ac regions were overlapped with the super enhancers using subsetByOverlaps. The 

ChIP-seq signal within each super enhancer was determined by the read counts for H3K27ac 

calculated with Subread. The differential ChIP-seq signal was then plotted using heatscatter. 

 

Data availability 

The data generated in this study will be made available on GEO. The neuronal super enhancer 

regions are available from DB super25. 
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FIGURE 6: Giles KA & Phipps AJ etal (2021), Mouse Aging Epigenome
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FIGURE LEGENDS 

 

Figure 1. Genome-wide epigenome maps of aging neurons 

A-D) Schematic of experimental design and analysis for this study, including (A) Timeline of 

mouse lifespan and data points collected for this study, (B) FANS collection using NeuN+ cells, 

(C) Chromatin immunoprecipitation and (D) sequencing. Created with BioRender.com. 

E-G) ChIP-qPCR targeting H3K27ac of mouse whole brain (n=2-3) and NeuN+ purified 

neurons (n=2) for promoters Sorbs3 (E), Picalm (F) and Bin1 (G). Enrichment is ChIP-qPCR 

signal over IgG and over total input. 

 

Figure 2. Enrichment of H3K4me3 and H327ac in neurons 

A) Example regions of H3K4me3 and H3K27ac neuronal ChIP-seq signal at neuron specific 

genes Syt1 and Syp, displaying two representative tracks for each age. 

B-C) PCA plots for genome wide ChIP-seq signal of (B) H3K4me3 and (C) H3K27ac in 

neurons with the first dimension plotted on the x-axis and second dimension on the y-axis. 

Plots show clustering of the samples by replicate and separation of samples by age. 

D) Percent in base pairs of the genome covered by H3K4me3 and H3K27ac in neurons for each 

age. The left y-axis and green bars display H3K4me3 data, while the right y-axis and blue bars 

represent H3K27ac. 

 

Figure 3. H3K4me3 at Promoters 

A-C) Heatmaps of H3K4me3 signal at differential regions for (A) young versus mature adults, 

(B) mature versus middle age adults and (C) middle versus old age adults. Signal is positioned 

on the centre +/- 3 kb of each differential region and sorted in descending order. 
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D) Schematic of analysis to determine the categories of promoter groups. After the overlap of 

annotated promoters and differential ChIP-seq regions, examples are shown of promoters that 

are either constitutive (no change including no signal), single change (changes once at any 

point in the time course), dynamic (change twice) or hyperdynamic (changes at each point 

across the time course). Created with BioRender.com. 

E) The percentage of promoters within each category based on H3K4me3 signal. Single and 

dynamic changes are further classified based on which time point the change occurred.  

F) Significant gene ontology biological process terms for a change in H3K4me3 with either a 

signal or dynamic change. Terms associated with neuronal development, the cell cycle or 

proliferation are denoted in green. 

 

Figure 4. H3K4me3 at Hyperdynamic Promoters 

A) Heatmap of normalised (row Z score) ChIP-seq signal of H3K4me3 at hyperdynamic 

promoters. Promoters are divided into four groups by hierarchical clustering and numbered 

based on position in the dendrogram. 

B) Cellular component gene ontology terms associated with hyperdynamic promoters. Terms 

relating to telomeres, mitochondrial function or DNA repair are denoted in green. 

C) Example regions of H3K4me3 signal at Cyc1 (mitochondrial function), Terf2 (telomere 

maintenance), Rad52 and Xrcc6 (DNA repair). Each region displays two representative tracks 

for each age. 

 

Figure 5. H3K27ac at Promoters 

A-C) Heatmaps of H3K27ac signal at differential regions for (A) young versus mature adults, 

(B) mature versus middle age adults and (C) middle versus old age adults. Signal is positioned 

on the centre +/- 3 kb of each differential region and sorted in descending order. 
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D) Percentage of promoters in each category (analysis as per Figure 3D) determine by changed 

in H3K27ac signal. Single and dynamic changes are further classified based on which time 

point the change occurred.  

E) Heatmap of normalised (row Z score) ChIP-seq signal of H3K27ac at hyperdynamic 

promoters. Promoters are divided into four groups by hierarchical clustering. 

F) Example regions of H3K27ac signal at epigenetic genes Kat2a, Kdm4a and Hdac3, 

displaying two representative tracks for each age. 

 

Figure 6. H3K27ac at enhancers and super-enhancers 

A) Percentage of distal regions classified based on the number of times there is a change in 

H3K27ac signal across the mouse lifespan.  

B) Heatmap of normalised (row Z score) ChIP-seq signal of H3K27ac at hyperdynamic distal 

regions. Regions are divided into three groups by hierarchical clustering. 

C) Example genome browser regions of H3K27ac signal on chromosome 3 showing examples 

of a single change between young and mature neurons, a dynamic region which changes 

between young and mature adult and then again between middle and old age, and a 

hyperdynamic region that exhibited decreased H3K27ac marking between young and mature 

adult neurons, increased in middle age and then further increased in signal in old age. Two 

representative tracks for each age are displayed. 

D) Overlap of differentially enriched distal H3K27ac regions with neuronal super enhancers. 

E) Differential signal of H3K27ac at super enhancers for young versus mature adults (y-axis) 

and mature versus middle age adults (x-axis) with most of the super enhancers showing a 

stronger signal in the young compared to mature and middle age neurons. 
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F) Differential signal of H3K27ac at super enhancers for mature versus middle age adults (y-

axis) and middle age versus old age adults (x-axis) with most of the super enhancers showing 

a stronger signal in the old age compared to mature and middle age neurons. 

G) Differential signal of H3K27ac at super enhancers for young versus mature adults (y-axis) 

and middle age versus old age adults (x-axis) with most of the super enhancers showing a 

stronger signal in the young and old age adults compared to mature and middle age neurons. 

H) Example genome browser regions of H3K27ac signal at super enhancers within the Msra 

gene, showing two example tracks for each age. 
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EXTENDED DATA FIGURE 1: Giles KA & Phipps AJ etal (2021), Mouse Aging Epigenome
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Extended Data FIGURE 2: Giles KA & Phipps AJ etal (2021), Mouse Aging Epigenome
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Extended Data Figure 3: Giles KA & Phipps AJ etal (2021), Mouse Aging Epigenome
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Extended Data Figure 4: Giles KA & Phipps AJ etal (2021), Mouse Aging Epigenome
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Extended Data Figure 5: Giles KA & Phipps AJ etal (2021), Mouse Aging Epigenome
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Extended Data Figure 6: Giles KA & Phipps AJ etal (2021), Mouse Aging Epigenome
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Extended Data Figure 7: Giles KA & Phipps AJ etal (2021), Mouse Aging Epigenome
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EXTENDED DATA FIGURE LEGENDS 

 

Extended Data Figure 1 

A-B) Gating strategy for secondary only control (A) and for purifying NeuN+ (B) mouse 

forebrain nuclei. 

 

Extended Data Figure 2 

A) Example regions of H3K4me3 and H3K27ac neuronal ChIP-seq signal at glial specific 

genes Gfap and Aif1, displaying two representative tracks for each age. 

B) ChIP-seq signal of H3K4me3 and H3K27ac at the promoters of Picalm, Bin1 and Sorbs3. 

Two representative tracks for each age, track underneath the ChIP-seq signal denotes the 

location of the primers targeting these promoters in Figure 1A-C. 

 

Extended Data Figure 3 

A-B) Matrix plots of Pearson correlations between samples for H3K4me3 (A) and H3K27ac 

(B). Heatmap is colour according to strength of the correlation. 

 

Extended Data Figure 4 

A) Biological process GO terms significant for the hyperdynamic promoters with a change in 

H3K4me3, where H3K4me3 is enriched in the young adults (Figure 4A, cluster 3), the mature 

adults (Figure 4A, cluster 2), the middle aged (Figure 4A, cluster 1) and old aged (Figure 4A, 

cluster 4) adults. Pathways discussed in the manuscript are denoted in green. 

 

Extended Data Figure 5 
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A) Molecular function GO terms significant for the hyperdynamic promoters with a change in 

H3K4me3, where H3K4me3 is enriched in the young adults (Figure 4A, cluster 3), the mature 

adults (Figure 4A, cluster 2), the middle aged (Figure 4A, cluster 1) and old aged (Figure 4A, 

cluster 4) adults. 

B) Example regions showing the H3K4me3 signal at promoters of genes involved in Telomere 

maintenance (Terf1), mitochondrial function (Cycs) and DNA repair (Lig4, Xrcc1, Brca2 and 

Pold3). 

 

Extended Data Figure 6 

A) Biological process GO terms associated with a significant change in H3K27ac at promoters 

that has a single change between young and mature adults, a single change between middle and 

old aged adults, were dynamic and changed between young and mature adults as well as 

between middle and old aged adults, and the promoters which were hyperdynamic. Terms in 

blue are associated with neuronal function and epigenetic regulation. 

B) Cellular component GO terms associated with a significant change in H3K27ac at promoters 

that has a single change between young and mature adults, a single change between middle and 

old aged adults, were dynamic and changed between young and mature adults as well as 

between middle and old aged adults, and the promoters which were hyperdynamic. Terms in 

blue are associated with neuronal function, epigenetic regulation, and mitochondrial function. 

 

Extended Data Figure 7 

A) Molecular function GO terms associated with a significant change in H3K27ac at promoters 

that has a single change between young and mature adults, a single change between middle and 

old aged adults, were dynamic and changed between young and mature adults as well as 
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between middle and old aged adults, and the promoters which were hyperdynamic. Terms 

associated with epigenetic regulation are shown in blue. 

B) Example regions of H3K27ac signal at epigenetic genes Nsun2, Smarcd3 and Smarca2, 

displaying two representative tracks for each age. 
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