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ABSTRACT
Alterations in environmentally sensitive epigenetic mechanisms (e.g., DNA methylation) influence 
axonal regeneration in the spinal cord following sharp injury. Conventional DNA methylation detec
tion methods using sodium bisulphite treatment do not distinguish between methylated and hydro
xymethylated forms of cytosine, meaning that past studies report a composite of 5-methylcytosine 
(5mC) and 5-hydroxymethylcytosine (5hmC). To identify the distinct contributions of DNA methyla
tion modifications to axonal regeneration, we collected spinal cord tissue after sharp injury from 
untreated adult F3 male rats with enhanced regeneration of injured spinal axons or controls, derived 
from folate- or water-treated F0 lineages, respectively. Genomic DNA was profiled for genome-wide 
5hmC levels, revealing 658 differentially hydroxymethylated regions (DhMRs). Genomic profiling with 
whole genome bisulphite sequencing disclosed regeneration-related alterations in composite 5mC + 
5hmC DNA methylation levels at 2,260 differentially methylated regions (DMRs). While pathway 
analyses revealed that differentially hydroxymethylated and methylated genes are linked to biologi
cally relevant axon developmental pathways, only 22 genes harbour both DhMR and DMRs. Since 
these differential modifications were more than 60 kilobases on average away from each other, the 
large majority of differential hydroxymethylated and methylated regions are unique with distinct 
functions in the axonal regeneration phenotype. These data highlight the importance of distinguish
ing independent contributions of 5mC and 5hmC levels in the central nervous system, and denote 
discrete roles for DNA methylation modifications in spinal cord injury and regeneration in the context 
of transgenerational inheritance.
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Introduction

The peripheral nervous system (PNS) is capable of 
repair following injury. In contrast, the regenerative 
properties of the central nervous system (CNS) are 
strikingly limited following spinal cord injury, stroke, 
and other conditions of the CNS [1–3]. The unique 
capacity for functional recovery in the PNS is linked 
to the rapid response of transcription factors that are 
driven by both genetic and environmental contribu
tions [4–6]. These contributions implicate environ
mentally sensitive molecular marks, such as DNA 
methylation, in the regulation of gene expression 
related to functional recovery.

DNA methylation (5-methylcytosine [5mC]) is 
the most studied epigenetic modification, and is an 

environmentally sensitive component in wide- 
spread regulation of gene expression. While 5mC is 
found in every tissue and cell type, its abundance and 
distribution are both tissue- and cell-type specific, 
resulting in the precise regulation of gene expression 
for critical biological processes including neuronal 
survival and synaptic plasticity [7–15]. 5mC predo
minantly resides at CpG dinucleotides in eukaryotes. 
However, recent reports have identified 5mC levels 
at CpH dinucleotide contexts (i.e., mCH: CpA, CpC, 
and CpT) [16], suggesting a broader role for this 
modification. To date, the roles of non-canonical 
methylation marks have been incompletely charac
terized. The folate pathway significantly participates 
in methyl donor pathways, and DNA methylation 
levels are directly affected by folate abundance [17]. 
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Recent data showing that ancestral folate supple
mentation results in spinal cord axonal regeneration 
[18] indicate that folate influences DNA methylation 
levels that may function by altering gene expression 
levels driving the regeneration processes.

While DNA methylation studies have primarily 
focused on 5mC, oxidation of 5mC by the ten- 
eleven translocation (TET) family of enzymes gen
erates stable molecular derivatives, including 
5-hydroxymethylcytosine (5hmC). Conventional 
DNA methylation detection methods, such as 
sodium bisulphite DNA sequencing, do not distin
guish between 5mC and 5hmC. Recent introduc
tion of genome-wide methods capable of 
discriminating between 5mC and 5hmC demon
strates that 5hmC may have central nervous sys
tem (CNS)-specific functions, in view of its greater 
than 10-fold enrichment in the CNS compared to 
peripheral tissues, its association with the regula
tion of neuronal activity, and its accumulation in 
the brain during neuronal development and 
maturation and the ageing process [19,20]. 
Moreover, perturbations in the genome-wide 
5hmC landscape are linked to developmental (e. 
g., Rett syndrome) and neurodegenerative (e.g., 
Alzheimer’s) disorders, underscoring a role for 
5hmC in the establishment, maintenance, and sur
vival of the CNS [21,22].

The role of 5hmC in axonal regeneration remains 
unknown. Here, we examined genome-wide profiles 
of axon regeneration-related 5hmC levels in 
response to ancestral folate supplementation, and 
compared them to axon regeneration-related com
posite 5mC + 5hmC DNA methylation levels to 
determine the unique contributions of these DNA 
methylation modifications to the regeneration pro
cess. These data reveal that the large majority of 
axon regeneration-related 5hmC and 5mC sites are 
unique, and most probably have distinct functions 
in spinal cord injury and regeneration.

Results

5hmC levels are disrupted during axonal 
regeneration

Ancestral folate supplementation enhances transge
nerational axonal regeneration of injured spinal 
axons in vivo and in vitro [18]. To examine the role 

of 5hmC in the enhanced axonal regeneration pheno
type, we collected spinal cord tissue from untreated 
adult F3 rats that showed statistically significant 
improvement in axonal regeneration following sharp 
spinal cord injury, in response to daily folic acid injec
tions to their F0 progenitors compared to untreated F0 
control [18]. Genomic DNA from the spinal cord 
tissues of the untreated enhanced axonal regeneration 
and control F3 progeny were genome-wide profiled 
for 5hmC using a chemical labelling and affinity pur
ification method [23–26] coupled with high- 
throughput sequencing technology. This approach 
yielded an average of 26.5 million paired-end reads 
mapped from each genome (Methods; Supplementary 
Table 1). Read density mapping showed no visible 
differences among the chromosomes, except depletion 
on the X chromosome, which is consistent with pre
vious observations [23,24,26].

Significant accumulations of uniquely mapped 
reads represent hydroxymethylated regions through
out the rat genome. Differentially hydroxymethylated 
regions (DhMRs) associated with regeneration were 
identified in both enhanced axonal regeneration and 
control groups (Methods). Hydroxymethylated 
regions found in enhanced axonal regeneration rats 
were classified as hyper-DhMRs, and hydroxymethy
lated regions absent in enhanced axonal regeneration 
rats (present in control rats) were classified as hypo- 
DhMRs. A total of 658 differentially hydroxymethy
lated regions (DhMRs) were observed across the entire 
genome, except on the Y chromosome (P-value < 0.05, 
Fold change > 1.5; Figure 1(a)). There was a similar 
number of hyper-DhMRs (N = 342) compared to 
hypo-DhMRs (N = 316; Figure 1(b)). DhMR annota
tion to recognized genomic structures revealed that 
the majority (75%) of DhMRs reside either distal to 
annotated genes (58%) or within intronic regions of 
genes (17%; Figure 1(c)). Annotation of the 658 
DhMRs to genes revealed 255 unique genes, including 
10 genes with known roles in axonal regeneration (e.g., 
Abca1, Adam10, Ank3, Cntf, and Tgif1) [27]. 
Together, these findings suggest 5hmC levels influ
ence the enhanced axonal regeneration phenotype.

Differential hydroxymethylation and methylation 
occur at distinct genomic loci

To discriminate the unique contributions of DNA 
methylation modifications (i.e., 5mC and 5hmC) 
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to axonal regeneration, genomic DNA from the 
same tissues profiled for 5hmC was whole genome 
bisulphite sequenced, and approximately 
432 million paired-end sequence reads were gen
erated per sample (enhanced axonal regeneration 
[FA80]: N = 3, control [DDI]: N = 3). An average 
of 320 million paired-end sequence reads (~75%) 
successfully mapped to the Rattus norvegicus (rn6) 
genome (Methods; Supplementary Table 2). 
Following sequence read de-duplication processes 
and the removal of CpG dinucleotides with low 
read coverage, an average of 22.7 million CpG 
positions were analysed per sample. The average 
DNA methylation abundance across the entire 
genome did not significantly differ between groups 
(enhanced axonal regeneration: 74.7%; control: 
75.8%, Figure 2(a)), suggesting there are no global 
changes to DNA methylation (5mC + 5hmC) 
abundance related to axonal regeneration. 
Despite this finding, unsupervised hierarchical 
clustering of DNA methylation (5mC + 5hmC) 
levels across the entire genome revealed that 
enhanced axonal regeneration and control samples 
clustered away from each other (Figure 2(b)), 
thereby indicating that DNA methylation (5mC + 
5hmC) levels are able to distinguish enhanced 
axonal regeneration tissues from control tissues.

To investigate locus-specific DNA methylation 
(5mC + 5hmC) levels linked to axonal regeneration, 
whole genome methylation data were subjected to 
a smoothing process and dispersion shrinkage algo
rithm that provides enhanced sensitivity, accuracy, 
and biological plausibility compared with previous 
methods [28]. This approach detected 1,636 differ
entially methylated regions (DMRs) distributed 
across the entire genome, except the 
Y chromosome (cluster of ≥5 CpGs with P-value < 
0.00001 and >10% change in methylation; Figure 2 
(c); Supplementary Dataset 2; methods). A total of 
225 hyper- and 1,411 hypo-DMRs were distin
guished (Figure 2(d)), indicating that the majority 
of sites that contribute to axonal regeneration have 
reductions in DNA methylation (5mC + 5hmC) 
levels, in keeping with previous reports [29]. 
Annotation of the 1,636 DMRs to genes revealed 
1,028 unique genes that harbour disruptions in 
DNA methylation (5mC + 5hmC), including over 
70 genes known to participate in axon regeneration 
(e.g., Igf2, Pten, Vegfa, and Rxrb) [30]. These data 
corroborate previous evidence that ancestral folate 
supplementation exhibits long-lasting transgenera
tional alterations to the epigenome through three 
generations of untreated progeny, and promotes 
enhanced axonal regeneration.

Figure 1. Axonal regeneration-related changes in 5hmC after ancestral folate supplementation. (a) A Manhattan plot depicts 
genomic distribution of 5hmC across the genome. Correlated DhMRs are displayed with the -log10 of the P-value (y-axis) for 
each chromosome (x-axis). Significant DhMRs (P-value < 0.05) are displayed above the black line, while all DhMRs alternate between 
blue and orange to indicate each chromosome. (b) Volcano plot displays the relation of the log2(fold-change) of 5hmC (x-axis) and 
the statistical significance – log10(P-value) (y-axis). Hyper- and hypo-DhMRs (P-value < 0.05; fold-change > 1.5x) are depicted in blue 
and orange, respectively. Candidate regions that did not meet significance cut-offs are depicted in black. (c) Pie chart showing the 
per cent distribution of DhMRs to standard genomic features.
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Whole genome sequence data also provide the 
opportunity to interrogate genome-wide levels of 
DNA methylation occurring at non-CpG sites (i.e., 
CpA, CpC, and CpT, collectively referred to as 
mCH sites). Differential methylation analysis of 
CpH sites identified 624 differentially methylated 
CpH (DmCH) sites associated with axonal regen
eration, including 256 and 368 hyper- and hypo- 
DmCH sites (FDR P-value < 0.05; Figure 3(a); 
Supplementary Dataset 3). Sequence motif analysis 

of nucleotides immediately flanking the DmCH 
sites showed a significant over-representation of 
CpA dinucleotides (>80%; P-value < 0.05; Figure 
3(b)), which is consistent with previous reports 
[31]. While annotation of the 624 DmCH sites to 
genes only revealed 66 genes, 20 of these function 
in neuronal growth and development, such as 
Nrg1, Robo1, and Slc8a1 [27]. The large majority 
(~80%) of DmCH sites were located in distal inter
genic regions of the genome more than 100

Figure 2. Axonal regeneration-related changes in 5mC after ancestral folate supplementation. (a) Bar graph depicts the per cent 
global 5mC levels in samples with enhanced axonal regeneration samples (FA80) and low axonal regeneration samples (DDI). (b) 
Unsupervised hierarchical clustering using global 5mC levels from samples that exhibit enhanced axonal regeneration (FA80) and 
low axonal regeneration (DDI). (c) Circos plot depicting the chromosomes (Outer ring) of the rat genome that were examined by 
whole-genome bisulphite sequencing. Each chromosomes is a different colour and the chromosome size is represented by the bar 
length. (Inner ring) Blue lines represent the relative location of differentially methylated regions (DMRs) across all chromosomes. (d) 
Scatterplot depicts the level of differential methylation between sample groups. The average per cent DMR methylation of the 
enhanced axonal regeneration samples (FA80; y-axis) and low axonal regeneration samples (DDI; x-axis) are shown. Hyper- and 
hypo-DMRs are shown in red and blue, respectively.

Figure 3. Axonal regeneration-related changes in 5mC at CpH dinucleotides after ancestral folate supplementation. (a) Scatterplot 
depicts the level of differential methylation between sample groups. The average per cent DMR methylation of the enhanced axonal 
regeneration samples (FA80; y-axis) and low axonal regeneration samples (DDI; x-axis) are shown. Hyper- and hypo-DMRs are shown 
in green and orange, respectively. (b) A sequence motif plot depicts the relative abundance of nucleotides immediately flanking the 
DmCH site. The asterisk indicates that the CpA context is significantly more common compared to CpT or CpC (P-value < 0.05). (c) 
Modified bar plot depicts the relative abundances of DmCH sites in relation to gene transcription start sites (TSSs). The distance 
(legend colours) upstream or downstream of the TSS is shown from 5� to 3� (x-axis).
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kilobases away from any annotated gene (Figure 3 
(c)), illustrating that mCH methylation levels 
linked to axonal regeneration reside largely in 
unannotated regions of the genome.

Because DMRs may represent differential 5mC 
or 5hmC, we overlaid the DMRs with the DhMRs 
to determine the origin of the DMR finding. 
Overlap would support a 5hmC contribution to 
the DMRs. Only 1 DMR overlapped with 
a DhMR, located in an exon of the Ush1 g gene 
(Figure 4), and there were no overlaps between 
DhMRs and DmCH loci. In addition, 22 genes 
carry both DhMR and DMRs, differential modifi
cations that were on average more than 60 kilo
bases away from one another. These data indicate 
that the large majority of axonal regeneration- 
related differential hydroxymethylation and 
methylation positions are unique, and likely have 
distinct functions in the axonal regeneration 
phenotype.

Identification of potentially functional DNA 
hydroxymethylation and methylation

To gain insight into the potential mechanism for 
axonal regeneration-related changes in DNA 

hydroxymethylation and methylation (DhMRs, 
DMRs, and DmCH), we examined the sequence 
motifs of the nucleotides immediately flanking 
the differential loci. Significant enrichment of 
known transcription factor binding sites was 
observed, including forkhead box (FOX), 
hypoxia-inducible factor 1-a (HIF1A), aryl hydro
carbon receptor nuclear translocator (ARNT), 
and interferon regulatory factor 4 (IRF4), all of 
which are linked to regeneration of DRG axons 
after peripheral nerve injury (P-value < 0.01; 
Figure 5(a); Dataset 4) [32]. These findings sug
gest that regeneration-related DNA methylation 
(5hmC + 5mC) regulates gene expression by 
altering transcription factor binding affinity in 
the CNS.

Since many DhMRs (58%), DMRs (43%), and 
DmCH (80%) reside distal to annotated genes, we 
investigated whether these genomic regions corre
late with neuronal enhancer regions [33]. Two hun
dred and ten of the differentially hydroxymethylated 
and methylated loci overlapped with known enhan
cers, and the large majority were DMRs (N = 207; 
Figure 5(b)). Notably, the finding that DhMRs do 
not mark distal regulatory elements was supported 
by an independent approach (Methods). Because

Figure 4. Differential 5hmC and 5mC occur at distinct genomic loci. (a) Venn diagram illustrates the overlap between genomic 
coordinates of DMRs (N = 1636; green), DmCH sites (N = 624; grey), and DhMRs (N = 658; red).
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enhancer regions influence expression of genes 
more than one megabase away [34], these data indi
cate that distal DMRs regulate gene expression by 
disrupting enhancer/promoter interactions.

Comparison of the DNA hydroxymethylation 
and methylation data to RNA sequencing 
(RNAseq) data generated from the same rats and 
spinal cord tissues [18] identified a plurality of 
genes (N = 65) that have correlated differential 
hydroxymethylation/methylation and expression 
linked to neuronal regeneration, such as Rxrb, 
Syn2, and Dscam (P-value < 0.05; Figure 5(c,d)). 
Investigation of the transcription factor motifs 
associated with these genes demonstrated signifi
cant enrichment of the ZAC1/Plagl1 transcription 
factor binding site (P-value < 0.01; Figure 5(a)).

Differential hydroxymethylation and methylation 
are linked to axonal regeneration pathways

To further characterize genes and pathways linked 
to axonal regeneration, we next examined the gene 
ontologies (GO) of the differential hydroxymethy
lation- and methylation-associated genes. The ana
lyses disclosed significant relationships between 
genes linked to processes involved in axon devel
opment, axonogenesis, and the regulation of neu
ron differentiation (Figure 6(a,b)). Moreover, gene 
network mapping of the enrichment results iden
tified three major gene network hubs: axonal/neu
ronal development; organ development; and 
appendage development (Figure 6(c)). These data 
indicate that specific molecular pathways are

Figure 5. Combined cytosine modifications display potential functions. (a) Venn Diagram depicts the overlap between modified 
cytosine regions in the rat genome (pink) with known neuronal enhancer regions in the mouse genome (yellow). (b) Venn diagram 
depicts the overlap between genes harbouring modified cytosine (DhMRs, DMRs, and DmCH sites) (blue) to axonal regeneration- 
related differentially expressed genes (orange). The asterisk denotes significant overlap (hypergeometric test; P-value < 0.05). (c) 
Potentially functional (PF) cytosine modifications. Genes with significant increases (green arrow) or decreases (red arrow) in 
expression levels (RNA) that have correlated significant increases (green arrow) or decreases (red arrow) in 5hmC and/or 5mC 
(CpG or CpH) levels (Methylation). The gene symbol (Gene) is shown for each scenario. (d) The top transcription factor motif enriched 
for each analysis is displayed. The specific cytosine modifications investigated is shown in the left panel (Modification), a logo plot 
depicts the top enriched sequence motif (P-value < 0.01) found for each modified cytosine in the centre panel (Motif), and the 
transcription factor known to bind the sequence motif are shown in the right panel (Transcription Factor). The lower panel depicts 
the top sequence motif (centre panel; Motif; P-value < 0.01) and corresponding transcription factor (right panel; Transcription Factor) 
found in all axonal regeneration-related differentially expressed genes (left panel; All RNA) and correlated axonal regeneration- 
related differentially cytosine modified and expressed genes (left panel; PF-modified cytosines).
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influenced by changes in DNA hydroxymethyla
tion and methylation during axonal regeneration.

Discussion

Here, we report unique roles for 5hmC and 5mC 
in spinal cord injury and regeneration specific to 
a folate-induced transgenerational phenotype. In 
particular, we describe distinct regeneration- 
related 5hmC and 5mC levels at more than 2,800 
sites throughout the genome, many of which 
appear to be functional (i.e., alter gene expression) 
by modulating transcription factor binding affinity 
and expression of genes related to axon growth 
and development. The genes and pathways 
marked by changes in these DNA methylation 
modifications, especially those that correlate to 
transcript levels, support insights into injury 
mechanisms and novel treatment targets for indi
viduals suffering from spinal cord (and brain) 
trauma or disease.

Differential hydroxymethylation and methylation 
of axon regrowth genes

Our finding of close to zero overlap and only 22 
genes that harbour both DhMR and DMRs (with an 
average distance of >60 kilobases from each other) 
strongly suggests that axonal regeneration-related 
DNA methylation modifications are unique with 
distinct functions (e.g., gene regulation) in the axo
nal regeneration phenotype. Genes having unique 
associations with DhMRs are biologically relevant to 
the axonal regenerative phenotype. For example, the 
DhMR with the lowest P-value is associated with the 
protein-O-fucosyltransferase-1 (Pofut1) gene [35], 
whose product is required for Notch signalling cri
tical for axon regeneration [36]. In addition, another 
DhMR among the top 10 with the lowest P-value is 
linked to ankyrin-3 (Ank3), which functions at the 
axonal initial segment and nodes of Ranvier of neu
rons in the central and peripheral nervous systems 
[37]. In turn, the top 10 DhMRs with the lowest

Figure 6. Combined cytosine modification-associated genes pathways analysis. (a) Dot plot illustrating the top 30 gene ontological 
(GO) biological processes linked with the cytosine modification-associated genes (ordered by statistical significance from the top of 
the figure). The specific term (y-axis) and the ratio of genes contributing to each GO term (x-axis) are shown. The size of the dot is 
representative of the relative number of cytosine modification-associated genes contributing to each term. The colour of each dot 
represents the FDR P-value, shown in the legend, as determined by a Fischer test. (b) A gene-concept network plot shows the top 
five gene ontology terms (beige), the genes (grey) associated with each term, and the interconnectivity between genes and 
processes (lines). The size of the beige dot relates to the number of cytosine modification-associated genes contributing to that 
term. (c) An enrichment map plot depicts the connectivity of terms with each other, with hubs of similar processes clustering away 
from each other. Node (balls) sizes represent the relative number of cytosine modification-associated genes contributing to each 
term, while the colour represents the FDR P-value, shown in the legend, as determined by a Fischer test. The size of the edges (grey 
lines) depicts the strength of relatedness between terms.
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P-value also are associated with genes known to 
function in injury-induced axon degeneration (e.g., 
Rreb1) [38] and after traumatic brain injury (e.g., 
Abca1 [39] and Kdm4a [40]) pointing to distinct 
functions for 5hmC in spinal cord injury and 
regeneration.

Because they are strongly enriched in axon devel
opment- and axonogenesis-related gene ontology 
categories, genes with unique associations to DMRs 
also have biological relevance to the axonal regenera
tive phenotype. Important neurogenesis genes include 
Synapsin-2 (Syn2), which encodes a neuronal phos
phoprotein associated with synaptic vesicles, is 
reported to be involved in improved epithelial organ 
regeneration [41] and upregulated in lampreys follow
ing spinal cord injury, suggesting a role for Syn2 in 
neuronal regeneration [42]. Our data further docu
ment methylation and transcriptional changes in glu
tamate ionotropic receptors, including NMDA type 
subset 2 C and 2D (Grin2 c and Grin2d), indicating 
that perturbation of glutamatergic signalling and 
synaptogenesis may be involved axonal regeneration, 
as previously suggested [43].

Non-CpG methylation

In addition to investigating differential methylation 
in the canonical CpG dinucleotide context, we inter
rogated alterations in DmCH contexts. Notably, 
more than 500 of the 624 DmCH sites occurred in 
a CpA dinucleotide context, in line with previous 
studies showing that CpA methylation preferentially 
resides on actively transcribed neuronal genes, and 
with evidence that CpA methylation levels can be 
modulated by neuronal activity [31]. The molecular 
mechanism of mCH methylation in axonal regen
eration remains to be clarified, especially because 
a majority of differentially methylated sites occur 
in unannotated regions of the genome.

Hydroxymethylation and Methylation in 
enhancer regions

Much of the differential hydroxymethylation and 
methylation loci that we have identified reside in 
the distal intergenic regions of the genome. Gene 
expression enhancers are regulatory elements often 
located in the distal intergenic regions that affect 
the expression of genes greater than one megabase 

away [34]. We investigated whether DhMRs and/or 
DMRs overlapped with annotated enhancers to 
account for changes in gene expression. Of the 
nearly 1,600 differential hydroxymethylation and 
methylation regions found in the distal intergenic 
regions in this study, only 210 coincided with the 
location of an annotated enhancer. Notably, these 
annotated neuronal enhancers were taken from the 
mouse genome, with limited relevant annotation of 
the rat genome. Conversion of the DhMR and 
DMR genomic coordinates to the mouse genome 
(mm9) is imperfect, and several regions (~25%) 
could not be converted due to poor sequence con
servation between species. In addition, the genes 
neighbouring DhMRs/DMRs may be different 
between species. Thus, the 210 DhMRs and 
DMRs that overlapped with the mouse annotated 
neuronal enhancers likely represent an underesti
mate [44].

Folate and DNA hydroxymethylation and 
methylation

Since the present axonal regeneration model was 
developed using untreated adult F3 male rats 
derived from an F0 lineage that was exposed to 
daily injections of folic acid, it is important to 
consider how folic acid may differentially affect 
5hmC and 5mC levels. Folic acid is a primary 
donor of methyl groups in metabolic pathways 
[45], suggesting that folate supplementation results 
in hypermethylation. Counterintuitively, the effect 
of folic acid on DNA methylation in injured spinal 
cord tissues was previously found to be dose- 
dependent and biphasic, with a gradual rise in 
global and gene-specific methylation at lower 
folate doses, reaching a maximum, after which 
higher folate doses lead to a gradual decline in 
methylation to baseline levels [46]. While the effect 
of folic acid dose on inheritance of the spinal cord 
regeneration phenotype is unknown, the dose used 
here correlates fully with inheritance of the spinal 
cord regeneration phenotype in multiple genera
tions of progeny. In this study, we found that 
~90% of the DMRs are hypomethylated in the 
folate-derived group that exhibits enhanced axonal 
regeneration. In contrast, gross differences in 
hyper- or hypo-hydroxymethylation ratios were 
not found, suggesting that the observed bias is 
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unique to 5mC. It was recently shown that 
demethylation is a key molecular feature of axonal 
regeneration [29], which may underscore the 
importance of folate supplementation in axonal 
regeneration. Indeed, others have identified an 
inverse correlation between increasing intracellular 
folate concentrations and folate-dependent 
machinery [47–50]; for example, a decreasing 
DNA methylation abundance was found in new
borns with increasing maternal folic acid levels 
[51]. While further investigation is needed to 
fully unravel the complex effects of folate on 
DNA hydroxymethylation and methylation and 
their inheritance, our investigation shows that 
ancestral folic acid has unique and long-lasting 
effects on 5hmC and 5mC.

Conclusions

We report that 5hmC and 5mC have distinct roles 
in spinal cord injury and regeneration specific to 
a folate-induced transgenerational phenotype. 
Axon regeneration-related changes in 5hmC and 
5mC levels are prevalent and correlate with altered 
transcript levels, but very rarely overlap with each 
other. The majority of these changes are located 
far from coding sequences, and often overlap with 
known enhancer sites. Moreover, a significant 
enrichment of transcription factor binding sites 
among the differentially hydroxymethylated and 
methylation sites is observed, which jointly may 
explain disruptions in gene expression. Because 
levels of 5hmC and 5mC are modifiable over the 
lifespan, our findings support novel investigations 
into CNS injury mechanisms, and may one day 
provide candidate therapeutic substrates for indi
viduals suffering from spinal cord and CNS injury 
and disease.

Methods

Animal care

A breeding lineage of rats from (IP) folate- 
supplemented vs. distilled de-ionized (DDI) water 
F0 progenitors was previously established and phe
notyped for spinal axonal regeneration in vivo and 
in vitro [18]. Specifically, male and female outbred 
Sprague-Dawley rats (SD) were used for the 

experiments. All animals were obtained from 
Harlan Laboratories Inc. (Madison, WI) and 
housed in approved facilities at the University of 
Wisconsin-Madison staffed by licenced staff veter
inarians. All surgical procedures were conducted 
with approval of the University of Wisconsin 
Research Animal Resources and Care Committee, 
and in accordance with published NIH guidelines.

Folic acid and control lineages

As described previously [18], 250 g Sprague- 
Dawley male (folic acid n = 3) and female (folic 
acid n = 3) rats were weighed and given daily 
intraperitoneal (IP) injections of 80 μg/kg of folic 
acid (APP Pharmaceuticals, Schaumberg, IL) as 
a 5 mg/mL solution diluted with DDI to 
0.125 mg/mL, and injected daily in 20 μl volumes, 
based on the body weight obtained prior to the 
first injection. During pregnancy, the injections 
were made subcutaneously (SC) to avoid injury 
to the uterine contents. The animals were weighed 
before each injection. The injections took place 
between 9 am and 11 am, starting 3 days before 
the rats were mated in 3 separate cages. Injections 
in F0 males were continued daily until the pups 
were born. Injections in gravid F0 females were 
continued until pups were weaned at 21 days. 
Control F0 animals (n = 3 each gender) were 
injected with DDI using an identical protocol. 
Both control and enhanced axonal regeneration 
animals were fed identical diets (Harlan Rodent 
Diet #8604) that contains sufficient folate and all 
breeding was performed in a non-sibling manner. 
In the subsequent F1-F3 generations, females were 
used for breeding and males were used for either 
breeding or spinal cord injury but not both. Only 
males were phenotyped for axonal regeneration, 
because gender differences were not observed. 
The F3 rats in the current study were phenotyped 
for enhanced axonal regeneration prior to tissue 
collection [18].

Surgery

A 10:1 mixture of ketamine/xylazine was adminis
tered IP under sterile conditions prior to surgery. 
The cervical cord was exposed by a C3 laminect
omy and the dura opened under aseptic 
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conditions. A 1-mm–deep dorsal column injury 
was made in both posterior columns using sharp 
jeweller forceps, severing the primary somatosen
sory axons ascending the spinal cord. A sciatic 
nerve graft was attached to the injury site to 
allow growth of injured spinal axons to re-grow 
into the permissive environment of the graft. Two 
weeks later, the animals were phenotyped for axo
nal elongation as previously described [18]. In 
short, the wound was reopened under anaesthesia 
and a fluorescent retrograde tracer was placed at 
the free end of the nerve graft, tracking axons that 
have grown from the spinal cord into the graft. 
48 h later animals were anesthetized, the fourth 
and fifth lumbar (L4–5) DRGs were removed bilat
erally, fixed, sectioned, and scored for percentage 
of fluorescently labelled neuronal cells.

Tissue preparation and harvest

After the DRGs were removed for phenotyping, 
the animals were euthanized with 100 mg/kg IP of 
Beuthanasia-D Special (a combination of pento
barbital sodium and phenytoin sodium; Schering- 
Plough Animal Health Corp., Union, NJ). The 
spine was separated from the skull, and laminae 
were removed to expose the spinal cord. The intact 
spinal cord was divided into four equal parts that 
were stored separately at – 80ºC analysis. The 
1-cm section below the injury site was used for 
the methylation studies, as well as the RNAseq 
studies previously reported [18].

5hmC enrichment of genomic DNA

Chemical labelling-based 5hmC enrichment was 
described previously [24,25]. A total of 10ug of 
genomic DNA was sonicated to 300 bp and incu
bated for 1 h at 37°C in the following labelling 
reaction: 1.5 ul of N3-UDPG (2 mM); 1.5ulβ of - 
GT (60uM); and 3ul of 10X β-GT buffer, in a total 
of 30ul. Biotin was added and the reaction was 
incubated at 37°C for 2 h prior to capture on 
streptavidin-coupled dynabeads (Invitrogen, 
65001). Enriched DNA was released from the 
beads during a 2-h incubation at room tempera
ture with 100 mM DTT (Invitrogen, 15508013), 
which was removed using a Bio-Rad column (Bio- 

Rad, 732–6227). Capture efficiency was approxi
mately 5–7% for each sample.

Library preparation and high-throughput 
sequencing

5hmC-enriched libraries were generated using the 
NEBNext ChIP-Seq Library Prep Reagent Set for 
Illumina sequencing, according to the manufac
turer’s protocol. Briefly, the 5hmC-enriched DNA 
fragments were purified after the adapter ligation 
step using AMPure XP beads (Agencourt A63880). 
An Agilent 2100 BioAnalyzer was used to quantify 
the amplified library DNA and 20-pM of diluted 
libraries were used for sequencing. 50-cycle single- 
end sequencing was performed by the University 
of Wisconsin Biotechnology Centre. Image proces
sing and sequence extraction were done using the 
standard Illumina Pipeline.

5hmC sequence alignment and peak calling

Raw FASTQ files were first inspected for quality 
using FastQC. Each paired-end mate file per sam
ple was individually inspected. Because each sam
ple was run on two lanes for sequencing, 
upstream-mates were concatenated to one file 
and downstream-mates were concatenated to 
a separate file. An average of 32.2 million paired- 
end reads was sequenced per sample. Alignment of 
paired-end mates to the rn6 genome was per
formed using Bowtie v1.2.2 [52]. During align
ment, only uniquely mapping reads with no 
more than 2 mismatches throughout the entire 
read and having the least amount of mismatches 
(-a – best – strata), with a maximum insertion 
length of 600 bp, were reported and used for 
downstream analysis. An average of 26.5 million 
(~82%) paired-end reads were successfully aligned 
to the genome. The Model-based Analysis of 
ChIP-Seq 2 (MACS2) algorithm v2.1.2 [53] was 
used to estimate fragment size, call peaks, and 
identify peak summits from aligned paired-end 
reads using the following parameters: paired-end 
format, effective genome size of 1.9e9, bandwidth 
of 300 bp, a Benjamini-Hochberg false discovery 
rate (FDR) cut-off of 0.05, auto pair model process 
enabled, local bias computed in a surrounding 
one-kilobase window, and a maximum of one 
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duplicate fragment to avoid PCR bias. Summits 
were extracted for each peak for each sample and 
extended ±500 bp for downstream analysis.

DhMR identification and genomic annotation

Peaks from control and treatment samples were 
imported into the R environment and converted to 
Granges objects. Peaks were redefined for each 
group for differential hydroxymethylation analysis 
as follows: peaks from each sample were pooled 
together, overlapping peaks were merged to form 
one region, peaks were extracted for further ana
lysis if at least two samples had such an overlap. 
To form candidate regions for differentially hydro
xymethylated region (DhMR) analysis, peaks from 
control and treatment groups were similarly 
pooled and merged. This produced 68,833 candi
date regions for the comparison of enhanced axo
nal regeneration to control samples. DhMRs were 
identified using R package edgeR using Fisher’s 
exact [54]. Reads from each sample were extended 
by the estimated fragment size determined by 
MACS2. Normalization factors, common disper
sion, and tagwise dispersion were calculated, 
aimed at ameliorating differences in library size 
between samples. An FDR cut-off was tested for 
the DhMR detection and we found 22 DhMRs 
with a 0.05 cut-off (N = 181 DhMRs at FDR < 
0.2), most distally intergenic and not annotated to 
any gene. While these data can be found in dataset 
1, for downstream characterization and functional 
testing a cut-off was selected that included both 
a raw P-value <0.05 and a fold change in methyla
tion level greater than 1.5X, which produced 658 
DhMRs. DhMRs, DMRs, and DmCHs were anno
tated to the nearest genomic structure and gene 
using R package ChIPseeker and Bioconductor 
packages TxDb.Rnorvegicus.UCSC.rn6.refGene and 
org.Rn.eg.db [55]. A ± 3,000 bp window surround
ing the transcription start site was used termed the 
promoter region. Of note, differential hydroxy
methylation and methylation positions/regions 
falling greater than 3,000 bp upstream of the tran
scription start site of the nearest gene or greater 
than 300 bp downstream of the nearest gene were 
deemed ‘Distal Intergenic’ and not associated to 
any gene.

Genomic annotations were confirmed using the 
R package MethylSeekR [56] to identify partially 
methylated domains (PMDs), unmethylated regions 
(UMRs), and low-methylated regions (LMRs). 
Sequenced reads from biological replicates of DDI 
or FA80 groups were concatenated, aligned, dedu
plicated, and the methylation status was extracted, as 
described for differential analysis. Coverage files for 
DDI and FA80 groups were separately assessed by 
MethylSeekR. Using the distribution of alpha-values 
we found no evidence of PMDs for either group. 
UMRs and LMRs were independently found for 
each group using a false-discovery rate (FDR) 
P-value <0.05 and a methylation cut-off of 30%. 
These parameters identified UMRs (N = 16,454) 
and LMRs (N = 45,390) in the FA80 group and 
UMRs (N = 16,770) and LMRs (N = 44,984) in the 
DDI group. The output from MethylSeekR confirms 
our findings that the preponderance of DhMRs pri
marily reside in distal regulatory regions.

Library preparation and high-throughput 
sequencing of genomic DNA

Genomic DNA was extracted from spinal cord sam
ples using Promega wizard genomic DNA purifica
tion kit (cat #A1120), following the manufacturer’s 
protocol. Genome-wide methylation data were gen
erated by WuXi NextCode for each sample using 
whole-genome sequencing technologies from 
Illumina (HiSeq X). Briefly, genomic DNA (200 ng) 
was randomly fragmented, end-repaired, and ligated 
to NEBNext Methylated Adapter for Illumina fol
lowing the manufacturer’s protocol (Illumina). 
Adapter-ligated DNA fragments, ranging from 200 
to 400 base pairs (bp), were purified by Sample 
Purification Beads (Illumina) and then treated with 
sodium bisulphite (ZymoResearch EZ DNA methy
lation gold kit), which converts unmethylated cyto
sines to uracil, and leaves methylated cytosines 
unchanged. Libraries of converted DNA fragments 
were then amplified using KAPA HiFi Hot Start 
Uracil + Ready Mix (KAPA Biosystems KM2801), 
Index Primer for Illumina and Universal PCR 
Primer for Illumina (NEB E7336A), and amplicons 
were purified by Sample Purification Beads 
(Illumina) and sequenced on a Next-Generation 
sequencer (Illumina HiSeq X). This approach 
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yielded 650–800 million 150 bp-reads for each 
library. Image processing and sequence extraction 
used the standard Illumina Pipeline.

Whole-genome bisulphite sequencing analysis

An average of 431.9 million paired-end reads were 
sequenced per sample. Raw FASTQ files of paired- 
end bisulphite sequenced reads were initially 
assessed for quality, and for evidence of bisulphite 
conversion using FastQC. Following quality control, 
paired-end mates were trimmed for adapter 
sequences, trimmed of the last nucleotide on the 3� 
end of the reads, quality-filtered using a quality score 
of 30, and filtered out of analysis if either of the 
paired-end mates were shorter than 20 bp following 
trimming. An average of 424.5 million reads were 
used for downstream analysis. Paired-end mates 
were reassessed for quality following trimming, 
again using FastQC. Reads were aligned to the 
Rattus norvegicus (rn6) genome by employing 
Bismark v0.20.0 [57], that used Bowtie2 v2.3.4.3 
[52] with a maximum insert length of 1000 base 
pairs for paired-end reads. An average of 
320 million reads (~75%) were aligned per sample. 
To account for the potential of PCR bias, aligned 
reads were subjected to a deduplication process 
employed by Bismark. An average of ~78% of 
aligned reads remained following deduplication. 
Because Bismark reports methylation levels from 
CpGs from the top and bottom strand, CpGs were 
collapsed to report methylation calls for only one of 
these CpGs. Finally, methylation call and coverage 
values were accomplished through Bismark.

Differential methylation analysis

CpGs for each sample were discarded if the coverage 
did not exceed at least 2x, leaving an average of 
22.7 million CpGs per sample for further analysis. 
R package DSS [28] was used for differential methyla
tion analysis, which models sequenced-read counts as 
a beta-binomial distribution to estimate variation of 
biological replicates, estimates dispersion based on 
a Bayesian hierarchical model, and determines differ
ential methylation based on Wald testing at each 
genomic locus. Notably, DSS does not report FDR 
adjusted P-values for differentially methylated regions. 

Thus, CpGs were smoothed over a span of 500 bp and 
differentially methylated regions (DMRs) were called 
using the following parameters: a genomic region that 
contained at least five differentially methylated loci 
with a P-value <0.00001; >75% of CpGs in the region 
were differentially methylated; and a mean difference 
in methylation >10% between groups. This criteria 
identified 1,636 DMRs. Different parameters were 
placed for differential methylation at non-CpG sites 
(i.e., mCH sites, where H = A, C, or T). mCH loci were 
discarded from further analysis if their coverage did 
not exceed 30x, leaving an average of 24.2 million sites 
per sample for downstream analyses. Differentially 
methylated CpH sites (DmCHs) were identified 
using R package DSS with the following parameters: 
no smoothing of sites, Benjamini-Hochberg false dis
covery rate (FDR) adjusted P-value <0.05, differential 
methylation between groups was >10%. This 
approach identified 624 DmCHs.

Transcription factor Motif discovery and 
enhancer overlap analysis

Motif enrichment analysis was performed using the 
HOMER motif analysis algorithm [58]. Genomic 
coordinates associated with DhMRs, DMRs, and 
DmCHs were used for analysis. Background 
sequences were extracted from the preparsed rn6 
unmasked genome by HOMER. Motif discovery 
was performed over a window of 200 bp. Top 
known motifs/transcription factors were extracted 
from HOMER for each analysis.

To determine whether the differentially hydro
xymethylated and methylated regions correlate 
with neuronal enhancer regions, a list of known 
enhancer regions (N = 23,452) derived from 
mouse brain tissue was acquired from the 
EnhancerAtlas [59]. The genomic coordinates 
from all differentially hydroxymethylated and 
methylated regions were compared to enhancer 
coordinates to identify overlapping regions using 
R package GenomicRanges [60].

Gene ontology analysis

Genes exhibiting differential hydroxymethylation 
and methylation at CpG or CpH sites were subjected 
to gene ontological analysis through the use of 
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R package clusterProfiler [61] to identify significant 
disruptions in biological processes, and to map 
enrichment terms. Genes subjected to differential 
analysis from each analysis was used as the back
ground gene universe. Gene ontological terms were 
deemed significant if the Benjamini-Hochberg FDR 
adjusted P-value was <0.05.
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