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Figure S1 | Additional information associated with main Figure 1. A, Representative scatterplots of FANS 
sorting NeuN- and NeuN+ ARH nuclei. Dotted lines indicate gating strategy for FSC and SSC (left) and NeuN 
and TO-PRO-3 labeling (right). B, Mean expression (TPM) of cell type marker genes in isolated ARH neuronal 
and glial fractions validates effective sorting. *** p<0.001 neuron vs. glia differential expression.  Error bars 
represent SEM. C, Venn diagram illustrating overlaps between the mouse neuron vs. glia DMRs we identified 
in ARH and those previously detected in frontal cortex. Genomic extent of each sector (Mb) is provided and 
statistical significance of overlaps indicated (*** p<0.001).  D, Mean autosomal methylation/hydroxymethyla-
tion in CG and CH contexts in sample groups studied. * p<0.05, ** p<0.01, *** p<0.001 P12 vs. P35 methyl-
ation. Error bars represent SEM. E, Numbers of autosomal CpGs showing significant (p<0.05) effects of cell 
type, age, sex, or interactive effects. Percentages of all CpGs assayed are shown within bars. F, Miami plot 
showing significance of P35-P12 differential methylation, at the CpG level, in male and female glia. Points 
plotted above/below the origin represent CpGs that gained/lost methylation from P35 to P12, respectively.  
Y axis represents raw p-values. Genome-wide significance threshold for CpGs (horizontal dotted lines) = 
p<2.45 x 10-9. G, Venn diagram illustrating the overlap of mDMRs identified in male and female ARH glia. 
Histograms (right) show the magnitudes and directions of these maturational methylation changes. Median 
differential methylation for glial mDMRs ranges from 12-15%.
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Figure S2 | Sex- and cell-type specificity of mDMRs. A, Differential methylation heatmaps centered on 
common and sex-specific mDMRs in ARH glia; most do not show maturational methylation changes in ARH 
neurons. B-E, Violin plots (top) summarize methylation dynamics at precocious and other (normal) mDMRs 
in neurons and glia. Boxplots overlaid represent median (+/- interquartile range) methylation. Average meth-
ylation levels at sex-specific P35>P12 mDMRs are plotted for males and females at each age. Dotted lines 
indicate median methylation in same cell type in other sex. Pie charts (bottom) show proportion of P35>P12 
mDMRs that are precocious in each context. 
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Figure S3 | Topped-Off Clusters (TOCs) are a feature of epigenetic maturation in neurons and glia. A, 
Cumulative frequency along chromosome 1 of epiallele methylation states enriched in P35 relative to P12 
in neurons and glia. (Fig. 2B shows similar plots for chromosome 19.) Data are shown for 3-CpG genomic 
bins by bin average methylation (0%: 000; 33.3%: 100, 010, or 001; 66.7%: 101, 110, or 011; 100%: 111; 
unmethylated/methylated CpGs represented by 0/1). In both cell types, the dominant feature is enrichment 
of new 100% methylated clusters. Similar patterns are observed in all autosomes. B-D, For such regions, 
proportional losses of partially methylated clusters (y axis) are plotted vs. corresponding gains of fully meth-
ylated clusters at P35 relative to P12. The steep orange line indicates that most increases in fully methylat-
ed clusters arise from 2/3 methylated clusters (i.e. just one additional CpG site methylated); we call these 
‘topped off clusters’ (TOCs).  By contrast, at mDMRs (right), gains in fully methylated clusters appear to arise 
from both 1/3 and 2/3 methylated clusters.  Shown are data on female neurons (B), male glia (C), and female 
glia (D). Density distributions (top) show that most TOCs involve fewer than 40% of the reads in each bin. E, 
Heatmap depicting opposing enrichments of P35 > P12 TOCs and mDMRs, respectively, in genic and CpG 
island (CGI) contexts. *Bonferroni-adjusted p-value < 0.05.



Neuron

Glia
0.0 2.5 5.0 7.5 10.0

forebrain neuron fate commitment
ureter development

nephric duct development
kidney mesenchyme development

nephric duct morphogenesis
cell proliferation involved in metanephros development

gas transport
oligodendrocyte development

one−carbon compound transport
positive regulation of macrophage cytokine production

central nervous system myelination
axon ensheathment in central nervous system

0 10 20 30 40

−log10(q)

Enrichment
(GO Biological Process)

0.0 2.5 5.0 7.5 10.0

penile erection
regulation of prostaglandin biosynthetic process

regulation of female receptivity
actin crosslink formation

regulation of aspartic−type peptidase activity
pos. reg. of unsaturated fatty acid biosynthetic process

phagolysosome assembly
response to leptin

neg. reg. of oxidative stress−induced intrinsic apoptotic signaling pathway
peptidyl−proline hydroxylation
pos. reg. of cellular respiration

pos. reg. of oxidative phosphorylation

0 10 20 30 40

−log10(q)

Enrichment
(GO Biological Process)

P35>P12

P35<P12

P35>P12

P35<P12

A

D

C

BNeurons

Expression
(VSD)

Expression
(VSD)

Glia

P12 P35 P12 P35
glia_f_35_24
glia_f_35_22
glia_f_35_21
glia_f_35_23
glia_m

_35_43
glia_f_35_20
glia_m

_35_44
glia_m

_35_40
glia_m

_35_41
glia_m

_35_42
glia_f_12_11
glia_m

_12_30
glia_f_12_14
glia_f_12_12
glia_f_12_13
glia_f_12_9
glia_m

_12_33
glia_m

_12_34
glia_m

_12_31
glia_m

_12_32

Cst3Lars2ChgaScn7aIgsf11Anp32bPtgdsNtsr2Gpr37l1CluItih3Plp1Slc1a2AgtAvpDcnCol1a1Abca8aCsmd1Scg2Col1a2Dio2Hbb−bsHba−a1Hist1h1eFbn2Col3a1Igfbp2NpntSlc6a13Mfap4LratEgr1Pitx1PomcMecomGm10800Plppr4Lgi1Paqr7Ramp1H2−K1F3RhouMbpGjc3Htra1Fam107a5031439G07RikGjb6MalEtnpplSlc7a10ProdhExtl1Gabrb1Cyp2j9Car2ApodInf2Scd1TrfMagCldn11Grin2cSept4GhHba−a2Hbb−btHepacam2RnaselMki67Sec14l5OpalinErmnGjc2Galnt6Ppp1r14aHapln2Kcna1Ly6c1PltpMobpMogSelenopGrb14Tmem88bTmem151aCntn2Nkx6−2HrSfrp5Folh1B3galt2Tspan2SelplgGstp1Olig1Paqr6Cryab

0

2

4

6

8

10

12

neuron_f_12_6
neuron_m

_12_29
neuron_m

_12_28
neuron_m

_12_26
neuron_m

_12_25
neuron_m

_12_27
neuron_f_12_2
neuron_f_12_5
neuron_f_12_4
neuron_f_12_7
neuron_f_35_15
neuron_m

_35_35
neuron_m

_35_36
neuron_m

_35_37
neuron_f_35_19
neuron_f_35_16
neuron_f_35_18
neuron_f_35_17
neuron_m

_35_39

Lars2GhTtrHepacam2Mkrn3Hba−a2Hbb−btStag3Cyp11a1Rtl8cTrmt112Col2a1Rab26Acot13Hapln4SncgMobpPrlhRxfp1TnxbStx16GalDnajb1Gadd45gGstp1Ndufs5Crabp1NgbFbxo33Epdr1Slc16a11Rps6Gpr83Pgr15lAtn1Lhx1Etl4Slc17a9Col11a2Gjd2QrfpSh3bgrHba−a1Hbb−bsGm20594Atp1a2Elovl4Sirt6Tubb2bIgfbp5Pcsk1nNpyLuc7l3NtmNrxn2Arglu1Tuba1aBasp1SstPomcAvpSmpd3PtmsAuts2GhrhDpysl3PfkpTubb3Irs4Atxn7l3bPaxbp1Epha5Cacng4Plppr4Carmil3Pou2f2MarcksOxtLig1Sox4Gm5415Csmd1Akap5Plp1CalcrLrch2PtnCsdc2Kcnk2Sema6aTbx3GapdhHsph1Tac2CartptMt3Atp5jEno1PpiaEef1a1

0

2

4

6

8

10

12

Cell type * Age * Sex
Age * Sex

Cell type * Sex
Sex

Cell type * Age
Age

Cell type

1 10 100 1000
Differentially expressed genes

log2 fold change

Greater in:Greater in:
-log10q

>50

10
20
30
40

0

Figure S4 | Gene expression in ARH cells. A, Unsupervised clustering of the top 100 most variable genes 
(by SD) in neurons (left) and glia (right). Colour scale indicates variance stabilized expression levels. In both 
cases, samples cluster perfectly by age. B, Number of autosomal genes showing significant (FDR < 5%) 
main effects of cell type, age, and sex, and interactions between these factors. C, Scatter plots of differential-
ly expressed genes for each of 7 pairwise comparisons. Fold-change values indicate greater expression in 
sample types listed on each side of the plots; numbers of significant DEGs for each are indicated. Points are 
colored by Benjamini-Hochberg-adjusted q-value. Genes not differentially expressed in that comparison are 
shown in gray. D, Spearman correlation between methylation level at TSS-flanking DMR loci and expression 
of associated genes relative to scrambled DMR-gene pairings. For neuron vs. glia DMRs near transcription 
start sites (TSS), gene expression is negatively correlated with methylation (top). No such correlation is 
evident at mDMRs (below). E, Scatter plots illustrating correlations between gene expression and promot-
er methylation at examples (from panel D) of neuron vs. glia DMRs and common neuron mDMRs. F, GO 
biological process results for P35 vs. P12 differentially expressed genes in neurons and glia. In each plot, 
enrichment values (bottom scale) are plotted as bars and -log10q values (top scale) are plotted as black dots. 
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Figure S5 | Additional information associated with main Figure 3. 
A, Gene ontology (GO) biological function analysis of genes associated with common and sex-specific 
P35<P12 neuron mDMRs. B, Enrichment of neural ChIP-Atlas transcription factor peaks in neuron mDMRs 
is consistent with the results based on TF motifs (Fig. 3b). C, As in males (Fig. 3c), scaled motif enrichment 
in female neuron TOCs is highly correlated with that at mDMRs (p<2.2 x 10-16). D, Enrichment of select En-
hancerDB enhancers with mDMR and TOC features in neurons and glia. *Bonferroni-adjusted p-value < 0.05. 
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Figure S6 | Additional information associated with main Figure 4. A, Enrichment of explained heritability 
for BMI and height persist in mDMR and TOC loci when baseline epigenomic data (B) are included in the 
LDSC model. Only enrichment scores remaining significant after Benjamini-Hochberg correction are shown. 
C, Overlap between NHGHRI BMI and height index SNVs within mDMR and TOCs is not greater than ex-
pected by chance. Left X axis represents overlap ratio (plotted as bars). Odds ratio was calculated as the 
ratio of observed BMI:height SNV overlaps within a genomic feature to the number expected by random 
chance. Right Y axis represents p-value from Fisher’s Exact Test (plotted as points; cutoff for p<0.05 indicat-
ed by dotted line). D, Venn diagrams illustrating overlap between BMI- and height-associated SNVs within 
select epigenomic features, and genome-wide. E, Enrichment of previously published ARH DMRs exhibiting 
sensitivity to early-life nutrition in DMR and TOC features relative to 100 sets of randomly generated control 
regions. *p<0.05, **p<0.01. F, Density plot showing overlap of previously published ARH DMRs with 100 sets 
of randomly generated control regions (Expected overlap) and DMR and TOC features. Dotted vertical line 
represents mean expected overlap.  Enrichment in E is calculated as obtained overlap/expected overlap.
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Supplementary tables

Table S1: Sample information and sequencing QC.
Table S2: Location and properties of maturational and sex DMRs in neurons and glia.
Table S3: Location and properties of Topped-Off Clusters (TOCs) in neurons and glia.
Table S4: Differential gene expression analysis by age and sex in neurons and glia.
Table S5: PhastCons scores and pairwise comparisons for mDMRs and TOCs.
Table S6: GWAS summary data information. 
Table S7: Previously published developmental programming DMRs.


	abo3991_coverpage
	abo3991_SupplementalMaterial_v3

