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ABSTRACT

DNA methylation is a stable epigenetic modifica-
tion, extremely polymorphic and driven by stochas-
tic and deterministic events. Most of the current
techniques used to analyse methylated sequences
identify methylated cytosines (mCpGs) at a single-
nucleotide level and compute the average methyla-
tion of CpGs in the population of molecules. Sta-
ble epialleles, i.e. CpG strings with the same DNA
sequence containing a discrete linear succession
of phased methylated/non-methylated CpGs in the
same DNA molecule, cannot be identified due to the
heterogeneity of the 5-3' ends of the molecules.
Moreover, these are diluted by random unstable
methylated CpGs and escape detection. We present
here MethCoresProfiler, an R-based tool that pro-
vides a simple method to extract and identify com-
binations of methylated phased CpGs shared by all
components of epiallele families in complex DNA
populations. The methylated cores are stable over
time, evolve by acquiring or losing new methyl sites
and, ultimately, display high information content and
low stochasticity. We have validated this method by
identifying and tracing rare epialleles and their fam-
ilies in synthetic or in vivo complex cell populations
derived from mouse brain areas and cells during
postnatal differentiation. MethCoresProfiler is writ-
ten in R language. The software is freely available at
https://github.com/84AP/MethCoresProfiler/.
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INTRODUCTION

DNA methylation is an inheritable epigenetic modification
of the DNA. This trait is not sequence specific, and it is
widely distributed along chromosomes and genes. DNA
methylation patterns can be stable and invariant, such as
in genomic imprinting and X inactivation, or metastable,
polymorphic and highly variable, such as methylation in so-
matic cells (1). The polymorphism of somatic DNA methy-
lation is due to stochastic as well as deterministic events; as
a consequence, it is difficult to decode (2,3). For example,
DNA damage and repair modify the status of local DNA
methylation, and eventually, transcription further remodels
methylation profiles increasing the polymorphism (4,5).
Bisulfite sequencing is the gold standard of DNA methy-
lation analysis, as it uses direct sequencing of chemically
treated DNA to identify methylated cytosines at the single-
nucleotide level. Genome-wide sequencing of bisulfite DNA
is unbiased relative to the sequence representation (exclud-
ing PCR artefacts), but limited in the coverage/single locus.
A second limitation in the analysis of genome-wide methy-
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lomes is due to the fact that the DNA sequences represent a
statistical collection of methylated cytosines deriving from
different molecules or chromosomes.

To date, there are two main types of DNA methy-
lation analysis: the first identifies differentially methy-
lated cytosines (DMCs) and the second detects epialleles
(epihaplotype-based analysis or EBA). DMC is used in
genome-wide methylomes to quantify average methylation
of each CpG from mixtures of 75-100 bp DNA fragments.
EBA identifies methylated DNA molecules (epihaplotypes)
generating a binary profile (0 unmethylated/1 methylated)
of CpGs in DNA strings. However, these two methods
cannot decipher the elevated heterogeneity of methylated
molecules, mostly due to the presence of stochastic mCpGs
(such as hydroxymethylated cytosines) that greatly dilute
stable methylated molecules subjected to selection (6). In
fact, in several cases in which the combinatorial methylation
of four consecutive cytosines (grossly equivalent to 16 possi-
ble epialleles) was measured in multiple genomic loci in nor-
mal and tumour DNA, a remarkable degree of methylation
polymorphism in both normal and cancer cells was found
with no evidence of clonal and stable epialleles (2,7,8). Un-
der these conditions, a considerable degree of heterogene-
ity is a common finding in these methylation studies as evi-
denced by measurements of the entropy index, i.e. the num-
ber of different species within a population of epialleles ac-
cording to the formulae developed by Shannon (9) and gen-
eralized by Renyi (10). Limited sampling and variability of
the average methylation of single CpGs in the populations
of sequences may introduce additional bias in the analysis.

Here, we introduce a new concept in the DNA methyla-
tion analysis: methylated cores. Methylated cores are clus-
ters of CpGs in the same methylated configuration. These
signatures characterize a stable fraction of molecules in the
cell population. The cores mark families of epialleles de-
riving from common ancestors that evolve by acquiring or
losing methyl groups. Depending on the genetic makeup of
the cell and the levels of expression of the methylated ge-
nomic segment, selection may amplify or reduce the number
of cells carrying the specific epialleles. Independently from
the selection and the function of the specific gene, each epi-
allele barcodes a single haploid genome or a clone longi-
tudinally and its family identifies a cell subpopulation (11—
14). In order to better understand the structure, composi-
tion and evolution of complex cell populations, we have de-
veloped MethCoresProfiler, an R-based tool that provides
a simple method to track and trace stable combinations of
phased mCpGs (signatures or cores) shared by all compo-
nents of epiallele families. In addition, MethCoresProfiler
assigns in each population a clonality index and a stability
or entanglement index to each CpG in the core.

MATERIALS AND METHODS

We developed an R-based tool, MethCoresProfiler (avail-
able at https:/github.com/84AP/MethCoresProfiler/),
which extracts and compares methylated cores, i.e. com-
mon and stable methylated CpGs that characterize families
of DNA molecules (epihaplotypes) for each given con-
dition. MethCoresProfiler requires three types of input
files: (i) a tab-delimited text file of epihaplotypes in binary

format; (ii) a tab-delimited text file containing information
on the CpG position in the sequence (or string); and (iii) a
tab-delimited text file containing metadata (information)
associated with each sample with the following columns:
#SamplelD, Tissue, Description, Group, Rep and ID. The
first input file can be generated with available tools (14).
Figure 1 shows the workflow of MethCoresProfiler.

MethCoresProfiler

MethCoresProfiler is formed by three main components
or R modules: the MethCores_Extractor, the Meth-
Cores_Combinator and the MethCores_Analyst.

1) The MethCores_Extractor, or Module 1, calculates the

average depth of the sample reads (named b4), performs
and summarizes (y) repeated and iterative sampling (de-
fault y = 1000) of each experimental sample using b4 as a
depth and annotates the combination(s) of two mCpGs
with statistical significance, i.e. with a frequency higher
than the expected frequency for independent events (chi-
square for independence statistics, P-value < 10~°). This
module generates several tables reporting (i) all CpG
methylation profiles (frequency of single mCpQG), (ii) the
tetrachoric correlations of CpGes, (iii) the co-occurrence
of two mCpGs, (iv) the taxonomic distribution of methy-
lated species and (v) the Shannon entropy index and the
summary/sample, statistics and plots.
Significant combination(s) of mCpG pairs are computed
by comparing the frequency of each mCpG pair with
the expected frequency according to chi-square statis-
tics. The expected frequency of methylation of n CpGs,
assuming two or more independent events, is

p(mCpGl N mCpG2) = p (mCpGl) x p(mCpG2),

where p(mCpG1 N mCpG?2) represents the expected fre-
quency of mCpG1-mCpG?2. The expected frequency is
computed in each sample and, depending on the methy-
lation frequency of individual CpGs in the population
of sequences, may vary for each combination.

The observed frequency is calculated as

n (mCpGl-mCpG2) /N,

where n(mCpG1-mCpG2) represents the number of
epihaplotypes containing the specific mCpG1-mCpG2
combinations and N is the size of the sample.

The Shannon entropy and the generalized entropy
(Renyi entropy) are determined as follows:

Shannon : H(X) = —1/n(CpGs) x Y _ pi x log, (pi),
Renyi : H,(X) = —1/n(CpGs) x 15 x logy(3_y) P9

where n(CpGs) is the number of CpGs in the DNA
string, pi is the frequency of each epiallele and Xpi
x logya(pi) and [1/(1 —a)] x loga(X ¥_,p¥) are the
Shannon and Renyi entropies, respectively. The variable
« in the Renyi entropy represents the weight of the events
with @ = 0.5 probability. This first multiplicative term in
the formula is used to normalize the values in the interval
[0, 1] as reported in (15). If significant two-mCpG com-
binations are not found, all epialleles in the population
are brought to the next step.
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Figure 1. MethCoresProfiler workflow. Schematic representation of the hierarchical structure of the modules of MethCoresProfiler. The functional modules
are represented as trapezes connected by arrows. Input and output files are shown as dashed and solid arrows, respectively.

2) The MethCores_Combinator, or Module 2, analyses the
complexity of the population by performing the follow-
ing operations: (i) all significant two-mCpG combina-
tions, annotated by Module 1, will be crossed; (ii) the
frequency of all mCpG combinations (three mCpGs or
more) will be compared to the expected frequency for in-
dependent events (chi-square for independence statistics,
P-value <107%) and will be annotated; (iii) the epialle-
les containing all significant mCpG combinations will be
extracted; and (iv) the structure and frequency of signif-
icant mCpG combinations (cores) and individual epial-
leles will be reported (ComposCore and Tab_Epialleles,
respectively). In the absence of significant mCpG com-
binations, all epialleles will be brought to the next
step.

3) The MethCores_Analyst, or Module 3, performs hier-
archical cluster analysis of the epialleles annotated by
Module 2 generating heatmaps of their structure and fre-
quency. In this step, the frequency of each epiallele in
the sample is compared (chi-square test) to a random
control (R), generated automatically by Module 1, with
the same number of CpGs and depth (theoretical dis-
tribution). Individual significant epialleles are marked
in a complex heatmap format (red = high frequency,
blue = low frequency and white = neutral). Principal
component analysis (PCA) of significant epialleles is
also performed in this step. Finally, for each sample, the
MethCores_Analyst extracts the most frequent mCpGs
shared by significant epialleles using a decreasing per-
centage scale (frequency of CpGs in only significant epi-
alleles) starting from 0.9 (minimum two mCpGs). If sig-
nificant epialleles were not found at this stage, the epi-
allele with the highest frequency will be annotated and
its structure will be considered as a stable signature or
core.

The MethCores_Analyst generates three types of indices:
(1) MethCores index, i.e. the frequency of the methylated
cores in the population; (ii) clonality index, i.e. the frequency
of methylated cores normalized to the average methylation
in the population; and (iii) in-phase CpG index or stability
index or entanglement index, or E, which measures the rate
of coupling or association of at least two mCpGs (mCpG1
and mCpG?2) in the core according to

J p (mCpGleore) / p (mCpGl) f
J p (mCpG2eore) /p (mCpG2) f°

where  p(MCpGleore)/p(mMCpGl)  and  p(mCpG2
core)/P(MCpG2) are the frequencies of the first and
the second (from the 5 end) CpG in the core normalized
to the frequency of the same CpG in the population.
Monomethylated molecules can be excluded at this step.
Note that the stability index is calculated only on extracted
cores and not on the whole population. The index with a
value 1 means that the mCpGl and mCpG?2 behave as a
single unit and are ‘entangled’. The E index is higher when
the cores maintain the mCpG constitutive elements in the
same configuration in different samples or time points. The
normalization step (mCpG in the core versus mCpG in
the population) is essential in order to estimate the weight
and the stability of the methylated core in the population,
because it dissociates global methylation of the DNA in
the population driven by genetic and epigenetic drift(s)
from the methylation of specific sites subjected to selection
pressure.

The minimum core contains at least two methylated cy-
tosines with statistically significant frequency (chi-square
test adjusted P-value <10~°). The workflow and the struc-
ture of the MethCoresProfiler modules are shown in
Figure 1.
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BS Amplicon-seq data and processing

As a proof of concept, we generated six synthetic popula-
tions, each composed of 1000 or 10 000 strings or sequences
containing six randomly permutated CpGs in 1 (methy-
lated) or 0 (non-methylated) configuration. The population,
named R, is a random collection of six methylated CpGs
generated automatically by Module 1 (theoretical distribu-
tion). The population, named Conditional 1 or Cond 1,
contains a single string (‘1-0-1-0-0-1") amplified to gener-
ate a specific epiallele M representing 30% of all molecules
in the population. The population, named Conditional 2 or
Cond 2, contains the same 30% epiallele M, as in Cond 1,
with randomly permutated sites in the 0 configuration to
generate divergent epialleles with a common signature or
core of 1-X-1-X-X-1, where X can be 0 or 1 for the epiallele
M. The whole M family accounts for 30% of the epialle-
les, but the individual permutated string represents <6% of
the population. We also calibrated the lower limit of epi-
allele detectability in the Cond 1 and Cond 2 populations
by lowering the representation of the epiallele M and its
permutated variants to 10%. These populations are named
as Cond 3 and Cond 4, respectively. We have also gener-
ated two other control populations, R1 and R2, in which
we have added 30% or 10% of random sequences to main-
tain constant the number of sequences or strings in the R
population. Note that the distribution of the epialleles in
R1 and R2 is not completely random, because the 10% and
30% additional sequences skew the random distribution of
some (not all) random epialleles in the R1 and R2 popula-
tions. Our synthetic populations reproduce all the possible
types of clonal evolution: Cond 1 and Cond 3, and Cond
2 and Cond 4 provide models of clonal selection and clonal
expansion, respectively. Conversely, R1 and R2 replicate the
stochastic evolution of random clones. Supplementary Table
S1 summarizes the composition and the features of stochas-
tic populations.

As a second step to validate the MethCoresProfiler, we
analysed the experimental data from the next-generation
sequencing of bisulfite DNA of two mouse genes during
brain differentiation (16) (GeneCards database links: DDO
and DAO; protein atlas database links: DDO and DAO).
The analysis was performed in brain areas of groups of
three mice at different times after birth during postnatal
brain differentiation. The genes are (i) DDO (D-aspartate
oxidase) analysed in the brain at birth (P1), day 15 (P15),
day 30 (P30) and day 60 (P60) after birth and in the small
and large intestines (gut) at birth (P1) and day 90 (P90) af-
ter birth; and (ii) DAO (D-amino acid oxidase) analysed in
the brain at birth (P1), day 15 (P15), day 30 (P30) and day
60 (P60) after birth. The same genes were analysed in pu-
rified astrocytes, neurons, and microglia, oligodendrocytes
and endothelial cells (MOEs) derived from mouse cerebral
cortex (CX) and cerebellum (CB) at birth (P1), day 7 (P7)
and day 15 (P15). In total, we examined nine time points
corresponding to 21 pools of DNA molecules spanning the
following genomic regions: (i) DDOI1 gene, from —488 to
—44 bp upstream of the transcription start site (TSS), con-
taining six CpG sites (positions —363, —330, —318, —242,
—175 and —125); and (ii)) DAO gene from +7 to +334 bp
upstream of the TSS, containing four CpG sites (positions
+7, +101, +217 and +334).

Paired-end reads in FASTQ format from ENA database
(accession number: PRJEB28662) were merged using the
PEAR (paired-end read merger) tool (17), setting a mini-
mum of 40 nucleotides as the overlapping region. We re-
tained only those reads with a mean quality score (Phred)
>33 and a length between 400 and 500 nucleotides. Re-
sulting reads were then converted in FASTA format us-
ing the PRINSEQ (preprocessing and information of se-
quence) tool (18). To extract mCpG configurations in sin-
gle DNA molecules, reads in FASTA format were processed
using ampliMethProfiler (14,19,20) (available at https://
sourceforge.net/projects/amplimethprofiler/) applying sev-
eral quality filters. In particular, we retained only reads
characterized by (i) length +50% compared with the ref-
erence length, (ii) at least 80% sequence similarity of the
primer with the corresponding gene, (iii) at least 98% bisul-
fite efficiency and (iv) alignment of at least 60% of their
bases with the reference sequences. The methylation status
of all cytosines in the CpG sequence context is coded as
methylated (1) or unmethylated (0). Reads with ambiguous
calls (including gaps or A or G) at the CpG dinucleotide
were removed. Supplementary Table S2 shows the features
of each sample and filtered reads following the first analy-
sis with ampliMethProfiler (14) and the sampling size used
in the MethCoresProfiler. The data, in binary formats, were
successively analysed with the MethCoresProfiler.

RESULTS
MethCoresProfiler strategy

MethCoresProfiler is formed by three modules that identify
the basic and common elements (CpGs) present in complex
populations of epialleles considering all CpGs potentially
methylable and all combinations of CpGs (epialleles) as the
products of independent events. Epialleles that share a spe-
cific combination of CpGs belong to the same family. The
tool applies different types of normalization to identify sig-
nificant combinations of CpGs: the chi-square test of inde-
pendence of CpG methylation in the theoretical and exper-
imental populations and the normalization of methylation
of the CpGs in the cores to the average methylation of the
same CpGs in the population.

MethCoresProfiler applies a series of analytical strate-
gies to reduce the statistical errors and the heterogeneity of
methylated DNA strings. The tool performs a () repeated
(default y = 1000) sampling with depth N (N = average of
samples reads, >1000) for each sample to reduce the errors
derived from comparison of populations with different sizes
(Supplementary Figure S1).

We first tested MethCoresProfiler on our synthetic pop-
ulations of methylated molecules (see the ‘Materials and
Methods’ section, Supplementary Table S1 and the ‘BS
Amplicon-seq data and processing’ section). Supplemen-
tary Figure S2 shows that the average methylation (A) is
comparable in all samples, whereas a lower entropy (B)
characterizes Cond 1 due to the presence of 30% of the
cloned M epiallele. As to the average methylation of each
CpG, Cond I and Cond 2 show the highest levels of mCpGs
at the predicted locations (1-3-6), while Cond 3 and Cond 4
display the same methylation found in random samples (R)
(Supplementary Figure S2C). The correlation index shows
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that the populations with the cloned epiallele M at 30% and
10% are very similar (Cond 1 and Cond 3) and are different
from Cond 2 and Cond 4 containing the permutated epial-
lele M (Supplementary Figure S2D). The interaction map
or the frequency of mCpG pairs shows that only Cond 1
and Cond 2 display visible methylation signatures or cores,
while Cond 3 and Cond 4 are very similar to random pop-
ulations (Supplementary Figure S2E, red and grey lines).
This is also shown by the co-occurrence matrix and taxon-
omy of all populations in Supplementary Figure S3A and B,
respectively. Under these conditions, the 10% amplified epi-
allele(s) in Cond 3 and Cond 4 escape(s) detection by Mod-
ules 1 and 2.

Identification of rare methylation cores in complex DNA pop-
ulations

The MethCores_Analyst, or Module 3, unbiasedly com-
pares the structure and the frequency of the epialleles
present in the four conditional and two R1-R2 synthetic
populations to the R, random control, generated by Mod-
ule 1 (theoretical distribution). Supplementary Figure S4A
shows that Module 3 (MethCores_Analyst) identifies the
10% M epiallele family and the significant (red lines in the
third panel on the right, P-value <10~°) individual epial-
leles in the Cond 3 and Cond 4 populations, although the
PCA indicates that Cond 4, R1 and R2 are very similar
(Supplementary Figure S4B). Also, the structure, the clon-
ality index and the frequency of the cores discriminate Cond
4 from R populations (see Supplementary Figure S4C-E
and the legend of Supplementary Figure S4). Software pro-
grams currently used to analyse the distribution of epial-
leles such as EBA, ampliMethProfiler (14) and methclone
(7,8) identify frequent individual epialleles present in both
R1-R2 and Cond 4 populations, which display compara-
ble Shannon entropy and correlation coefficients (Supple-
mentary Figure SSA and B). The programs indicated above
do not distinguish random R1 and R2 epialleles from de-
terministic Cond 4 epialleles (Supplementary Figure S5C).
In this context, MethCoresProfiler outperforms the other
methods used to analyse epialleles because it distinguishes
Cond 4 from R1 and R2 epialleles. The frequency of in-
dividual epialleles constituting the family in complex pop-
ulations may not be statistically significant, while the fre-
quency of the core is always significant (Supplementary Fig-
ures S4A and S5C).

Together, these data demonstrate that the method we de-
scribe is able to identify rare and stable epiallele families in
complex DNA populations with a composite background
and to discriminate stochastic versus deterministic epiallelic
clones.

The trajectories of DDO1 and DAO epialleles mark postnatal
differentiation of mouse brain cells

MethCoresProfiler extracts and identifies clones and fam-
ilies of epialleles with common methylation signatures in
complex populations of DNA molecules (Supplementary
Figures S2-S4). To validate the method in vivo, we analysed
bisulfite sequencing data of two mouse genes DDO1 and
DAO during brain differentiation in samples taken from
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groups of three mice at different time points after birth as
described in the ‘Materials and Methods’ section and Sup-
plementary Table S2. The DDO1 and DAO genes were se-
lected in order to dissociate gene expression from selection
of epialleles, because their expression profile varies signif-
icantly in different areas of mouse brain (16) (GeneCards
database links: DDO and DAO; protein atlas database
links: DDO and DAO).

The DDOI epialleles present in the DNA extracted from
different brain areas [CB, CX and hippocampus (HIPP)] in
groups of three mice at birth (P1) or at several postnatal pe-
riods were characterized with MethCoresProfiler. The gen-
eral features of DDOI1 epialleles including the structure of
the segment of the gene analysed (A), the average methyla-
tion (B), the Shannon entropy (C) and the methylation fre-
quency of each CpG in the sequence (D) are shown in Fig-
ure 2A-D. The distribution of DDO1 epialleles in all sam-
ples is shown in Figure 2E. The 57 possible epiallelic config-
urations, excluding non- or monomethylated molecules, are
present at least once in all samples analysed (Figure 2E, left
panel, methylated, red; non-methylated, white bars). High-
or low-frequency significant epialleles in the brain areas of
each mouse during postnatal differentiation are shown in
Figure 2E (central and right panels, P-value <10~°). The
qualitative and quantitative characterizations of DDOI epi-
alleles in each mouse brain area are shown in Figure 2F—
I. The correlation coefficient and the taxonomy of species
distribution show that the epialleles in each area cluster
in separate and discrete populations (Figure 2F, and Sup-
plementary Figures S6 and S7). The average methylation
of the CpGs is stable during postnatal differentiation in
CX (Figure 2D), but the MethCores index and the clon-
ality change in all brain areas (Figure 2F-H). Figure 21
shows the structure and trajectories of the methylated cores
in each brain area normalized to the methylation of each
CpG in the population. From these data, we can recon-
struct the clonal evolution of the epialleles during postna-
tal mouse brain differentiation. For example, in CB and
HIPP the cytosines ‘—336/—330’ are tightly and stably asso-
ciated at different time points. The heterogeneous epiallele
family ‘—3361—3301—3181—242I—175 dominates in HIPP.
The epialleles in CX, on the other hand, change conforma-
tion: the structure of mCpGs ‘—242|—175" is replaced by
mCpGs ‘—3361—3181—242’ (Figure 2I). Supplementary Ta-
ble S3 shows the E index values of all the samples.

DDO1 methylated cores mark different cell populations in
brain CX and CB during postnatal differentiation

Since all bisulfite DNA molecules sequenced in our sam-
ples contain the same 5" and 3’ ends, each epiallele marks a
single cell and we can associate the epialleles found in dif-
ferent brain areas with specific cell types. The presence of
the same family of epialleles in both isolated cells and the
specific brain area can further validate our analysis in vivo.
To this end, we determined the distribution of DDO1 epi-
alleles in cells isolated from mouse CX or CB brain areas.
Figure 3 shows the average methylation (A), the Shannon
entropy (B), the methylation frequency of each CpG (C)
and the structure and the distribution (D) of the epialleles in
CB and fractionated cells. There are epialleles present in all
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primers used to amplify DDOI epialleles are shown as black circles and lines. (B) Average methylation of the six CpGs shown in (A) in the DNA extracted
from mouse brain areas (CX, CB and HIPP) and the relative random control at different time points after birth (pl, p15, p30 and p60 days, colour-coded
squares on the right). (C) Shannon entropy of the methylated molecules in the same brain areas and time points shown in (B). (D) Average methylation of
each CpG identified by the nucleotide position shown in (A), in the populations of molecules shown in (B). (E) Structure and frequency of the epialleles
containing the CpGs shown in (A). The panel on the left shows the cluster analysis of all epialleles present in the brain areas analysed (methylated, red;
non-methylated, white) containing the six CpGs shown in (A). The next three panels on the right show the frequency of the epialleles in each brain area,
indicated on the top of the panels (colour code at the bottom of the fourth panel from the left). The frequency of epialleles in a random control is shown
on the lane on the right side of each panel (‘Random’). The three panels on the right show the significant epialleles in the brain areas indicated on the
top of the panels at different time points. High- or low-frequency or neutral epialleles from the DNA of the groups of three mice at different time points
are shown in red, blue or white, respectively. (F) PCA of DDOI epialleles in the areas of mouse brain during postnatal differentiation. (G) Frequency of
methylated cores (MethCores index) in the same areas of mouse brain during postnatal differentiation. (H) Frequency of the methylated cores normalized
to the average methylation (clonality index) in each population. (I) The structure and the composition of the methylated cores at different time points in the
populations of molecules derived from each brain area. Each CpG is labelled with a colour code shown on the right side of the panel. In Supplementary
Table S3 are reported the E index values of all analysed samples. Pairwise comparison between each pair was performed with the Student’s 7-test: *P <

0.05 versus P1, # P < 0.05 versus P15.

types of cells, and some are specific to neurons (marked by
M) or astrocytes (marked by *). The trajectories of the epi-
alleles are specific to each brain area (Supplementary Fig-
ures S6A and S7A) and reflect dynamics and clonal evo-
lutions in isolated cells (Supplementary Figure S6A and
B).

The similarities (PCA) and the differences (MethCores
index and clonality index) of the epiallele families in CB and
isolated cells in Figure 3E-G suggest that CB astrocytes and
neurons at P15 underwent a significant clonal evolution,
which was also evident in whole CB. The structure and the
distribution of the DDOI epialleles in CB fractionated cells
show that astrocytes and MOEs (oligodendrocytes) share a
common precursor at P15, different from the epiallele fam-
ily that characterizes the neurons and the whole CB, sug-
gesting that neurons contributed significantly to the evolu-
tion of the DDO1 epiallele family found in the CB at P15
(Figure 3H). In Supplementary Table S3 are reported the £
index values of analysed samples.

The same type of analysis was performed in CX and frac-
tionated cells at various time points. CX did not show sig-
nificant changes in average methylation (Figure 4A), Shan-
non entropy (Figure 4B) and single CpG methylation (Fig-
ure 4C) although the methylation of the six CpGs at differ-
ent time points varied significantly (Figure 4C). CX-derived
cells, on the other hand, displayed significant changes in
all three parameters (average methylation, Shannon entropy
and average methylation of CpG in the cores) and the E in-
dex (Supplementary Table S3) at the three time points anal-
ysed (Figure 4A—C). This type of analysis shows both qual-
itative and quantitative similarities and differences in CB
and CX epialleles during postnatal brain differentiation. In
CB, the trajectories of the epialleles recapitulate the trajec-
tories of the epialleles found in purified neurons (Figure
3H), whereas in CX the trajectories of the epialleles are sim-
ilar to those found in neurons and astrocytes/MOEs (Fig-
ure 4H). It is noteworthy that in the CX the appearance of
the cell-specific epialleles in purified cells (P15) precedes the
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Figure 3. DDOI epialleles identify cells derived from mouse CB: astrocytes, MOEs and neurons during postnatal differentiation. (A) Average methylation
of the DDOI epialleles in different cell types derived from CB. (B) Shannon entropy. (C) Average methylation of each CpG in the population of molecules
in the same cells as in (A). (D) The structure (first panel on the left) and distribution (panels on the right) of the DDOI epialleles in CB and CB-derived
cells during postnatal differentiation of mouse brain. The panel on the left shows the cluster analysis of all epialleles (methylated, red; non-methylated,
white) containing the six CpGs shown in Figure 1A. The three panels on the right show the frequency of the same epialleles (colour code at the bottom
of the second panel on the left) in the brain areas indicated on the top of the panels at different time points as in (B), relative to the random control (the
lane on the right in each panel). The epialleles in red and blue represent the epialleles with a significantly higher or lower frequency relative to the controls,
respectively. Neutral or non-significant epialleles are shown in white. * and * mark the astrocyte- and neuron-specific epialleles, respectively. (E) PCA
of mouse CB area and derived cells of DDOI epialleles during brain postnatal differentiation. (F) Frequency of methylated cores (MethCores index) in
the same populations as in (A). (G) Frequency of methylated cores normalized to the average methylation (clonality index) in each population. (H) The
structure and the composition of the methylation cores in each cell population during postnatal brain differentiation. Each CpG is labelled with a colour
code shown on the right side of the panel. In Supplementary Table S3 are reported the E index values of all analysed samples. Pairwise comparison between

each pair was performed with the Student’s #-test: *P < 0.05 versus P1,

appearance of the same epialleles (P30) in the whole CX
(Figure 4H).

We wish to stress several points that confirm, validate and
expand the epiallele analysis of mouse brain areas during
postnatal differentiation shown here. The structure and the
postnatal trajectories of the epialleles are specific to each
brain area (Figures 3D and H, and 4D and H). In both the
CB and CX, the epialleles with the same structure match
the epialleles found in the fractionated cells (Figures 3H
and 4H). The epiallele distribution in the CB or CB-derived
cells is strikingly homogeneous compared to the epialleles
in CX or CX-derived cells (Figures 3H and 4H, and Sup-
plementary Figure S6B), confirming the finding that at the
P8-15 postnatal differentiation period in CB, granule cells
and precursors account for 78% of total cells (21). Astro-
cytes and MOEs share a common precursor (21) contain-
ing the epiallelic core found at P15 in CB and CX (Figures
3H and 4H). Our epiallele analysis confirms independently
published data on postnatal differentiation of mouse brain
cells (21,22).

To further validate the method, we performed the analy-
sis on DDOI epialleles in another mouse tissue: small and

#P < 0.05 versus P15.

large intestines (gut) at birth and 90 days later. There are two
major epiallele families appearing 90 days after the birth
in all mice analysed (Supplementary Figure S8). The high
clonality index and the structure of the core suggest that
a major epigenetic family emerges during the gut postna-
tal differentiation (Supplementary Figure S8). This family
may be represented by cells expressing a member of the
SLC26 gene family of anion channels (DRA, SLC26A3).
The expression of this gene marks the most abundant cell
population during postnatal gut differentiation in stem cells
organoids (23).

Last, we analysed the epialleles containing four CpGs at
the 5’ end of the DAO gene selectively expressed in mouse
CB (24). The reduced number of CpGs limits the number
of possible epialleles to 16 and this may facilitate the anal-
ysis of methylated cores. Supplementary Figure S9 shows
the location of the CpG relative to the TSS (A), the aver-
age methylation (B), Shannon entropy (C), the frequency of
methylation of each CpG (D), the structure (E, first panel
on the left) and the distribution (E, central and right panels)
of DAO epialleles in the mouse brain areas during postnatal
differentiation. The PCA (Supplementary Figure SOF), the
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Figure 4. DDOI epialleles in the cells derived from mouse brain CX: astrocytes, MOEs and neurons during brain postnatal differentiation. (A) Average
methylation of the DDOI epialleles in different cell types derived from CX. (B) Shannon entropy. (C) Average methylation of each CpG in the total
population of molecules in the cells described in (A). (D) The structure (first panel on the left) and distribution (panels on the right) of DDOI epialleles in
the CX and CX-derived cells during postnatal differentiation of mouse brain. The panel on the left shows the cluster analysis of all epialleles (methylated,
red; non-methylated, white) containing the six CpGs shown in Figure 1 A. The three panels on the right show the frequency of the same epialleles described
in the first panel on the left (colour code at the bottom of the second panel from the left) in the brain areas indicated on the top of the panels at different
time points as in (B) or relative to the random control (the lane at the right side in each panel). The epialleles in red and blue are significantly higher or lower
frequency epialleles relative to the controls, respectively. Neutral or non-significant epialleles are shown in white. (E) PCA of mouse CX cells and epiallele
populations during postnatal brain differentiation. (F) Frequency of methylated core (MethCores index) in the same populations as in (A). (G) Frequency
of methylated cores normalized to average methylation (clonality index) in each population. (H) The structure and the composition of the methylation
cores in each cell population during postnatal mouse brain differentiation. Each CpG is labelled with a colour code shown at the right side of the panel.
Supplementary Table S3 shows the E index values of all analysed samples. Pairwise comparison between each pair was performed with the Student’s z-test:
*P < (.05 versus P1, # P < 0.05 versus P15.

MethCores index (Supplementary Figure S9G), the clonal- DAO and DDOI epialleles mark the same cell type and
ity index (Supplementary Figure SOH) and the structure of the same mouse brain area at the same time point during
the cores (Supplementary Figure S9I) show that each brain postnatal differentiation. To this end, we performed hier-
area displays different types of DAO epiallelic trajectories, archical cluster analysis of the structures and distribution
which are not correlated with the expression of the gene, of DAO and DDOI epialleles in all samples analysed to

which is restricted to the CB (24). test whether DDO1 and DAO epialleles mark the same cell
Fractionation of cells from each brain area shows that the type, time point and whole brain area. Strikingly, this anal-
DAO epiallele trajectories during postnatal differentiation ysis shows that both the structure of the cores and the fre-

in CB (Supplementary Figure S10) and CX (Supplemen- quency distribution of DAO and DDOI epialleles mark the
tary Figure S11) recapitulate the trajectories found in the same area, the same postnatal time point and the same cell
specific cell types similarly to DDOI epialleles (Figures 2E type (Figure 5). Moreover, comparmg the structure and tra-
and I, and 3D and H). The taxonomy of epiallelic species jectories of the epiallele cores in each cell type with the fre-
distribution and the Pearson correlation of DAO epialleles quency of progenitor cells during postnatal differentiation
are shown in Supplementary Figures S12 and S13, respec- of mouse brain (P1-15 days after birth), we found that the
tively. As expected, the changes in the trajectories of DAO trajectories of both DAO and DDOI epialleles in each cell
epialleles in the specific brain areas are not as evident as type overlap with trajectories of two main brain cell pre-
they appear in isolated cells, because they are the result of cursors during early mouse postnatal differentiation (1-15
the algebraic sum of loss or gain of epialleles in different days), the intermediate precursors cells (IPCs) that gener-
cell types (Figures 2 and 3, and Supplementary Figures S10 ate immature and mature neurons, and the radial glial cells
and S11). Since DDO1- and DAO-specific epialleles char- that generate astrocytes, oligodendrocytes and IPCs dur-
acterize mouse brain areas and specific cell types indepen- ing postnatal differentiation time of 0-15 days (Figure 5)
dently on their cellular expression (15,22), we asked whether (25,26) (www.cellsignal.com/neuro-atlas).
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Figure 5. DDOI and DAO epialleles mark the same brain areas, the same cell type and the same time points during postnatal differentiation of mouse
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and draw correlograms. The red and blue circles mark the same brain areas, time points and cells. IP and RG represent the intermediate progenitors and
the radial glial precursors, respectively. RG are upstream of the IP and generate IP and astrocytes. IP differentiate in immature neurons and, eventually, in

mature neurons (19-21) (cellsignal.com/neuro-atlas).

DISCUSSION

In conclusion, the tool MethCoresProfiler identifies and
tracks epiallele families in complex cell populations such as
the brain and fractionated cells during postnatal differen-
tiation. The concordance of the structure and the distribu-
tion of the methylated cores of both genes in cells and whole
brain areas (Figure 5) and the same trajectories in indepen-
dent mouse samples during postnatal brain differentiation
(Figure 2 and Supplementary Figure S8) represent a vali-
dation of the method and a proof that DAO and DDOI1
epialleles mark haploid genomes and single cells indepen-
dently. This analysis can be applied to any segment of DNA
containing mCpGs. The power of this tool can be further in-
creased by also including in the cores non-methylated CpGs
in phase with mCpGs.

A brief summary of the method is shown in the graph-
ical abstract, which reports the features of the input and
output data. Supplementary Table S4 shows the compari-
son of MethCoresProfiler with existing tools currently used
for methylation analysis of bisulfite sequencing data (26)
(see Supplementary Figures S4A and S5C). The majority
of the software programs were designed to explicitly pro-
vide quantitative assessment of methylation of single CpG
(27) or abundance of single epialleles (8,14). As shown in
Supplementary Figure S5, the frequency of single epialle-
les analysed with ampliMethProfiler does not discriminate
stochastic random clones from stable clones or families of

epialleles subjected to selection. MethCoresProfiler offers
three main advantages: (i) it automatically identifies and ex-
tracts significant epialleles by normalizing their distribution
to the expected frequency in the experimental and theoret-
ical populations; (ii) it automatically defines the structure
of families of epialleles (cores) and provides three quantita-
tive indices; and (iii) it works on single or multiple samples,
making intersample or longitudinal comparisons.

Summarizing this method identifies and tracks single epi-
allelic clones (as Cond 1 or Cond 3 in the graphical abstract)
or divergent clones deriving from a single ancestor (as Cond
2 or Cond 4 in the graphical abstract) with a significant re-
duction of epiallele heterogeneity.

Unstable or stochastic methylation might be associ-
ated with demethylation during transcription. Hydroxy-
methylated dC (OHmdC) is resistant to bisulfite oxida-
tion; it is scored as methyl dC in bisulfite reactions and
is replaced by BER (base excision repair) enzymes with
a non-methylated deoxycytosine (6,28-30). We have tested
whether, and how, C hydroxymethylation or demethylation
may alter the structure and the trajectories of epiallele cores
by measuring OHmdC in DAO epialleles. Supplementary
Figure S14 shows the DAO epialleles in the CB before or
after oxidation of bisulfite DNA with perruthenate, which
deaminates and converts OHmdC to thymine. Elimination
of OHmdC does not modify the structure of the main CB
DAO epiallelic cores; instead, it increases their frequency
by reducing the background OHmdC. Only one epiallele
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core in CB disappears when OHmdC is eliminated (Sup-
plementary Figure S14). We believe that this is an impor-
tant point that may modify the interpretation of methyla-
tion profiles in complex populations of molecules with sin-
gle time points.

DATA AVAILABILITY

Project name: MethCoresProfiler Project.

Home page: https://github.com/84AP/MethCoresProfiler/.
Operating system(s): Linux, MacOS X, Windows.
Programming language: R.

Other requirements: different R packages.

License: GNU GPLv3.

SUPPLEMENTARY DATA
Supplementary Data are available at NARGAB Online.
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