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DNA methylation is essential for embryonic and neuronal differentiation, but the function of most genomic DNA
methylation marks is poorly understood. Generally the human genome is highly methylated (>70%) except for CpG
islands and gene promoters. However, it was recently shown that the IMR90 human fetal lung fibroblast cells have large
regions of the genome with partially methylated domains (PMDs, <70% average methylation), in contrast to the rest of
the genome which is in highly methylated domains (HMDs, >70% average methylation). Using bisulfite conversion
followed by high-throughput sequencing (MethylC-seq), we discovered that human SH-SY5Y neuronal cells also contain
PMDs. We developed a novel hidden Markov model (HMM) to computationally map the genomic locations of PMDs in
both cell types and found that autosomal PMDs can be >9 Mb in length and cover 41% of the IMR90 genome and 19% of
the SH-SY5Y genome. Genomic regions marked by cell line specific PMDs contain genes that are expressed in a tissue-
specific manner, with PMDs being a mark of repressed transcription. Genes contained within N-HMDs (neuronal HMDs,
defined as a PMD in IMR90 but HMD in SH-SY5Y) were significantly enriched for calcium signaling, synaptic transmission,
and neuron differentiation functions. Autism candidate genes were enriched within PMDs and the largest PMD observed
in SH-SY5Y cells marked a 10 Mb cluster of cadherin genes with strong genetic association to autism. Our results suggest
that these large-scale methylation domain maps could be relevant to interpreting and directing future investigations into
the elusive etiology of autism.

[Supplemental material is available for this article.]

DNA methylation plays an important role in development, par-

ticularly in neurogenesis (Trowbridge and Orkin 2010). DNA

methyltransferase 3a (Dnmt3a) null mice, despite having a normal

number of neural stem cells, have a reduced number of immature

neurons and an increased number of astrocytes and oligodendro-

cytes, suggesting DNMT3A activity is needed for neural stem cells

to proceed along a neuronal cell fate. Surprisingly, although global

DNA methylation in Dnmt3a null mice was largely unchanged,

reduced methylation of sequence adjacent to gene promoters was

actually found to correlate with reduced transcription (Wu et al.

2010). DNA methylation is also important in neuronal matura-

tion, as mice with combined Dnmt1 and Dnmt3a deficiency in

post-mitotic neurons have defects in learning and memory (Feng

et al. 2010).

In mammals, DNA methylation has traditionally been con-

sidered an epigenetic mark on CpG sites that represses gene tran-

scription, especially in promoters and CpG islands. However, recent

evolutionary analyses of DNA methylation across species suggests

that DNA methylation within gene bodies is an even more ancient

mark, predating the divergence of plants and animals. In plants,

fish, and insects, gene body methylation is a mark of active tran-

scription, and gene bodies with the highest levels of methylation

show moderate expression (Zemach et al. 2010). These new in-

sights into the role of gene body methylation on gene expression

have largely come about due to new whole-genome DNA meth-

ylation detection technologies.

Although bisulfite sequencing is often considered the gold

standard for DNA methylation analyses, until recently the amount

of sequencing necessary to apply it genome-wide in humans was

prohibitively expensive. Most pre-genomic DNA methylation anal-

yses using bisulfite sequencing have been biased toward promoters,

CpG islands, and other regulatory sequences where methylation

differences can be seen over short distances and with predictable

functional implications. Alternative genome-wide methods were

later developed that could assess the methylation of a subset of CpG

sites (Irizarry et al. 2008; Ball et al. 2009; Brunner et al. 2009; Harris

et al. 2010). Recently, though, one of the most in-depth DNA meth-

ylation analyses in humans was published in 2009 by Lister et al.

High-coverage, high-throughput bisulfite sequencing (MethylC-

seq or Methyl-seq) was used to examine the methylation status of

CpG sites genome-wide in both the H1 human embryonic stem

cells (hESCs) and IMR90 fetal lung fibroblasts. As expected, low

levels of methylation were observed at CpG islands and promoter

methylation was inversely correlated with gene expression. In

addition, the majority of gene bodies and intergenic sequences in

both hESCs and fibroblasts have high levels of methylation

(>75%). However, in the IMR90 cells large regions of partial meth-

ylation (<70%) were observed, called partially methylated domains

(PMDs).

To date PMDs have not yet been extensively studied. Based on

genome-wide DNA methylation analyses there is evidence sug-

gesting that PMDs can be found in fibroblasts (Ball et al. 2009;

Lister et al. 2009, 2011; Aran et al. 2011), adipose tissue (Lister et al.

2011), EBV-transformed B-lymphocytes (Ball et al. 2009, Aran et al.

2011), placenta (Popp et al. 2010; Xin et al. 2010; Aran et al. 2011),

and cultured breast cancer cells (Shann et al. 2008). However,

PMDs are absent from many mature tissues including cerebral
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cortex (Maunakea et al. 2010; Xin et al. 2010), testes, breast, liver,

leukocytes (Shann et al. 2008), lung, kidney (Aran et al. 2011),

hESCs (Lister et al. 2009), and induced pluripotent stem cells

(iPSCs) derived from fibroblasts (Ball et al. 2009; Lister et al. 2011)

and iPSCs from adipose-derived stem cells (Lister et al. 2011). This

tissue specificity and the large genomic distances involved explain

why their presence has not been noticed until recently.

Very little is known about the function of PMDs. In the IMR90

cells, gene body methylation is positively correlated with gene

expression (Lister et al. 2009) and PMDs overlap H3K9me3 and/or

H3K27me3 repressive histone marks (Hawkins et al. 2010), sug-

gesting that PMDs are marks of transcriptional repression. In ad-

dition, low gene body methylation correlates with late replication

timing (Aran et al. 2011). These data suggest that PMDs could mark

transcriptionally repressive genomic domains, but the types of

genes contained within PMDs or their functional significance has

not been previously addressed.

Using MethylC-seq and bioinfor-

matics approaches, we provide the first

genomic maps of PMDs in a human neu-

ronal cell line compared to fibroblast and

embryonic stem cells. PMDs were ob-

served at a lower frequency in human

neuronal cells than fibroblasts and their

locations were distinct. We show that

these tissue-specific differences in PMDs

mark distinct subsets of developmentally

regulated genes with particular importance

to neuronal synaptogenesis. Autism can-

didate genes are enriched in N-HMDs,

defined as domains marked by the lack of

transcriptionally repressive PMDs in neu-

rons compared to fibroblasts. Therefore,

these neuronal domain-wide methylation

maps are likely to be significant for un-

derstanding and interpreting the genetic

and epigenetic causes of autism.

Results

MethylC-seq in SH-SY5Y cells reveals
PMDs with a distribution distinct
from those in IMR90 cells

To determine the methylomic landscape

of human SH-SY5Y neuronal cells we se-

quenced an SH-SY5Y bisulfite-converted

MethylC-seq library using two Illumina

GAII lanes and aligned the reads to the

human genome. Of the 41.9 million reads

generated, 26.7 million were of high qual-

ity and uniquely mapped to the genome.

Bisulfite conversion efficiency (as deter-

mined using the percentage of non-CpG

cytosines that were unconverted) was

99.40%. Considering all CpG sites on all

genome-alignable MethylC-seq reads, SH-

SY5Y cells had on average 69.3% methyl-

ation, compared to 67.7% for IMR90 cells

and 82.7% for H1 cells (Lister et al. 2009).

For an initial comparison of the dis-

tribution of genome-wide methylation

levels in SH-SY5Y, IMR90, and H1 cells we took 20-kb non-over-

lapping windows tiled across the genome, omitting tiles with less

than 100 covered CpG sites and determined their average meth-

ylation level (Fig. 1A). Twenty kilobases was chosen as a wide ge-

nomic window that would dampen the methylation effects of CpG

islands, which are on average 763 bp in length. For this and all

subsequent analyses, the X chromosome was omitted because

IMR90 and SH-SY5Y cells came from female donors and X in-

activation complicated the detection of PMDs. As previously

shown (Lister et al. 2009), H1 embryonic stem cells have high

methylation (>80%) at most CpG sites. IMR90 cells, however, have

a bimodal distribution with highly methylated domains (HMDs)

having a peak at 80%–85% methylation and PMDs having a peak

at 50%–60% methylation. SH-SY5Y cells also show evidence of

large regions of partial methylation but the distribution of meth-

ylation was more heterogeneous in SH-SY5Y cells than in IMR90

cells.

Figure 1. Global DNA methylation levels within the cell lines and methylation domain types. (A) The
distribution of average percent methylation across 20-kb windows is shown for each of the three cell
lines. (B) Average percent methylation within the four methylation domain types (N-HMD, L-HMD,
B-PMD, or B-HMD) defined using the HMM. The H1 cell line is included for comparison. Error bars show
standard deviations. (C ) Average percent methylation of promoter CpG islands in human cerebral
cortex and the SH-SY5Y and IMR90 cell lines. N-HMD, neuronal HMD; L-HMD, lung HMD; B-PMD, PMD
in both cell lines; B-HMD, HMD in both cell lines.
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Using tracks color-coded by percent methylation, PMDs are

fairly easy to visually identify (Fig. 2) as was described previously

(Lister et al. 2009). In Figure 2, each tick mark in the %methylation

tracks represents the average DNA methylation for an individual

CpG site (without smoothing). However, we sought an unbiased

computational method to divide the genomic sequences of both

cell lines into PMDs and HMDs using hidden Markov models

(HMMs). HMMs allow for a more sophisticated analysis of PMDs

than the wide windowing method used in Figure 1A. Since CpG

islands are predominantly hypomethylated, CpG islands were first

masked out to prevent improper transitions between PMD/HMD

states. Using the model topology in Supplemental Figure 1 and

a transition probability p of 1 3 10�30, the emission probabilities

for each possible dinucleotide sequence within PMDs and

HMDs were estimated separately for each

cell line. All further analyses utilize

HMM-defined PMDs. Using the HMMs

we found that 41% of the IMR90 and 19%

of the SH-SY5Y autosomal sequence con-

tained PMDs. When concatenating PMDs

together that were separated by CpG is-

lands, we found that PMDs can be >9 Mb

in length, disregarding those containing

centromeres and telomeres. Since CpG is-

land annotations are computational pre-

dictions based on the DNA sequence and

actual DNA hypomethylation could oc-

cur in unannotated CpG islands, we cal-

culated the average length of PMDs in our

data set. We found that the average length

of PMDs in both cells lines was >130 kb

(median > 31 kb), in contrast to anno-

tated CpG islands which have an average

length of 763 bp (median = 560 bp).

Since some PMD locations differed

between the SH-SY5Y and IMR90 cells

(Fig. 2), we divided the human genome

into four subdomain types based on the

PMD/HMD status in the two cell lines:

B-PMDs are PMDs in both cell lines,

N-HMDs (neuronal HMDs) have PMDs

only in IMR90 cells, L-HMDs (lung HMDs)

have PMDs only in SH-SY5Y cells, and

B-HMDs have HMDs in both cell lines and

comprise the majority of the genome.

Thus, N-HMDs are genomic domains that

are partially methylated in IMR90 cells

but highly methylated in SH-SY5Y cells.

In contrast, L-HMDs are genomic do-

mains that are partially methylated in

SH-SY5Y cells but highly methylated in

IMR90 cells. Figure 1B shows the average

percent methylation of these domains in

the SH-SY5Y, IMR90, and H1 cell lines.

The presence of tissue-specific partial

methylation was verified for randomly se-

lected genetic loci in Figure 2 by the in-

dependent method of pyrosequencing

(Supplemental Fig. 2).

In order to verify that the PMDs seen

in the SH-SY5Y cells were reproducible at

low coverage, a biological replicate was

done using a single Illumina GAII se-

quencing lane resulting in a Spearman

correlation of 0.63 between the two data

sets (Supplemental Fig. 3). The PMD loca-

tions were consistent between the two

replicates, showing that very low sequenc-

ing coverage (9 million reads) was still suf-

Figure 2. Examples of B-PMDs, N-HMDs, and L-HMDs in the three cell lines. Data were loaded as
tracks in the UCSC Human Genome Browser. Hidden Markov model PMD annotations for the IMR90
and SH-SY5Y cells are shown as black bars. Percent methylation tracks display MethylC-seq data for
individual CpG sites. Red = 80%–100% DNA methylation, green = 60%–80%, blue = 1%–60%, black =
0%, and white = no sequence coverage. PMDs in IMR90 cells appear blue and green. Due to lower
sequence coverage, PMDs in SH-SY5Y cells appear black. (A) B-PMDs mark a cluster of 11 olfactory
receptor genes and part of an HLA gene cluster. B-PMDs are shaded in gray. (B) N-HMDs mark
CNTNAP2, a neurexin and autism candidate gene (Alarcon et al. 2008), and DPP6, a gene highly
expressed in brain and critical for membrane excitability (Kim et al. 2008). N-HMDs are shaded in green.
(C ) L-HMDs mark CFTR, CAV1, and CAV2, all genes with important functions in lung (Mehta 2005;
Gosens et al. 2008). L-HMDs are shaded in pink. OR, olfactory receptor; HLA, human leukocyte antigen;
CNTNAP2, Contactin-associated protein-like 2; DPP6, dipeptidyl-peptidase 6; CAV1&2, caveolins 1 and
2; CFTR, cystic fibrosis transmembrane conductance regulator.
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ficient to detect PMDs in the SH-SY5Y cells. In addition, we ana-

lyzed the quality of PMD detection at low coverage in IMR90 cells

to ensure that the PMD differences in SH-SY5Y cells were actually

tissue-specific differences (Supplemental Fig. 4). These results showed

that low MethylC-seq coverage is sufficient to detect large (>40%)

tissue-specific methylation differences over long genomic domains.

It should be noted, however, that low MethylC-seq coverage is not

suitable to detect small differences in DNA methylation levels in

short sequences of interest (e.g., CpG islands).

We also performed MethylC-seq on human cerebral cortex

from a 113-d-old male to compare to the data from the SH-SY5Y cell

line. Although the cortex data showed no evidence for large PMDs

(data not shown), confirming previously observed high methylation

levels in cortex (Xin et al. 2010), we wanted to determine if there was

aberrant promoter CpG island methylation in the SH-SY5Y cell line

that might be more indicative of a cancerous than a neuronal epi-

genetic state. Figure 1C shows that, as in normal brain, SH-SY5Y cells

have low levels of methylation in promoter CpG islands.

PMDs encompass differentially expressed genes important
for developmental tissue function

Lister et al. (2009) showed that PMDs are associated with tran-

scriptionally repressed genes in IMR90 cells. To determine if PMDs

associate with repressed genes in SH-SY5Y cells as well, we com-

pared microarray expression data from the NCBI Gene Expression

Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo) for genes

within L-HMDs, B-PMDs, and N-HMDs (Fig. 3). Genes in B-PMDs

have low expression levels in both cell types, while genes in

N-HMDs and L-HMDs were expressed in a tissue-specific manner.

N-HMD genes were more highly expressed in SH-SY5Y cells com-

pared to IMR90 cells. In contrast, L-HMD genes were more highly

expressed in IMR90 cells compared to SH-SY5Y cells, where they

were found in PMDs. PMDs therefore appear to be a mark of de-

creased expression, as has been suggested previously. However,

many genes in N-HMDs and L-HMDs have low expression levels

in both cell types, suggesting that, although an HMD environment

is conducive to expression, other factors are probably also neces-

sary to up-regulate genes in HMDs. In addition, tissue-specific

PMDs mark only a specific subset of genes differentially expressed

between IMR90 and SH-SY5Y lines. N-HMDs and L-HMDs each

account for ;4% of tissue-specific gene expression (Fig. 3).

Microarray expression differences for genes within N-HMDs and

N-HMDs were confirmed by qRT-PCR (Supplemental Fig. 5).

We found 2590 genes in N-HMDs, 2019 genes in B-PMDs, and

687 genes in L-HMDs (Fig. 4A). In order to determine the types of

genes contained within the tissue-specific methylated domains in

the two cell lines, we submitted the N-HMD, L-HMD, and B-PMD

gene lists to DAVID (Dennis et al. 2003; Huang et al. 2009) for gene

ontology (GO) analysis. N-HMDs are significantly enriched for

genes involved in homophilic cell adhesion, cell signaling, and

synaptic transmission (Fig. 4B). For cellular adhesion, nine cad-

herins and a large portion of the alpha, beta, and gamma proto-

cadherin clusters are contained within N-HMDs. Cadherins and

protocadherins are thought to be important for axon pathfinding,

synaptogenesis, and synaptic plasticity (Redies 2000). The N-HMD

gene set also included three serotonin receptors, seven gamma

aminobutyric acid (GABA) receptors, 17 glutamate receptors, and

a neuropeptide Y receptor. Strikingly, 41% of N-HMD genes with

GO cellular component annotations were localized to the plasma

membrane (26% of all N-HMD genes, P-value = 7.25 3 10�22) and

17% of genes with GO molecular function annotations bound

calcium (10% of all N-HMD genes, P-value = 1.06 3 10�38; Sup-

plemental Table 1). In addition, after ‘‘neuroactive ligand-receptor

interaction,’’ the ‘‘calcium signaling’’ KEGG pathway was the most

significantly represented in the N-HMD gene set (Bonferroni

P-value of 6.5 3 10�3; Supplemental Fig. 6). Interestingly, genes in

the ‘‘long-term depression’’ KEGG pathway were also overrep-

resented in N-HMDs (Bonferroni P-value of 4.2 3 10�2; Supple-

mental Fig. 7). To further determine if N-HMDs mark a function-

ally important subset of neuronally expressed genes, human

cerebral cortex expression microarray data were downloaded from

GEO, and 7556 neuronally expressed genes (those with probe

signals above the 75th percentile) were collected. Using these neu-

ronally expressed genes as a background gene set for GO analysis,

N-HMDs were still significantly enriched for genes involved in cell–

cell signaling, synaptic transmission, and neuron differentiation

(Supplemental Fig. 8). Overall, these results demonstrate that neu-

ron-specific methylation domains (N-HMDs) mark a specific set of

genes important for calcium signaling and synaptic transmission.

L-HMDs are most significantly enriched for genes involved in

respiratory tube development, but are also enriched for genes in-

volved in skeletal system, immune response, and gland develop-

ment (Fig. 4C). This may be due to the fact that some of these tissues

share a common developmental lineage (Liu et al. 2009; Ogawa et al.

2010). B-PMDs contain genes that are expressed in neither lung

fibroblasts nor neurons and could be locations of tissue-specific

HMDs in other cell types. Strikingly, B-PMDs contain 337 out of 431

Figure 3. Cell type specific expression of transcripts contained within PMDs. Gray circles are normalized expression values for all microarray probes,
averaged over triplicates in both cell lines. Red triangles represent probes to genes within the specified domain type. Light green lines mark the 75th
percentile for expression values. Percentages in each quadrant show the percentage of probes in that PMD type for that quadrant.
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olfactory receptor genes, suggesting that PMDs might mark epige-

netic domains that regulate olfactory receptor expression. Other

statistically significant biological processes for genes in B-PMDs in-

cluded keratinization and epithelial cell differentiation (Fig. 4D).

PMDs mark a subset of autism candidate genes

Since multiple autism candidate genes were observed in our

N-HMD gene list, we explored whether autism candidate genes were

overrepresented in PMDs. Autism candidate gene lists were taken

from two sources: the Simons Foundation Autism Research Initiative

(SFARI) (Basu et al. 2009; Banerjee-Basu

and Packer 2010) and Pinto et al. (2010). A

x2 test was performed using the genome-

wide distribution of genes in these do-

mains as the null distribution (Table 1).

The number of autism candidate genes in

PMDs from both gene sets was signifi-

cantly different than the null distribution,

with more autism candidate genes in

N-HMDs and L-HMDs than expected. For

the N-HMDs in particular, there were over

twice as many autism candidate genes than

expected by chance, and half of these had

some function in the axon and 15 of the

59 had neuronal receptor activity (Sup-

plemental Table 2).

Surprisingly, we also found that the

largest PMD in the SH-SY5Y cells that did

not include a centromere or telomere

(9.5 Mb) was on 5p13.3–5p14.3 (Fig. 5).

This domain includes four cadherin genes

including CDH10 and CDH9. Between

CDH10 and CDH9 lie a number of SNPs

such as rs4307059 that were found to be

strongly associated with autism spectrum

disorders but perplexingly located mega-

bases away from either gene (Wang et al.

2009). Most of the domain is actually a

B-PMD, which might not be surprising

since CDH10 is highly expressed in a spe-

cific subset of brain regions including the

cerebral cortex (Wang et al. 2009), while

SH-SY5Y cells are thought to originate

from the sympathetic nervous system

(Xie et al. 2010). Thus, neuronal genes

whose expression is associated with HMDs

in neuronal lineages other than sympa-

thetic adrenergic neurons may appear in

B-PMDs when SH-SY5Y cells are used to

define N-HMDs. In addition, another re-

cent autism genome-wide study showed

association with a SNP in the intron of

MACROD2 (Anney et al. 2010), which

was found in a N-HMD in our analysis

(Supplemental Table 3). These results sug-

gest that domain-wide methylation analy-

ses may aid in the functional interpretation

of human genetic analyses by providing

maps of epigenetically defined genomic

regions.

Discussion

This study provides the first MethylC-seq analysis of a neuronal

cell line and the first computationally derived maps of cell line-

specific PMDs. Our study also included a functional investigation

of PMDs, showing that genes contained within tissue-specific

methylation domains have tissue-specific functions and expres-

sion. We also show that relatively low sequence coverage (1-2

Illumina GAII lanes) is sufficient to detect PMDs by our HMMs,

making our method cost-efficient for PMD detection. Finally, we

demonstrate neuronal cells have a functionally distinct methyla-

Figure 4. The characteristics of genes in PMDs. (A) Venn diagram showing overlap of PMDs between
SH-SY5Y and IMR90 cells. The numbers of genes in each domain type are shown. (B–D) GO biological
process classifications for genes in each domain type using DAVID. Bonferroni correction was applied to
the P-values. Redundant GO terms containing similar lists of genes were excluded and a full list can be
found in Supplemental Table 1. Because of the large number of olfactory receptor genes in B-PMDs, the
‘‘sensory perception of smell’’ category had a Bonferroni P-value of 2.9 3 10�277.

Table 1. x2 test for overrepresentation of autism candidate genes in PMDs

B-PMDs N-HMDs L-HMDs B-HMDs
Total
genes x2

All autosomal genes
in genome

2019 2590 687 15,140 20,436

SFARI autism genes 17 (17.9) 49 (22.9) 14 (6.1) 101 (134.1) 181 2.01 3 10�10

Pinto et al.
autism genes

16 (12.3) 32 (15.7) 6 (4.2) 70 (91.9) 124 2.46 3 10�5

Autism gene lists were obtained from SFARI (http://gene.sfari.org/) and Pinto et al. (2010). Numbers
in parentheses represent expected values based on the background distribution of all genes in the
genome. Only autosomal genes are included in the analysis.
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tion landscape compared to fibroblasts, reflecting HMDs marking

genes involved in synapse development and autism risk.

The question remains why PMDs were observed in the SH-

SY5Y cells but not cerebral cortex tissue. Some have argued that

aberrant DNA methylation could be an artifact of prolonged tissue

culture or cancer progression (Shann et al. 2008). Studies have

shown that prolonged tissue culture propagation leads to increases

in methylation at high CpG promoters (Meissner et al. 2008), but

we did not observe large methylation differences between SH-SY5Y

cells and brain tissue at promoter CpG islands. Aran et al. (2011)

also showed that DNA methylation changes occur with increasing

cell passage, but they found that transcriptionally inactive regions

lose DNA methylation whereas active, highly methylated genes

remain highly methylated. They concluded, however, that this

was not solely due to tissue culture conditions because proliferative

tissues such as placenta and fibroblast also have gene body

hypomethylation whereas nonproliferative tissues such as brain,

lung, and kidney do not (Aran et al. 2011). In addition, not all cells

grown in culture show hypomethylation. H1 cells are propagated

in tissue culture yet maintained high genomic methylation (Lister

et al. 2009) and, although fibroblasts have PMDs, iPS cells derived

from fibroblasts lose their PMDs (Ball et al. 2009; Lister et al. 2011).

These combined results provide strong evidence that tissue culture

is not the chief cause of hypomethylation.

Cancer cells are also known to have aberrant DNA methyla-

tion, especially hypermethylation in promoter regions and CpG

islands and hypomethylation in intergenic regions and repetitive

elements (Ehrlich 2009). For example, a restriction digest-based

methylomic study showed breast cancer cell lines have PMDs

whereas normal breast tissue does not (Shann et al. 2008). This

study found breast cancer PMDs covering genes also found in our

B-PMDs such as olfactory receptor, neuronal, and immune-specific

gene clusters. However, it is telling that many of the neuronal

genes found in PMDs in breast cancer cells, such as CNTNAP2,

DPP6, and PTPRN2, were actually N-HMDs in our data set. From

our examination of PMDs in different cell lines, we identify a

subset of tissue-specific genes differentially expressed in those cell

types. The functions of most of the genes in the methylation do-

mains in the two cell lines are not cancer-related. Shann et al.

(2008) argue that PMDs in cancer are associated with known

chromosomal rearrangement breakpoint regions and therefore might

contribute to genome instability in cancer cells. However, our ev-

idence of very tissue-specific partial meth-

ylation patterns in SH-SY5Y cells suggests

that, even if PMDs do not exist in mature

neuronal tissue, the PMDs we observe are

marking regions that are developmentally

important and differentially regulated

in healthy neurons. We therefore suggest

that hypomethylation may be observed

in human tumors because cancer cells are

stalled in or regress to a more immature

state than their mature tissue counterparts.

We hypothesize that PMDs are pres-

ent in a transient subset of normal cells

that are undergoing commitment to a

particular cellular lineage but have not

yet fully differentiated or ceased replicat-

ing. Thus, a PMD landscape may be an

intermediate epigenetic mark to repress

transcription that is replaced by other

marks such as histone modifications in

the fully differentiated cells. Alternatively, PMDs may not actively

repress transcription but instead be a consequence of a late-repli-

cating, heterochromatic state that may not achieve full methyla-

tion in proliferating cells. Either way, PMDs mark an important

subset of tissue-specific genes that are potentially epigenetically

regulated via a common mechanism. One interesting implication

from our results is that in order to find genes regulated by this

mechanism in a particular cell type, its PMD maps must be com-

pared to those of other cell types to identify HMDs specific to the

cell type of interest. Therefore it will be useful in future studies to

identify more tissues with PMDs to fully characterize the full list of

tissue-specific genes regulated this way.

Intriguingly, N-HMDs are enriched in genes involved in the

calcium signaling and long-term depression (LTD) pathways. In

neurons, calcium signaling is important for differentiation, mi-

gration, and synaptogenesis (Cohen and Greenberg 2008; Greer

and Greenberg 2008) and has been implicated in autism (Krey and

Dolmetsch 2007). N-HMDs contain all three ryanodine receptors,

which release calcium from internal stores in the endoplasmic

reticulum (Berridge 1998). N-HMDs also contain all the subunits

necessary for complete NMDA and AMPA receptors, which are

also important for calcium signaling and LTD (Collingridge et al.

2010). LTD, along with long-term potentiation (LTP), are impor-

tant for synaptic plasticity and long-term learning and memory

(Massey and Bashir 2007). This suggests that, in SH-SY5Y cells,

N-HMDs mark genes important for synaptogenesis and synaptic

plasticity.

Although autism has a strong genetic component and 10%–

20% of autism cases have a known genetic cause (Bailey et al. 1995;

Abrahams and Geschwind 2008), the genetics of autism is complex

and likely also involves epigenetic and environmental influences.

While prior epigenetic studies in autism have focused on the

promoters of a few candidate genes and found subtle differences

(Nagarajan et al. 2006, 2008; Gregory et al. 2009; Nguyen et al.

2010), future investigations of the epigenetics of autism would

benefit by looking at the broader methylomic patterns near autism

candidate genes. Our data show that autism candidate genes are

overrepresented in N-HMDs and most of the autism genes in this

subset have functions at the neuronal synapse including neuronal

adhesion, neurotransmitter receptors, axon guidance, and scaffold

structure. Although the majority of autism candidate genes lie

outside PMDs in both cell lines, PMDs could give important in-

Figure 5. B-PMD at the 5p14.1 locus implicated in autism. Diagram of the largest PMD in SH-SY5Y
cells that does not include centromeric or telomeric sequence (9.7 Mb). The domain includes four
cadherin (CDH) genes. Both the rs4307059 and rs10038113 SNPs have been implicated in autism
spectrum disorder (Wang et al. 2009). Notably, rs7727656 was associated with hippocampal atrophy
(Potkin et al. 2009).
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sights into the epigenetic regulation during synaptic maturation

of an important subset of genes implicated in the pathogenesis

of autism. While we do not currently know how PMD/HMD

boundaries are formed, it is tempting to speculate that disruption

of boundary elements by copy number variation or other genetic

polymorphism could cause epigenetic dysregulation of genes within

N-HMDs and contribute to some cases of autism. For example, the

polymorphism in the 3 Mb intergenic region between CDH9 and

CDH10 is strongly associated with autism, but the functional reason

for this genetic association to gene expression is unknown (Wang

et al. 2009). Remarkably, the genome wide association peak is at the

center of a very large PMD containing four cadherin genes and thus

this genetic difference might have relevance to the disruption of the

PMD during brain development. We therefore expect that the maps

of PMD/HMD boundaries discovered in the current study will help

guide future genetic and epigenetic etiologic investigations in au-

tism and other neurodevelopmental disorders.

An interesting caveat of this investigation is that MethylC-seq

using bisulfite conversion cannot distinguish between 5-methyl-

cytosine (5mC) and 5-hydroxymethylcytosine (5hmC) (Huang

et al. 2010). Some methods, such as MeDIP, are specific to 5mC ( Jin

et al. 2010), while many of those that rely on common methyl-

sensitive restriction enzymes are not (Nestor et al. 2010). Care

should be taken when interpreting results using these different

methods since many tissues are known to have 5hmC, including

brain and hESCs (Kriaucionis and Heintz 2009; Szwagierczak et al.

2010). However, since bisulfite sequencing recognizes both of

these cytosine modifications, we know that PMDs are deficient in

both forms of cytosine modification. It would be interesting, how-

ever, to look at the relative contributions of 5hmC and 5mC to

HMDs in these cell lines, especially in N-HMDs.

DNA methylation is an important epigenomic mark in cell

differentiation, neuronal development and function, and tumori-

genesis. The fairly recent discoveries of 5hmC and non-CpG meth-

ylation in human cells (Lister et al. 2009) suggest there is still much

to learn about the human epigenomic landscape and its effects on

gene expression. Our analysis of PMDs in IMR90 and SH-SY5Y cells

suggests that large-scale genomic regions could be regulated epi-

genetically, contributing to the tissue-specific identity and differ-

entiation of a cell.

Methods

MethylC-seq
SH-SY5Y cells were grown in MEM media supplemented with 10%
FBS and 13 Pen-Strep-Glut (Gibco). Human cerebral cortex sample
was obtained from the NICHD Brain and Tissue Bank for De-
velopmental Disorders at the University of Maryland, Baltimore,
MD. DNA from the SH-SY5Y cells and frozen human cerebral
cortex was purified using Qiagen’s Puregene kit and fragmented to
;300 bp using Diagenode’s Bioruptor. To create the sequencing
libraries, 5 mg of DNA was end-repaired using 13 T4 DNA ligase
buffer, 400 mM dNTPs, 15 U T4 DNA polymerase (NEB), and 50 U
PNK (NEB) for 30 min at 20°C. After PCR purifying (Qiagen), ad-
enine bases were appended to the ends using 13 NEB 2 buffer, 200
mM dATP, and 15 U Klenow Fragment (39 to 59 exo-, NEB) for 30
min at 37°C. After another DNA purification using the PCR
MinElute kit (Qiagen), 3 mL of Illumina’s methylated sequencing
adapters were ligated on using 13 ligase buffer and 5 mL Quick T4
DNA Ligase (NEB) for 30 min at room temperature. After a final
PCR purification, 500 ng of library was bisulfite converted using
Zymo’s EZ DNA Methylation-Direct kit according to the manu-

facturer’s instructions. The library was then amplified using 2.5 U
PfuTurbo Cx Hotstart DNA Polymerase (Stratagene) for 12 cycles
using Illumina’s standard amplification protocol. The library’s qual-
ity was assessed on a Bioanalyzer (Agilent) and sequenced (76 bp,
single-ended) on an Illumina GAII. The SH-SY5Y library was se-
quenced on two sequencing lanes and the SH-SY5Y biological
replicate and cerebral cortex libraries were sequenced on one lane.

Mapping MethylC-seq reads to the genome

Reads were mapped to the hg18 version of the human genome
using BS Seeker (Chen et al. 2010), allowing for two mismatches
(not including bisulfite conversion mismatches). At any given
genomic position, only one clonal read (starting at the same ge-
nomic position, potentially due to PCR amplification) was kept.
CpG site methylation data were combined from both DNA strands.

Hidden Markov model

Using ;19 Mb of human chromosome 7 that had been visually
classified as HMD or PMD for IMR90 and SH-SY5Y cells, we de-
signed and trained a simple two-state HMM (Supplemental Fig. 1).
Because of the large differences in sequencing coverage between
the MethylC-seq data from SH-SY5Y cells and published data from
IMR90 cells (Lister et al. 2009), models were trained individually
for each cell line. Unlike most HMMs that emit nucleotide or
protein sequences, this HMM emits a six-symbol alphabet: N, 1, 2,
3, 4, 5. The letter N represents any nucleotide without methylation
data from MethylC-seq. The numbers 1–5 indicate the methyla-
tion state of each CpG with MethylC-seq coverage: 1 = 80%–100%
methylation, 2 = 60%–80% methylation, 3 = 25%–60% methyla-
tion, 4 = 0%–25% methylation, and 5 = 0% methylation. The
emission probabilities were second order Markov models, meaning
that the probability of the emission depends on the previous two
emissions. The transition probabilities between the states were set
at 10�30. This very low probability was chosen to minimize fre-
quent state changes during decoding and not to reflect the un-
derlying biology. The HMM was implemented in the StochHMM
software (P Lott, unpubl.).

Testing the HMM on a subset of chromosome 1 revealed that
CpG islands force the model to switch in and out of the PMD state.
Rather than redesign the model, we masked the CpG islands
(Karolchik et al. 2004) using the annotation provided by the UCSC
Genome Browser for hg18 (http://genome.ucsc.edu/). Since
StochHMM is not able to process entire chromosomes, we analyzed
2 Mb of sequence every 250 kb. This results in eight predictions for
every nucleotide. Positions were identified as HMDs or PMDs if five
or more of the predictions resulted in the same decoding.

Mapping genes to PMDs

N-HMD, L-HMD, and B-PMD domains in the genome were defined
by looking at the overlap between PMDs in the IMR90 and SH-
SY5Y cell lines. Using these three domain lists, genes were assigned
to one of the three domain types based on which covered the
greatest length of the gene. If none covered >20% of the length of
the gene (including introns), it was assigned to a B-HMD.

Microarray data analysis

Affymetrix expression data for IMR90 cells (GSM470491,
GSM470492, and GSM470493) (B Stab and R Helm, unpubl.),
SH-SY5Y cells (GSM102825, GSM102842, and GSM102870)
(Peddada et al. 2006), and human cerebral cortex (GSM379859,
GSM379862, and GSM379864) (Pollard et al. 2009) were down-
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loaded from NCBI’s GEO (Edgar et al. 2002). Probe intensities
across the experiments were RMA normalized using Bioconductor
packages in R. To collect the subset of genes highly expressed in
cerebral cortex, all genes with expression above the 75th percentile
in cortex were selected.

Data access
Sequence data for MethylC-seq have been submitted to GEO under
accession number GSE25930.

Acknowledgments
We thank members of the LaSalle and Korf labs for helpful com-
ments and suggestions and Weston Powell and Mike Gonzales for
critical review of the manuscript. This work was funded by NIH
2R01HD041462 and NIH 1R01HG00064.

References

Abrahams BS, Geschwind DH. 2008. Advances in autism genetics: On the
threshold of a new neurobiology. Nat Rev Genet 9: 341–355.

Alarcon M, Abrahams BS, Stone JL, Duvall JA, Perederiy JV, Bomar JM, Sebat
J, Wigler M, Martin CL, Ledbetter DH, et al. 2008. Linkage, association,
and gene-expression analyses identify CNTNAP2 as an autism-
susceptibility gene. Am J Hum Genet 82: 150–159.

Anney R, Klei L, Pinto D, Regan R, Conroy J, Magalhaes TR, Correia C,
Abrahams BS, Sykes N, Pagnamenta AT, et al. 2010. A genome-wide scan for
common alleles affecting risk for autism. Hum Mol Genet 19: 4072–4082.

Aran D, Toperoff G, Rosenberg M, Hellman A. 2011. Replication timing-
related and gene body-specific methylation of active human genes. Hum
Mol Genet 20: 670–680.

Bailey A, Le Couteur A, Gottesman I, Bolton P, Simonoff E, Yuzda E, Rutter
M. 1995. Autism as a strongly genetic disorder: Evidence from a British
twin study. Psychol Med 25: 63–77.

Ball MP, Li JB, Gao Y, Lee J-H, LeProust EM, Park I-H, Xie B, Daley GQ,
Church GM. 2009. Targeted and genome-scale strategies reveal gene-
body methylation signatures in human cells. Nat Biotechnol 27: 361–
368.

Banerjee-Basu S, Packer A. 2010. SFARI Gene: An evolving database for the
autism research community. Dis Model Mech 3: 133–135.

Basu SN, Kollu R, Banerjee-Basu S. 2009. AutDB: A gene reference resource
for autism research. Nucleic Acids Res 37: D832–D836.

Berridge MJ. 1998. Neuronal calcium signaling. Neuron 21: 13–26.
Brunner AL, Johnson DS, Kim SW, Valouev A, Reddy TE, Neff NF, Anton E,

Medina C, Nguyen L, Chiao E, et al. 2009. Distinct DNA methylation
patterns characterize differentiated human embryonic stem cells and
developing human fetal liver. Genome Res 19: 1044–1056.

Chen P-Y, Cokus SJ, Pellegrini M. 2010. BS Seeker: Precise mapping for bisulfite
sequencing. BMC Bioinformatics 11: 203. doi: 10.1186/1471-2105-11-203.

Cohen S, Greenberg ME. 2008. Communication between the synapse and
the nucleus in neuronal development, plasticity, and disease. Annu Rev
Cell Dev Biol 24: 183–209.

Collingridge GL, Peineau S, Howland JG, Want YT. 2010. Long-term
depression in the CNS. Nat Rev Neurosci 11: 459–473.

Dennis G Jr, Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, Lempicki RA.
2003. DAVID: Database for Annotation, Visualization, and Integrated
Discovery. Genome Biol 4: R60. doi: 10.1186/gb-2003-4-9-r60.

Edgar R, Domrachev M, Lash AE. 2002. Gene Expression Omnibus: NCBI
gene expression and hybridization array data repository. Nucleic Acids
Res 30: 207–210.

Ehrlich M. 2009. DNA hypomethylation in cancer cells. Epigenomics 1:
239–259.

Feng J, Zhou Y, Campbell SL, Le T, Li E, Sweatt JD, Silva AJ, Fan G. 2010.
Dnmt1 and Dnmt3a maintain DNA methylation and regulate synaptic
function in adult forebrain neurons. Nat Neurosci 13: 423–430.

Gosens R, Mutawe M, Martin S, Basu S, Bos ST, Tran T, Halayko AJ. 2008.
Caveolae and caveolins in the respiratory system. Curr Mol Med 8: 741–
753.

Greer PL, Greenberg ME. 2008. From synapse to nucleus: Calcium-
dependent gene transcription in the control of synapse development
and function. Neuron 59: 846–860.

Gregory SG, Connelly JJ, Towers AJ, Johnson J, Biscocho D, Markunas CA,
Lintas C, Abramson RK, Wright HH, Ellis P, et al. 2009. Genomic and

epigenetic evidence for oxytocin receptor deficiency in autism. BMC
Med 7: 62. doi: 10.1186/1741-7015-7-62.

Harris RA, Wang T, Coarfa C, Nagarajan RP, Hong C, Downey SL, Johnson
BE, Fouse SD, Delaney A, Zhao Y, et al. 2010. Comparison of
sequencing-based methods to profile DNA methylation and
identification of monoallelic epigenetic modifications. Nat Biotechnol
28: 1097–1105.

Hawkins RD, Hon GC, Lee LK, Ngo Q, Lister R, Pelizzola M, Edsall LE, Kuan
S, Luu Y, Klugman S, et al. 2010. Distinct epigenomic landscapes of
pluripotent and lineage-committed human cells. Cell Stem Cell 6:
479–491.

Huang DW, Sherman BT, Lempicki RA. 2009. Systematic and integrative
analysis of large gene lists using DAVID Bioinformatics Resources. Nat
Protoc 4: 44–57.

Huang Y, Pastor WA, Shen Y, Tahiliani M, Liu DR, Rao A. 2010. The behavior
of 5-hydroxymethylcytosine in bisulfite sequencing. PLoS ONE 5:
e8888. doi: 10.1371/journal.pone.0008888.

Irizarry RA, Ladd-Acosta C, Carvalho B, Wu H, Brandenburg SA, Jeddeloh JA,
Wen B, Feinberg AP. 2008. Comprehensive high-throughput arrays for
relative methylation (CHARM). Genome Res 18: 780–790.

Jin S-G, Kadam S, Pfeifer GP. 2010. Examination of the specificity of DNA
methylation profiling techniques towards 5-methylcytosine and
5-hydoxymethylcytosine. Nucleic Acids Res 38: e125. doi:
10.1093/nar/gkq223.

Karolchik D, Hinrichs AS, Furey TS, Roskin KM, Sugnet CW, Haussler D, Kent
WJ. 2004. The UCSC table browser data retrieval tool. Nucleic Acids Res
32: D492–D496.

Kim J, Nadal MS, Clemens AM, Baron M, Jung SC, Misumi Y, Rudy B,
Hoffman DA. 2008. Kv4 accessory protein DPPX (DPP6) is a critical
regulator of membrane excitability in hippocampal CA1 pyramidal
neurons. J Neurophysiol 100: 1835–1847.

Krey JF, Dolmetsch RE. 2007. Molecular mechanisms of autism: a possible
role for Ca2+ signaling. Curr Opin Neurobiol 17: 112–119.

Kriaucionis S, Heintz N. 2009. The nuclear DNA base 5-
hydroxymethylcytosine is present in Purkinje neurons and the brain.
Science 324: 929–930.

Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, Nery
JR, Lee L, Ye Z, Ngo Q-M, et al. 2009. Human DNA methylomes at base
resolution show widespread epigenomic differences. Nature 462: 315–322.

Lister R, Pelizzola M, Kida YS, Hawkins RD, Nery JR, Hon G, Antosiewicz-
Bourget J, O’Malley R, Castanon R, Klugman S, et al. 2011. Hotspots of
aberrant epigenomic reprogramming in human induced pluripotent
stem cells. Nature 471: 68–73.

Liu ZH, Zhuge Y, Velazquez OC. 2009. Trafficking and differentiation of
mesenchymal stem cells. J Cell Biochem 106: 984–991.

Massey PV, Bashir ZI. 2007. Long-term depression: Multiple forms and
implications for brain function. Trends Neurosci 30: 176–184.

Maunakea AK, Nagarajan RP, Bilenky M, Ballinger TJ, D’Souza C, Fouse SD,
Johnson BE, Hong C, Neilsen C, Zhao Y, et al. 2010. Conserved role of
intragenic DNA methylation in regulating alternative promoters. Nature
466: 253–257.

Mehta A. 2005. CFTR: More than just a chloride channel. Pediatr Pulmonol
39: 292–298.

Meissner A, Mikkelsen TS, Gu H, Wernig M, Hanna J, Sivachenko A, Zhang
X, Bernstein BE, Nusbaum C, Jaffe DB, et al. 2008. Genome-scale DNA
methylation maps of pluripotent and differentiated cells. Nature 454:
766–770.

Nagarajan RP, Hogart AR, Gwye Y, Martin MR, Lasalle JM. 2006. Reduced
MeCP2 expression is frequent in autism frontal cortex and correlates
with aberrant MECP2 promoter methylation. Epigenetics 1: 172–182.

Nagarajan RP, Patzel KA, Martin M, Yasui DH, Swanberg SE, Hertz-Picciotto I,
Hansen RL, Van de Water J, Pessah IN, Jiang R, et al. 2008. MECP2
promoter methylation and X chromosome inactivation in autism.
Autism Res 1: 169–178.

Nestor C, Ruzov A, Meehan RR, Dunican DS. 2010. Enzymatic approaches
and bisulfite sequencing cannot distinguish between 5-methylcytosine
and 5-hydroxymethylcytosine in DNA. Biotechniques 48: 317–319.

Nguyen A, Rauch TA, Pfeifer GP, Hu VW. 2010. Global methylation profiling
of lymphoblastoid cell lines reveals epigenetic contributions to autism
spectrum disorders and a novel autism candidate gene, RORA, whose
protein product is reduced in autistic brain. FASEB J 24: 3036–3051.

Ogawa M, Larue AC, Watson PM, Watson DK. 2010. Hematopoietic stem
cell origin of connective tissues. Exp Hematol 38: 540–547.

Peddada S, Yasui DH, LaSalle JM. 2006. Inhibitors of differentiation (ID1,
ID2, ID3 and ID4) genes are neuronal targets of MeCP2 that are elevated
in Rett syndrome. Hum Mol Genet 15: 2003–2014.

Pinto D, Pagnamenta AT, Klei L, Anney R, Merico D, Regan R, Conroy J,
Magalhaes TR, Correia C, Abrahams BS, et al. 2010. Functional impact of
global rare copy number variation in autism spectrum disorders. Nature
466: 368–372.

Schroeder et al.

1590 Genome Research
www.genome.org



Pollard SM, Yoshikawa K, Clarke ID, Danovi D, Stricker S, Russell R, Bayani J,
Head R, Lee M, Bernstein M, et al. 2009. Glioma stem cell lines expanded
in adherent culture have tumor-specific phenotypes and are suitable for
chemical and genetic screens. Cell Stem Cell 4: 568–580.

Popp C, Dean W, Feng S, Cokus SJ, Andrew S, Pellegrini M, Jacobsen SE, Reik
W. 2010. Genome-wide erasure of DNA methylation in mouse primordial
germ cells is affected by AID deficiency. Nature 463: 1101–1105.

Potkin SG, Guffanti G, Lakatos A, Turner JA, Kruggel F, Fallon JH, Saykin AJ,
Orro A, Lupoli S, Salvi E, et al. 2009. Hippocampal atrophy as
a quantitative trait in a genome-wide association study identifying
novel susceptibility genes for Alzheimer’s disease. PLoS ONE 4: e6501.
doi: 10.1371/journal.pone.0006501.

Redies C. 2000. Cadherins in the central nervous system. Prog Neurobiol 61:
611–648.

Shann Y-J, Cheng C, Chiao C-H, Chen D-T, Li P-H, Hsu M-T. 2008. Genome-
wide mapping and characterization of hypomethylated sites in human
tissues and breast cancer cell lines. Genome Res 18: 791–801.

Szwagierczak A, Bultmann S, Schmidt CS, Spada F, Leonhardt H. 2010.
Sensitive enzymatic quantification of 5-hydroxymethylcytosine in
genomic DNA. Nucleic Acids Res 38: e181. doi: 10.1093/nar/gkq684.

Trowbridge JJ, Orkin SH. 2010. DNA methylation in adult stem cells: New
insights into self-renewal. Epigenetics 5: 189–193.

Wang K, Zhang H, Ma D, Bucan M, Glessner JT, Abrahams BS, Slyakina D,
Imielinski M, Bradfield JP, Sleiman PMA, et al. 2009. Common genetic
variants on 5p14.1 associate with autism spectrum disorders. Nature
459: 528–533.

Wu H, Coskun V, Tao J, Xie W, Ge W, Yoshikawa K, Li E, Zhang Y, Sun YE.
2010. Dnmt3a-dependent nonpromoter DNA methylation facilitates

transcription of neurogenic genes. Science 329: 444–448.
Xie H-R, Hu L-S, Li G-Y. 2010. SH-SY5Y human neuroblastoma cell line: In

vitro cell model of dopaminergic neurons in Parkinson’s disease. Chin

Med J (Engl) 123: 1086–1092.
Xin Y, Chanrion B, Liu MM, Galfalvy H, Costa R, Ilievski B, Rosoklija G,

Arango V, Dwork AJ, Mann JJ, et al. 2010. Genome-wide divergence of

DNA methylation marks in cerebral and cerebellar cortices. PLoS ONE
5: e11357. doi: 10.1371/journal.pone.0011357.

Zemach A, McDaniel IE, Silva P, Zilberman D. 2010. Genome-wide

evolutionary analysis of eukaryotic DNA methylation. Science 328:
916–919.

Received December 9, 2010; accepted in revised form July 5, 2011.

Large-scale methylation domains in neurons

Genome Research 1591
www.genome.org


