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Design
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Brain regions: 
BA9 (part of frontal cortex)  
BA24 (part of anterior cingulate)  
HC (hippocampus)  
NAcc (nucleus accumbens)

Cell types: 
Bulk 
Neurons (NeuN+) 
Glia (NeuN-)

Assays: WGBS (everything), roughly 6 individuals  
ATAC+RNA on 6 separate individuals
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WGBS of bulk tissue (6 individuals)
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WGBS of sorted tissue (6 individuals)
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Substantial variation in proportion of neurons
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Cell type specific analysis
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Conclusions so far
Substantial cell type heterogeneity between samples 

Flow sorting is critical 

Glial is similar between brain regions 

Neurons are different between brain regions
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DMRs
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Open Access

BSmooth: from whole genome bisulfite
sequencing reads to differentially methylated
regions
Kasper D Hansen1*†, Benjamin Langmead1,2*† and Rafael A Irizarry1,2*

Abstract
DNA methylation is an important epigenetic modification involved in gene regulation, which can now be
measured using whole-genome bisulfite sequencing. However, cost, complexity of the data, and lack of
comprehensive analytical tools are major challenges that keep this technology from becoming widely applied.
Here we present BSmooth, an alignment, quality control and analysis pipeline that provides accurate and precise
results even with low coverage data, appropriately handling biological replicates. BSmooth is open source software,
and can be downloaded from http://rafalab.jhsph.edu/bsmooth.

Background
DNA methylation is an important epigenetic modification
involved in gene silencing, tissue differentiation, and cancer
[1]. High-resolution, genome-wide measurement of DNA
methylation is now possible using whole-genome bisulfite
sequencing (WGBS), a process whereby input DNA is trea-
ted with sodium bisulfite and sequenced. While WGBS is
comprehensive, it is also quite costly [2]. For instance, an
application of WGBS by Lister et al. [3] compared DNA
methylation profiles of an embryonic stem cell line and a
fibroblast cell line. Both were sequenced to about 30× cov-
erage (25× coverage of all CpGs), requiring 376 total lanes
of bisulfite sequencing on the Illumina GA II instrument.
While conventional wisdom is that 30× coverage or deeper
is needed to achieve accurate results, advanced statistical
techniques proposed here, such as local likelihood smooth-
ing, can reduce this requirement to as little as 4×.
It has also been shown that different genomic regions

exhibit different levels of DNA methylation variation
among individuals [4]. As a consequence, regions that are
inherently variable can easily be confused with regions
that differ consistently between groups when few repli-
cates are available [1] (Figure 1). But performing WGBS
on the number of biological replicates required to

overcome such issues can be quite expensive. The techni-
ques proposed here address this issue both by making full
use of replicate information during analysis, and by
potentially reducing the coverage needed for (and there-
fore the cost of) replication.
Analysis of WGBS data starts with alignment of bisul-

fite converted reads. After alignment, statistical methods
are employed to identify differentially methylated regions
(DMRs) between two or more conditions. Extensive work
has been dedicated to alignment [5-10] but methods for
post-alignment analysis are limited. Published work
based on WGBS has relied on a modular approach that
first identifies differentially methylated CpGs that are
then grouped into regions using ad hoc grouping rules.
The first step is carried out using either Fisher’s exact
test [3,11-13], arbitrary cutoffs for differences in observed
methylation levels [14], or a beta-binomial model [15].
None of these methods take biological variability into
account. To the best of our knowledge, no software is
available implementing these approaches.
Here we present BSmooth, a comprehensive analysis tool

for WGBS datasets. The BSmooth pipeline begins with an
unbiased and bisulfite-aware read alignment step, compiles
quality assessment metrics based on stratifying methylation
estimates by read position, applies local averaging to
improve precision of regional methylation measurements,
and detects DMRs accounting for biological variability
when replicates are available. The main methodological
contribution of BSmooth is the ability to identify DMRs

* Correspondence: khansen@jhsph.edu; blangmea@jhsph.edu; rafa@jhu.edu
† Contributed equally
1Department of Biostatistics, Johns Hopkins Bloomberg School of Public
Health, Baltimore, MD 21205, USA
Full list of author information is available at the end of the article

Hansen et al. Genome Biology 2012, 13:R83
http://genomebiology.com/2012/13/10/R83

© 2012 Hansen et al.; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

METHOD

Handles low coverage bisulfite sequencing 
We extend the two-group model to handle arbitrary designs 
Permutation approach controls FWER (conservative)



DMRs between brain regions, within cell type
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Some (but not many) DMRs between BA9 / BA24 / HC
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Differential expression between BA9 and NAcc
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Glial / 1 DEG Neuron / 2,952 DEG

(RNA from nuclei)



Differential accessibility
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Merge samples into one “meta” sample  
Call peaks on the meta sample -> regions (probably high FP) 
Count fragments in each sample and region  
Differential “expression”
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Differential accessibility (DAPs)
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Glial / 19 DAPs Neuron / 19,326 DAPs



DMRs vs DAPs: limited overlap
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ATAC peaks

DMRs

DAPs

16,320 3,1396,9153,006 (DAPs)
2,841 (DMRs)

~13k DMRs (12 MB)  
~20k DAPs (12 MB)

Figure 4. Chromatin accessibility and gene expression differ between brain regions in 
neurons, but not in glia. Mean-difference plots of gene expression data comparing nucleus 
accumbens (NAcc) to prefrontal cortex (BA9) in (a) glia (NAcc, n = 4; BA9, n = 5) and (b) neu-
rons (NAcc, n = 5; BA9, n = 6). Differentially expressed genes (DEGs) are shown in orange 
(see Methods). Mean-difference plots of peak accessibility data comparing NAcc to BA9 in (c) 
glia (NAcc, n = 5; BA9, n = 6) and (d) neurons (NAcc, n = 5; BA9, n = 6). Differentially accessi-
ble peaks (DAPs) are those orange points that additionally have an absolute log fold change > 
1 (see Methods). Data plotted in (c-d) were randomly down sampled (20% of DAPs, 10% of 
non-DAPs) to reduce over-plotting. (e) Overlap of neuronal DMRs between NAcc and BA9 with 
neuronal DAPs and ATAC peaks. (f) Estimate and 95% confidence interval for the percentage 
of neuronal DMRs that overlap a neuronal DAP (n = 2,841) as a function of the absolute differ-
ence in average methylation over the DMR (NAcc vs. BA9). 

log2(abundance)

lo
g2

(F
C

)

0 2 4

−2
−1

0
1

2

Non differential
Differential

log2(expression)

lo
g2

(F
C

)

0 5 10

−5
0

5

Non differential
Differential

log2(abundance)

lo
g2

(F
C

)

0 2 4

−2
−1

0
1

2

log2(expression)

lo
g2

(F
C

)

0 5 10

−5
0

5

(a)

(c) (d)

(b)

ATAC peaks

DMRs

DAPs

16,320

3,1396,9153,006 (DAPs)
2,841 (DMRs)

0

40

80

abs(Methylation difference)

Pe
rc

en
ta

ge

●
● ● ● ● ●

●
●

●
● ● ●

●

0.
15

0.
25

0.
35

0.
45

0.
55

0.
65

0.
75

(e) (f)

64



Where?
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Recent work has demonstrated that some functional categories 
of the genome contribute disproportionately to the heritability 
of complex diseases. Here we analyze a broad set of functional 
elements, including cell type–specific elements, to estimate 
their polygenic contributions to heritability in genome-wide 
association studies (GWAS) of 17 complex diseases and traits 
with an average sample size of 73,599. To enable this analysis, 
we introduce a new method, stratified LD score regression, 
for partitioning heritability from GWAS summary statistics 
while accounting for linked markers. This new method is 
computationally tractable at very large sample sizes and 
leverages genome-wide information. Our findings include a 
large enrichment of heritability in conserved regions across 
many traits, a very large immunological disease–specific 
enrichment of heritability in FANTOM5 enhancers and 
many cell type–specific enrichments, including significant 
enrichment of central nervous system cell types in the 
heritability of body mass index, age at menarche, educational 
attainment and smoking behavior.

In GWAS of complex traits, much of the heritability lies in SNPs  
with associations that do not reach genome-wide significance at  
current sample sizes1,2. However, many current approaches that  
leverage functional information3,4 and GWAS data to inform disease 
biology use only SNPs in genome-wide significant loci5–8, assume 
only one causal SNP per locus9 or do not account for linkage dis-
equilibrium (LD)10. We aim to improve power by estimating the 
proportion of genome-wide SNP heritability1 attributable to various 
functional categories, using information from all SNPs and explicitly 
modeling LD.

Previous work on partitioning SNP heritability has used restricted 
maximum likelihood (REML) as implemented in GCTA1,11–14. REML 
requires individual genotypes, but many of the largest GWAS analyses 
are conducted through meta-analysis of study-specific results, and 
thus only summary statistics, not individual genotypes, are typically 

available for these studies. Even when individual genotypes are avail-
able, using REML to analyze multiple functional categories becomes 
computationally intractable at sample sizes in the tens of thousands. 
Here we introduce a method for partitioning heritability, stratified LD 
score regression, that requires only GWAS summary statistics and LD 
information from an external reference panel with ancestry matching 
the population studied in the GWAS.

We apply our new approach to 17 complex diseases and traits with 
an average sample size of 73,599. We first analyze annotations that 
are not cell type specific and find heritability enrichment in many of 
these functional annotations, including a large enrichment in con-
served regions across many traits and a very large immunological 
disease–specific enrichment of heritability in FANTOM5 enhancers. 
We then analyze cell type–specific annotations and identify many cell 
type–specific enrichments of heritability, including enrichment of 
central nervous system (CNS) cell types in body mass index (BMI), 
age at menarche, educational attainment and smoking behavior.

RESULTS
Overview of the methods
Our method for partitioning heritability from summary statistics, 
called stratified LD score regression, relies on the fact that the 2 
association statistic for a given SNP includes the effects of all SNPs 
tagged by this SNP15,16. Thus, for a polygenic trait, SNPs with a high 
LD score will have higher 2 statistics on average than SNPs with 
a low LD score16. This phenomenon might be driven either by the 
higher likelihood of these SNPs tagging an individual large effect or 
their ability to tag multiple weak effects. If we partition SNPs into 
functional categories with different contributions to heritability, then 
LD to a category that is enriched for heritability will increase the 2 
statistic of a SNP more than LD to a category that does not contribute 
to heritability. Thus, our method determines that a category of SNPs 
is enriched for heritability if SNPs with high LD to that category have 
higher 2 statistics than SNPs with low LD to that category.

More precisely, under a polygenic model1, the expected 2 statistic 
of SNP j is

E N j C Naj
C

C
2 1, (1)(1)
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cell type, only 4% had as the top cell type a cell type with r2 < 0.5 with 
the causal cell type.

In conclusion, the cell type group analysis reliably reports the causal 
annotation as the top annotation if at least one cell type group passes 
statistical significance. The analysis of individual cell types, because it 
is testing more cell types that are more correlated, often gives a highly 
correlated cell type as the top cell type, just as in a GWAS the top SNP 
in a locus is not always the causal SNP.

Analysis of 17 traits using the full baseline model
We applied stratified LD score regression to 17 diseases and quantita-
tive traits: height, BMI, age at menarche, low-density lipoprotein (LDL)  
levels, high-density lipoprotein (HDL) 
levels, triglyceride levels, coronary  
artery disease, type 2 diabetes, fasting glu-
cose levels, schizophrenia, bipolar disorder, 
anorexia, educational attainment, smok-
ing behavior, rheumatoid arthritis, Crohn’s 
disease and ulcerative colitis18,24–36 (see the 
URLs and Supplementary Table 3). This 
analysis includes all traits with publicly avail-
able summary statistics with sufficient sample 
size, SNP heritability and polygenicity meas-
ured by the z score of total SNP heritability; 
specifically, we restricted our analysis to traits 
for which the z score of total SNP heritabil-
ity was at least 7 (Supplementary Table 4 
and Supplementary Note). We removed the 
major histocompatibility complex (MHC) 
region from all analyses because of its unu-
sual LD and genetic architecture.

We applied stratified LD score regression 
with the full baseline model to the 17 traits. 
Results for the 24 main functional annotations,  

averaged across nine independent traits, are shown in Figure 4 
(Online Methods). Trait-specific results for selected annotations and 
traits are shown in Figure 5 (Supplementary Note). Meta-analysis 
and trait-specific results for all traits and all 53 categories in the full 
baseline model are shown in Supplementary Tables 5 and 6.

We observed large and statistically significant enrichments for many 
functional categories. A few categories stood out in particular. First, 
regions conserved in mammals21 showed the largest enrichment of 
any category, with 2.6% of SNPs explaining an estimated 35% of SNP 
heritability on average across traits (P < 1 × 10−6 for enrichment). This 
is a significantly higher average enrichment than for coding regions 
and provides evidence for the biological importance of conserved 
regions, despite the fact that the biochemical function of many con-
served regions remains uncharacterized37. Second, FANTOM5 enhanc-
ers23 were extremely enriched in the three immunological diseases, 
with 0.4% of SNPs explaining an estimated 15% of SNP heritability 
on average across these three diseases (P = 1 × 10−4, 2 × 10−4 and 
0.03 for Crohn’s disease, ulcerative colitis and rheumatoid arthritis, 
respectively) but showed no evidence of enrichment for non-immu-
nological traits (Fig. 5). The immune-specific enrichment could be 
due to immune cells having altered degradation, a higher number 
of enhancers and/or better sequence coverage in the FANTOM5 
experiments. We did not see a large enrichment of super-enhancers 
in comparison to regular enhancers; the estimates for enrichment 
were 1.8× (standard error = 0.2) for super-enhancers versus 1.6× 
(standard error = 0.1) for regular enhancers using data from the same 
report19 (denoted “H3K27ac (Hnisz)” in Fig. 4). We also did not see 
increased cell type specificity for super-enhancers (Supplementary 
Note). This lack of enrichment supports the hypothesis that super-
enhancers may not have a much more important role in regulating 
transcription than regular enhancers38. For many annotations, there 
was also enrichment in the 500-bp flanking regions (Supplementary 
Table 5); this could be because the boundaries of functional regions 
are not well defined, because the boundaries of these regions are  
different in different individuals or because unknown regulatory ele-
ments often appear close to known regulatory elements. Analyses 
stratified by derived allele frequency produced broadly similar results 
(Supplementary Table 7; see Online Methods).
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Figure 5 Enrichment estimates for selected annotations and traits.  
Error bars represent jackknife standard errors (s.e.) around the estimates 
of enrichment.

Table 1 Enrichment of individual cell types
Phenotype Cell type Tissue Mark −log10 (P)

Height Chondrogenic differentiationfb Bone H3K27ac 6.81
BMI Fetal braina Fetal brain H3K4me3 4.48
Age at menarche Fetal braina Fetal brain H3K4me3 12.25
LDL Livera Liver H3K4me1 4.76
HDL Livera Liver H3K4me1 4.51
Triglycerides Livera Liver H3K4me1 3.99
Coronary artery disease Adipose nucleia Adipose H3K4me1 4.21
Type 2 diabetes Pancreatic islets Pancreas H3K4me3 2.87
Fasting glucose Pancreatic isletsa Pancreas H3K27ac 3.93
Schizophrenia Fetal brainb Fetal brain H3K4me3 18.51
Bipolar disorder Mid-frontal lobea Brain H3K27ac 4.42
Anorexia Angular gyrus Brain H3K9ac 2.61
Years of education Angular gyrusb Brain H3K4me3 6.63
Ever smoked Inferior temporal lobea Brain H3K4me3 3.21
Rheumatoid arthritis CD4+CD25−IL17+ stimulated TH17b Immune H3K4me1 6.76
Crohn’s disease CD4+CD25−IL17+ stimulated TH17b Immune H3K4me1 7.59
Ulcerative colitis CD4+CD25−IL17+ stimulated TH17b Immune H3K4me1 6.37

We report the cell type with the lowest P value for each trait analyzed.
aFDR < 0.05. bSignificant at P < 0.05 after Bonferroni correction for multiple hypotheses. Sample sizes are in  
Supplementary Table 3.
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Many genes are differentially expressed without DMRs or DAPs.
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Figure 8. Transcription factor motifs enriched in DMRs and DAPs that overlap 
promoters. (a) Transcription factors with motifs enriched in our DMRs and/or DAPs 
(regardless of overlap with promoters) whose binding is impacted by CpG methylation 
(see Methods). (b,c) Transcription factor motifs enriched in promoter-specific (b) DMRs 
and (c) DAPs. Only motifs corresponding to transcription factors expressed in BA9 and 
NAcc neuronal nuclei are shown. “Hyper DMR” and “Hypo DMR” refer to regions of 
differential methylation when comparing NAcc to BA9. Similarly, “Hyper DAP” and “Hypo 
DAP” refer to ATAC peaks that are more, or less accessible, respectively, in NAcc vs. 
BA9. Transcription factors are roughly grouped by family (or function). 
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