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Accurate inference of DNA methylation data: 
 Statistical challenges lead to biological insights
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 DNA methylation: the 5th base?
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 Role of DNA methylation in transcriptional regulation



Methylation difference (proportion estimate)

Korthauer et al., 2018 (Biostatistics)

 Correlation or causation?



“promoter DNA methylation is not generally sufficient for 
transcriptional inactivation”

 First genome-wide study of causality

–  September 2017



 Forcible methylation of promoters

Figure 1 from Ford et al., 2017 (bioRxiv)



Figure 5 from Ford et al., 2017 (bioRxiv)

 Conclusion: methylation not generally sufficient for gene repression
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Statistical challenges



 Challenges of methylation sequencing analysis

1. Small sample sizes 

2. Region-level inference 

3. Biological and spatial 
variability



Methylation 
sequencing 
data

Methylated Count (M) 0 3 3 0 1

Coverage (N) 1 3 4 3 2

Proportion (M/N) 0 1 0.75 0 0.50

⚠  WGBS cost       WGS cost

 Whole genome bisulfite sequencing (WGBS)

CpG 1 CpG 2 CpG 3 CpG 4 CpG 5

Methylated CpG             Unmethylated CpG
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 Differential methylation of individual CpGs
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Adapted from Jaffe et al., 2012 (Int J Epidemiol)



 CpG 1

Adapted from Jaffe et al., 2012 (Int J Epidemiol)



 CpG 2
Differentially Methylated Region 

(DMR)

Adapted from Jaffe et al., 2012 (Int J Epidemiol)



Examples: 
o Bsmooth (Hansen et al., 2012) 
o DSS (Feng et al., 2014; Wu et al., 2015) – used by Ford et al.
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 Previous methods: Grouping significant CpGs

Results from testing 
individual CpGs
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Genomic location
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⚠  

True DMR

^!"#$%& = 2
10 = 0.2     '(      ^!"#")# = 1

2 = 0.5

 Error rate not controlled at the region level

False Discovery Rate (FDR)  = E[ FP
TP + FP ]

True Positive (TP) 
False Positive (FP) 
True Negative (TN)



 Spatial Variability
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 Biological variability

Adapted from Hansen et al., 2011 (Nature Genetics)



 Biological variability

Adapted from Hansen et al., 2011 (Nature Genetics)



Methodology



 dmrseq: two-stage approach
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Local likelihood smoother 
with coverage weights

 dmrseq:  (1) Detect de novo candidate regions 
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Local likelihood smoother 
with coverage weights

 dmrseq:  (1) Detect de novo candidate regions 
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Null Region Statistics 
(Pooled)

Observed  
Statistic

o Formulate region-level summary statistic 

o Compare region statistics against null permutation distribution to evaluate 
significance

 dmrseq:  (2) Assess region-level signal
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 Region-level modeling

Region level: 
                            		 	         
	 	 	 	 	             

*(#) = $%&
= Σ+,

-= 1.0-,1[/= -] + 01.1,

loci-specific intercept condition effect 

20:.1, = 0

CpG level:                   
                            		 	         
	 	 	 	 	                  

 = methylated read count 
 = total coverage 
 = methylation proportion  
 = methylation proportion for condition s 

)/1, |3/1,, %/1, ∼ 4/5(3/1,, %/1,)
%/1, ∼ 4678(8/,(, 9/,()
:/,( = 8/,(

(8/,( + 9/,()
)/1,
3/1,

:/,(

%/1,

 i indexes CpGs 
 j indexes samples, where  
 s indicates biological condition

( ∈ $(



Generalized Least Squares (GLS) with variance stabilizing transformation: 

arcsine link transformation (Park & Wu 2016) 

but   

 Region-level model fitting

;/1, = 8,<(/5(2)/1, /3/1, − 1)
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Variance depends on mean Variance independent of mean
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Generalized Least Squares (GLS) with variance stabilizing transformation: 

arcsine link transformation (Park & Wu 2016) 

but   

 Region-level model fitting

;/1, = 8,<(/5(2)/1, /3/1, − 1)

,& = $%& + -&

where >[-&] = 0 and =8,[-&] = .&

=8,()/1, /3/1,) ∝ :/1,(1 − :/1,) =8,(;/1,) ≈ 1
3/1,

8/,( + 9/,( + 3/1,

8/,( + 9/,( + 1

Variance depends on mean Variance independent of mean

̂βr = (XtVr
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(2) Variability dependent on coverage 

(3) Within sample correlation  
      

  	 	 Independent 
          	    samples

 Account for variability across samples and locations

(1) Correlation: Continuous Autoregressive (CAR) model 

  genomic location of CpG i 
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 Covariance Structure

Within Sample: 

with ikth element of        : 

Between Sample: 

#1,
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 Covariance Structure

Within Sample: 

with ikth element of        : 
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#1,
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Evaluation



 Simulation to assess FDR and power
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 Accurate FDR control in simulation
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Korthauer et al., 2018 (Biostatistics)
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 Region-level modeling improves power to detect DMRs
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 High sensitivity and specificity in simulation

2 vs 2 Comparison 3 vs 3 Comparison

Observed FDR level
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Korthauer et al., 2018 (Biostatistics)
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 Example: highly ranked DMR across all methods

Korthauer et al., 2018 (Biostatistics)



 Example: dmrseq accounts for sample variability

Korthauer et al., 2018 (Biostatistics)



 Example: dmrseq accounts for sample variability

Korthauer et al., 2018 (Biostatistics)



 Roadmap case study: Tissue-specific DMRs
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 Validation of DMRs in promoter regions

Methylation Difference (Coefficient)

Ex
pr

es
si

on
 D

iff
er

en
ce

 (l
og

2F
C

)

       Differentially Expressed

     Not Differentially Expressed

Increased methylation,  
Decreased expression

Decreased methylation,  
Increased expression
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 Validation of DMRs in promoter regions
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Korthauer et al., 2018 (Biostatistics)

Odds Statistic:

Expected	direction
Unexpected	Direction =

II	+	IV	
I	+	III =

47	+	223	
14	+	23 = 7.30



 Validation of DMRs in promoter regions
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Korthauer et al., 2018 (Biostatistics)
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Biological insights



Figure 5 from Ford et al., 2017 (bioRxiv)

Landmark study finds methylation not generally sufficient to repress gene expression
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Korthauer & Irizarry, 2018 (bioRxiv)

 Methylation of promoters overwhelmingly represses gene expression
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Korthauer & Irizarry, 2018 (bioRxiv)

 Methylation of promoters overwhelmingly represses gene expression
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Korthauer & Irizarry, 2018 (bioRxiv)

 Methylation of promoters overwhelmingly represses gene expression
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 Enrichment increases with significance level

Korthauer & Irizarry, 2018 (bioRxiv)
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 Top-ranked regions found exclusively by each method

Korthauer & Irizarry, 2018 (bioRxiv)
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Figure S3. Top-ranked regions found only by dmrseq compared to those found only by DSS
The top three regions ranked by dmrseq statistic that are not found by DSS (A), and the top three
regions ranked by absolute mean mCG difference that are not found by dmrseq (FDR < 0.10) (B).
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 dmrseq shows DNA methylation reduces H3K4 trimethylation

Korthauer & Irizarry, 2018 (bioRxiv)Ford et al., 2017 (bioRxiv)

DSS dmrseq



 dmrseq shows DNA methylation reduces RNA Pol II activity

Korthauer & Irizarry, 2018 (bioRxiv)
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- Reproducible analyses from Korthauer et al. (2018, Biostatistics) and Korthauer & Irizarry 
(2018, bioRxiv): 
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