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Abstract
The need for research investigating DNA methylation (DNAm) in clinical studies has increased, leading to the
evolution of new analytic methods to improve accuracy and reproducibility of the interpretation of results from
these studies. The purpose of this article is to provide clinical researchers with a summary of the major data
processing steps routinely applied in clinical studies investigating genome-wide DNAm using the Illumina
HumanMethylation 450K BeadChip. In most studies, the primary goal of employing DNAm analysis is to identify
differential methylation at CpG sites among phenotypic groups. Experimental design considerations are crucial at
the onset to minimize bias from factors related to sample processing and avoid confounding experimental variables
with non-biological batch effects. Although there are currently no de facto standard methods for analyzing these
data, we review the major steps in processing DNAm data recommended by several research studies. We describe
several variations available for clinical researchers to process, analyze, and interpret DNAm data. These insights are
applicable to most types of genome-wide DNAm array platforms and will be applicable for the next generation of
DNAm array technologies (e.g., the 850K array). Selection of the DNAm analytic pipeline followed by investigators
should be guided by the research question and supported by recently published methods.
Keywords: DNA methylation, Epigenomics, Microarray analysis

Background
Epigenetic changes, among which DNA methylation
(DNAm) is frequently studied, are increasingly being
considered as potential contributors to disease processes
or to serve as biomarkers for patients at risk of developing disease [1]. Clinical research conducted to identify
biological mediators associated with an increased risk
for disease suggest that epigenetic modifications may be
involved in virtually any complex disease [2]. In contrast
to genetic mutations that arise infrequently in somatic
cells and tend to be relatively static, epigenetic modifications are plastic. As a result, these alterations may be
amenable to clinical interventions and could lead to the
development of new treatments [3]. In recent years,
there has been a proliferation of translational clinical
research utilizing data produced by high-throughput
technologies that are capable of measuring epigenomic
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modifications across the genome [4]. Generally speaking,
high-throughput technologies allow for the simultaneous
measurements of thousands of DNA features (e.g., CpG
sites) in a more rapid, reproducible, and cost-effective
manner than assessing each feature individually. These
genome-wide platforms have the advantage of obtaining a
snapshot of the cellular state and have revolutionized
the genome sciences by facilitating hypothesis-generating
studies to complement more direct hypothesis testing.
The Illumina Infinium HumanMethylation450 BeadChip
(450K) is the most commonly used tool to assess genomewide DNAm according to the Gene Expression Omnibus
Database [5], and the technical details of this technology
have been previously published [6]. Best practices for designing whole-genome DNAm experiments have also been
published [7–9]. The purpose of this review is to provide
an accessible summary of the major data processing
steps routinely applied in clinical studies investigating
genome-wide DNAm using the 450K array. Although
DNAm technology continues to change at a rapid pace,
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the information in this review will be applicable to the
next generation of DNAm array technologies [10].

Review
Measurement of genome-wide DNAm

DNAm is a chemical modification to DNA that adds a
methyl group to cytosines that are adjacent to guanine
nucleotides, referred to as CpG sites, which may result
in changes to gene expression without altering the DNA
sequence [11]. The relationship between this chemical
modification and health conditions has been increasingly
studied, and several investigators report associations between the degree of methylation in a genomic region in
disease states or in response to environmental exposures
[1, 12]. DNAm across the genome can be assayed using
either microarrays or specialized whole-genome sequencing
(WGS) protocols. In both approaches, DNA samples are
first treated with sodium bisulfite, which converts unmethylated cytosines to uracil, while methylated cytosines are unaffected. Microarrays measure DNAm using thousands of
oligonucleotide probes that each target a specific genomic
location [6]. WGS provides comprehensive coverage of
DNAm sites; however, it has a much higher cost and many
investigators have elected to use less expensive modern
DNAm arrays for initial surveys of DNAm in epidemiological samples [13].
The most frequently used microarrays for measuring
DNAm are manufactured by Illumina. The first Illumina
methylation microarray, referred to as the 27K array, interrogated 27,578 sites across the genome. For this array,
two probes were used for each locus to separately identify methylated and unmethylated CpG sites. The next
major methylation platform released by Illumina was the
Infinium Human Methylation450 BeadChip microarray,
which measures 485,512 CpG sites, the majority of which
are localized to regions that potentially could regulate gene
expression and therefore are of possible clinical relevance
(99 % of the sites are localized to genes that have been well
characterized in RefSeq or sites outside of genes that are
likely to regulate gene expression, such as promoter regions) [6]. In addition to the dual-probe approach used in
the 27K array, which is referred to as a “type I” probe, the
450K array incorporates “type II” probes to expand CpG
site coverage. The type II probes use two differentially “colored” (using fluorochromes) channels for each locus, one
that is specific for methylated and one for unmethylated
CpGs, with these channels being distinguished from one
another by a single-base mismatch.
Signal processing for all array-based technologies requires a multi-step analysis protocol to obtain consistent
and reproducible results [14, 15]. For example, the 450K
array has values for type I probes (135,476 sites), as well as
type II probes (350,036 sites), the latter of which measure
both methylated and unmethylated CpGs (using two color
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channels, as noted above) [6]. Technical differences in the
probe designs result in less efficiency for detecting variance in DNAm in the type II probes when compared to
type I probes, especially at the ends of the probe intensity
distribution (Fig. 1a). As a result of the “hybrid” two-assay
(type I and type II probes) design of the 450K array, researchers have developed several statistical approaches to
normalize variance between the probe types and reduce a
potential source of bias in results favoring one probe type
over another [16–20]. Signals for both probe types are frequently summarized as a beta value representing a ratio of
the average signal for methylated alleles to that of the total
of the methylated and unmethylated alleles for biological
interpretation [6].
The goal of this methods review is not to describe the
technical details of data analysis approaches but rather
to outline the major steps/considerations in the experimental design and processing of raw data into interpretable
DNAm values. By understanding the analytic pipeline, a
clinical researcher will be better able to plan and communicate project goals as well as have appropriate expectations
related to the interpretation of results. Software for all
methods presented can be obtained through the free and
open-source R statistical computing environment [21] and
Bioconductor [22] (cran.r-project.org and bioconductor.
org). A selection of popular DNAm packages have been
reviewed elsewhere [16, 20]. These R and Bioconductor
resources have become the de facto software for methods
development in this area by an expert community of researchers who continually introduce and upgrade analytic
“packages” by taking advantage of R’s highly extensible
platform. A summary of the data processing steps described in this review is listed in Table 1.

Overview of DNAm array analysis pipeline
DNAm analysis software

Illumina provides a default application called GenomeStudio to analyze their various microarray technologies, which
includes a DNAm module. Being graphical user interface
(GUI)-based (i.e., point and click), GenomeStudio is
relatively easy to use and provides convenient methods
for generating common visualizations. However, its data
processing capabilities are limited, and it lacks support for
the more cutting-edge and effective analysis methods.
We recommend analyzing DNAm data using the free
and open-source R programming language [21]. R was
designed specifically to facilitate statistical computing
and provide a highly extensible platform upon which
novel methods could be easily built and distributed as “R
packages.” R has become the data analysis tool of choice
in a wide range fields and is the de facto tool in genomics
research largely due to the Bioconductor project, which
provides hundreds of R packages for analyzing genomic
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Fig. 1 a Density of DNAm intensity by probe type. Infinium I and II assays display different β-value distributions (0 indicating unmethylated sites,
1 indicating fully methylated sites), which may lead to results that contain an over-representation of type I probes due to the larger variance of
type II assays. This figure shows the distribution of β-values that were obtained from a single peripheral blood specimen collected for women
diagnosed with breast cancer. Differences in between probe types (visualized at the ends of the distributions (type I probes—red dotted line;
type II probes—blue dotted line)) are adjusted using normalization procedures, which attempt to harmonize the differences in distributions
between probe types. b Density of DNAm intensity by the experimental group. The quality of the data for each specimen can be readily visualized
using a density plot, which enables one to compare distributions between, for instance, cases and controls in order to identify particular specimens
with deviations in their distribution, the latter of which may serve as an indication that the specimen results are of poor quality
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Table 1 Major steps in the 450K array analysis pipeline
Analysis

Rationale

Sample filtering

Experimental samples are compared to control probes present within the array technology to identify
samples that fail to adequately detect DNAm. Samples with poor detection may be inaccurate, due to
poor sample quality, and thus might be considered for exclusion from the dataset.

Probe filtering

Raw data must past initial quality and data screening. Probes failing to meet preset detection values
and/or failed probes are removed from analysis because they are unreliable (see text). For example,
some probes may cross-hybridize or overlap with SNPs, which could confound results. Study aims
should be considered when determining which probes to remove.

Within-array normalization

This step removes “background” noise and corrects for technical dye-based (red/green), intensity,
and probe type (I/II) differences within the array technology.

Batch effects

The step assesses and accounts for variation that is not caused by biological differences but by external
variation (e.g., samples are processed on different days or at different facilities).

Cell composition

Whole blood contains multiple cell types with potentially different DNAm profiles. As different samples
may contain varying proportions of cell types, statistical methods have been developed to estimate and
correct for this cellular heterogeneity.

Differential DNAm positions and regions

Currently, many analytic pipelines assess for DNAm differences in both specific positions and broader
regions. DNAm positions interrogated on the array are not evenly distributed, and both differentially
methylated positions and regions may yield clinically meaningful results.

Biological and clinical interpretation

Various approaches may be necessary for accurate interpretation of differential methylation between
groups. Tools for functional and regulatory enrichment analyses are available. Manual exploration
of the literature and validation in a second cohort or by another method (e.g., bisulfite sequencing)
remains as viable options for interpretation.

data [22]. All methods presented here are freely available
as R packages published by Bioconductor [16, 20].
A significant benefit to using R is the enhanced reproducibility it provides over GUI-based applications. As in
any programming language, analyses are performed by
writing and executing scripts. These scripts are effectively self-documenting, providing a step-by-step record
of what was done. When performing analyses as multifaceted as those described here, where each step can have
significant downstream consequences, methodological
transparency is critical for results to be reproducible. R
also provides methods for implementing analyses within
a “dynamic document” where analytical code and expository text are combined within a single document, which
enhances reproducibility and facilitates communicating
results [23].
Sample filtering

The 450K array contains several different types of control
probes to assist in determining the quality of the array
experiment. For example, these metrics include probes
to assess bisulfite conversion efficiency and background
fluorescence levels and have been designed to help the
investigator identify “wet lab” experimental steps that
might have been completed sub-optimally [15]. In general, control probe intensity values that fall outside of
the clustering of values for other samples could indicate a compromised/failed sample. We have found that
the method proposed by the R minfi [24] package provides
a reasonable and straightforward assessment of sample
quality that oftentimes corresponds to the aforementioned
deviation in control probes. In this method, samples of

good quality tend to group together based upon clustering
the log median intensities of the raw methylated values
against those of the unmethylated values for each array,
and poorer quality arrays will tend to deviate towards
lower median values in both dimensions [24]. Additionally, a comparison of beta value density plots (Fig. 1b)
from an experiment can identify poor performing arrays
based on a large deviation from the rest of the samples.
However, care should be taken to decide whether homogeneity of beta value distributions should be assessed
within experimental classes insofar as the observed differences may have biological relevance and reflect expected
deviations that are not related to technical artifact (i.e.,
cancer versus control samples).
Probe filtering

Probe filtering provides the opportunity to eliminate
specific CpG probes that do not meet quality control
standards or fulfill study objectives. Standard filtering
approaches include eliminating probes with (1) intensity
levels at or near background intensity; (2) poorly represented CpG sites; and (3) variable target sequences. The
450K array includes over 600 negative control probes,
which can be used to estimate background intensity
levels. Probes with intensity values that are not statistically greater than this background value (frequently, a
P value >0.01) could be unreliable and considered as
failed probes. One approach for probe-specific filtering is
to remove probes that fail to measure DNAm in a specified proportion of the total samples (e.g., 10–25 %). Each
CpG locus on the 450K array is targeted by a specific
probe sequence affixed to a bead, with the median number
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of beads per locus being 14, which are randomly distributed across the array. A filtering criterion can be used to
identify probes that have failed to hybridize if a minimum
of three beads are not detected on the array [16]. Probes
located where the DNA sequence contains known single
nucleotide polymorphisms (SNPs) are also often excluded
from statistical analysis because these SNPs can disrupt
probe binding at the site and artificially lower intensity
signals [6, 17, 25]. If SNP sites are not removed from
the analysis, one could encounter difficulties interpreting differences in measured DNAm values at these sites
since these differences could reflect a variation in DNA
sequence (e.g., C/A SNP variation) or true DNAm differences. If sequence variation can be validated in the
study, further analysis can be completed to evaluate the
relative contribution of DNAm differences by variant
type (i.e., SNP versus DNAm).
The research objectives and experimental design of a
study should dictate the appropriate filtering strategy to
be used. For instance, the removal of Y chromosome
probes may be indicated for investigations restricted to a
study of only females. Yet, for most applications, a conservative approach is usually adopted by omitting probes
with SNPs that fall at the CpG target or at the singlebase extension sites. In addition to SNPs, CpG probes
located near short insertions and deletions, and probes
that map to multiple locations on the genome, may also
produce results that are difficult to interpret and should
be removed if there are no plans to validate these findings
within the present study [17, 26].
Within-array normalization

The observed probe intensity level can be broken down
into component parts consisting of measurement of the
true intensity level (i.e., “signal”) and intensity measurement due to technical artifacts (i.e., “noise”). Increasing
the signal to noise ratio by reducing variation due to extraneous sources is an essential step in the processing of
all microarray platforms. For the 450K design, the primary adjustments required pertain to three technical
variations: (1) non-specific background fluorescence; (2)
red/green dye bias; and (3) rescaling for probe type (I/II)
differences [16]. More advanced model-based background correction methods take advantage of the 450K
array technology to measure the intensity level of type I
probes outside of their specified color band (N = 135,501
probes) and have been shown to be superior to subtractive methods that rely exclusively on the negative probes
(N = 42) [15, 27]. The normal-exponential convolution
using out-of-band probes (noob) method has been
shown to provide a comprehensive background correction and dye normalization and sufficiently scale type I
and II probes to make the beta values for these probe
comparable [15]. Other artifacts to consider include
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spatial heterogeneity across individual arrays and the
BeadChip slide [27] and non-specific binding due to
cross-hybridization [28]. While there is no consensus
framework for handling this technical variation, several
investigators have compared potential solutions for statistical adjustment and assessment [29, 30].
The 450K array can be viewed essentially as two arrays
each with a different probe chemistry (i.e., type I and II
as described above). As noted earlier, Fig. 1a displays the
characteristic bimodal distribution of beta values with
modes near the fully methylated (β = 1) and unmethylated (β = 0) extremes. The shift in peaks corresponding
to probe type is primarily due to assay sensitivity. These
differences can have downstream effects on analysis
since the type II probes show a smaller range of beta
values and exhibit larger variance between repeated
measures compared with the type I probes [20, 25]. This,
along with the fact that placement of probes differ in
functional regions, could lead to a biased detection of
differentially methylated regions enriched for type I
probes. A large amount of attention has been focused on
the rescaling of probe distributions to make them comparable and several options exist [31–35]. One approach
that has been used to address this problem is to apply
quantile normalization, such as the version adapted for
the 450K array in the minfi R package [24, 32]. The
major assumption underlying this method is that only
modest changes are expected between experimental classes. An assumption free normalization procedure, such
as Funnorm [34], is an alternative method that can be
used to address this issue and has strength for evaluating
specimens where a global DNAm shift is expected, such
as in the case of cancer to normal sample comparison
studies. Developers frequently publish detailed comparisons of methods (new versus existing) with analysis of
downstream effects, and several reviews can be found
within the following references [16, 24, 28, 30–36].
Batch effect analysis and correction

Data produced by microarray technologies, like the
450K array, are susceptible to batch-to-batch variation
[37–39]. Batch effects have been identified as a major
confounding factor in genome-wide DNAm studies, especially when batch group is correlated with the outcome of
interest, such as change over time [37]. The term “batch”
refers to a grouping of samples that undergo an experimental processing step in tandem, potentially introducing
DNAm differences that reflect differences between batches
and not in experimental factors of interest. This pervasive
batch influence is almost unavoidable for samples collected over a large period of time [37]. In the extreme case,
if all control samples are run in the same batch and the
intervention group run in a separate batch, significant differences in results between groups could merely be due to
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the average effect of extraneous factors unique to each
batch [40]. A batch effect can conceivably be introduced
at a number of points during specimen processing and
sample analysis.
The most common type of batch effect is observed
when experimental procedures necessitate the processing
of samples in separate groups or on different days. This and
other similar sources of technical artifact can be minimized
by carefully randomizing experimental groups across array
processing steps. The effects of known batches can be, if
necessary, controlled for in downstream analyses through
appropriate statistical modeling insofar as the experimental
group and batch membership are not completely confounded. Yet, it is still possible that an unobserved batch
structure can exist. Several methods are available to correct
for unobserved batch effects, which take advantage of
the large number of measurements obtained by highthroughput technologies to identify and test for the
presence of unobserved correlation structure [39, 41].
Cell composition correction

DNAm can vary by cell type and can confound analysis
when pooled samples are being investigated. For example,
peripheral blood samples, which are comprised of several
different cell types (albeit with some of the types in small
proportions (less than 5 to 10 % of cells)), are frequently
used for identifying DNAm differences in clinical populations [42]. As DNAm signatures are different among cell
types, a sample with abnormal cell-type proportions (e.g.,
an abnormally high eosinophil count caused by an allergy)
may result in the identification of significant DNAm differences due merely to differences in cell-type proportions
present in the specimen, the latter of which may not be related to the health condition being evaluated in the investigation. Statistical corrections can be performed to estimate
heterogeneity of cell types found in peripheral blood based
on DNAm previously identified in purified blood cell lines
[42]. Research evaluating DNAm in other mixed cell tissues
(e.g., placenta), where a specific cell type has not been isolated prior to analysis (e.g., syncytiotrophoblasts), can be
adjusted for cell-type heterogeneity using recent innovations in reference-free approaches such as EWASher [43]
and RefFreeEWAS [44].
Calculation of differentially methylated positions and
regions

The statistical analysis of high-throughput DNAm technology presents challenges that are similar to other highthroughput technologies (e.g., GWAS and gene expression
microarrays), as well as those unique to the 450K array
technology. The results of numerous DNAm studies have
reported a strong correlation of DNAm levels at neighboring CpG sites that decrease as pairwise distances increase
[37, 45, 46]. This spatial correlation can be due to both
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coordinated DNAm change and measurement errors. Recently, investigators have taken advantage of this structure
by developing analytic strategies to discover differentially
methylated regions (DMR) composed of multiple signals
across individual CpG positions (differentially methylated
positions (DMP)) [37, 46–50]. It has been shown that the
identification of regional differences across several probes
provides more robust findings and is more likely to be
replicated than individual CpG differences [46, 51]. Yet,
the identification of DMRs using the 450K array remains a
challenge due to the sparse and non-uniform placement of
probes on the array (see Fig. 2). For instance, the “bump
hunting” procedure of Jaffe and colleagues [37], designed
for the high-density CHARM platform, would only be
applicable to approximately 20 % of the 450K array
[46]. Additionally, since most DMR methods estimate
significance using permutation-based methods, these
approaches are not easily extended to more complex
experimental designs and custom algorithms are required
[46]. It is recommended that both DMR and DMP approaches be run in tandem since, as mentioned previously,
probes are not evenly spaced across the genome and a significant proportion of CpG sites are not positioned within
even 1 kb of a neighboring site.
Another consideration when performing statistical
tests includes the transformation of beta values to M-values
(logit beta values) to promote normality and reduce the
heteroscedasticity at extreme beta values [52]. Additional
innovations, such as independent filtering, can be used to
improve statistical power and reduce the multiple testing
burden in high-dimensional data [53, 54]. Although
region-based analyses (e.g., DMR) can be considered a
data reduction technique, it is unlikely that it will eliminate the need for a multiple-test correction to reduce the
false discovery rate [8, 20, 55].
Biological and clinical interpretation

The interpretation, or recognition of biological relevance
of differential DNAm, is arguably the most important
step concluding the well-planned bioinformatics analysis
of 450K data [56]. This step may be used to reveal potential mechanistic underpinnings of clinically relevant
information (e.g., disease processes). There are several
interpretation-oriented approaches aimed at understanding the biological and clinical significance of DNAm
data. These include comparing results to other publically
available datasets, using functional enrichment analysis
to determine functions, comparing results to canonical
pathways enriched in genes associated with DMRs, and
investigating the regulatory context (e.g., histone modification signatures and transcription factor binding sites)
of the loci enriched in DMRs.
Comparing the results of DNAm analysis to other
publically available datasets stems from a commonly
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Fig. 2 Visualization of DMR and DMP results overlapping genomic annotations. This example figure, which was created from 450K data for
peripheral blood specimens that were collected from women diagnosed with breast cancer, demonstrates how both experimental results and
predicted functional elements can be viewed as individual tracks along a set of genomic coordinates (x-axis) specified along a gene (e.g., the
FKBP5 gene (bottom track)). The top track displays the statistical model coefficient from a univariate test to identify individual DMPs, and the plot
rug (along the x-axis) indicates significant (black tick) findings. The identified DMRs (second track) correspond to clusters of DMP results with
similar coefficient values and in this example overlap CpG islands (third track) and predicted promoter regions (fourth track). These regions also
correspond to other publically curated annotations that, for instance, can indicate enrichment for different chromatin states (fifth track)

accepted view that genetic similarity correlates with
phenotype similarity [57, 58]. This approach has been
particularly well developed in gene-centric studies to
predict functions of unannotated genes based on coexpression patterns [59–61]. Less attention has been
paid to comparing patterns of DNAm, although numerous dedicated databases of DNAm experiments exist
[62–64], including the well-known Gene Expression
Omnibus (GEO, [5]). The DNAm pattern matching approach for interpretation of newly acquired DNAm data
remains confined to individual bioinformatics cores but is
expected to gain wider popularity as the pre-processing
steps for DNAm data obtained with 450K technology will
be better standardized.
The functional enrichment analysis is a well-established
method to reveal biological roles of differentially expressed
genes [65, 66]. Owning to the fact that the 450K array is

designed to interrogate the methylation status of CpG
sites in proximity to genes, the functional enrichment analysis is scalable to the interpretation of DMRs through
mapping them to the nearby genes. Thus, the functional
enrichment analysis generally is performed on DMRs localized within genes, as well as nearby genes. The mapping
step is usually achieved by associating the probe ID
numbers of each differentially methylated CpG site with
gene names using a manufacturer-provided mapping
(“manifest”) file. If a CpG site maps to several nearby
genes, one may elect to use all these genes. After selecting
genes mapped to DMRs, the functional enrichment
analysis can be performed using standard tools, such as
DAVID [67], ToppGene suite [68], or GSEA [69]. The
functional enrichment analysis of genes mapped to
DMRs is a way of obtaining biologically meaningful insights into molecular mechanisms, biological processes,
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and canonical pathways potentially affected by DNAm
differences.
In interpreting DMR data, it is important to note that
a gene-centric analysis of DMRs is an approximation in
that it operates under the hypothesis that DMRs affect
nearby genes. However, if a CpG site maps to multiple
nearby genes, it may be difficult to know which gene is
truly regulated by the methylation differences at this
CpG site. Given recent availability of functional/regulatory genome annotation data provided by the ENCODE
[70] and Roadmap Epigenomics [71] projects, an alternative and/or complimentary approach is to evaluate the
regulatory context of the DMRs. This approach, termed
“regulatory enrichment analysis,” is similar to the genecentric functional enrichment analysis in that it evaluates
co-localization enrichment of DMRs in different types of
regulatory datasets, e.g., gene promoter region, chromatin
state [72] (Fig. 2). Given the large volumes of genome annotation data, the regulatory enrichment analysis methods
are less well developed than functional enrichment analysis methods. However, tools like GenomeRunner [73],
Enrichr [74], and GoShifter [75] have been successfully applied to the interpretation of DMRs identified with 450K
technology in studies of autoimmunity [76, 77] and aging
[78, 79]. These examples illustrate a variety of methods
available for the interpretation of the biological meaning
of differentially methylated regions associated with clinical
phenotypes.

in research findings can be increased by validating findings
using an alternate approach and/or by evaluating plausible
downstream products such as concomitant changes in
gene expression [8].

Additional considerations

Abbreviations
450K: Illumina Infinium HumanMethylation450 BeadChip; DMP: differentially
methylated positions; DMR: differentially methylated regions; DNAm: DNA
methylation; WGS: whole-genome sequencing.

Clinical researchers should maintain realistic expectations for the interpretation of results based on the initial
research question, characteristics of the study population
under investigation, and the tissue/cells being measured
[80]. As described in this review, DNAm variability can
be composed of both biological and technical sources
and, despite careful experimental design, cannot all be
fully accounted for without additional experimentation
that may be outside the scope of the current project. For
example, the 450K microarray technology cannot, at
present, distinguish between hydroxymethylation and
DNAm, unless samples undergo a different processing
step prior to DNAm quantification [81, 82]. Nor is the
microarray technology sensitive enough to detect singlecell DNAm differences and may have limited interpretability for imprinted regions without further laboratory
validation of DNAm at specific loci. For example, known
regions of allelic imprinting by parent of origin tend to
have monomorphic distribution of beta values (i.e., beta
value of 0.5) [33] and require interrogation via other
methods if determining allele-specific methylation is the
project goal. Lastly, the 450K microarray technology has
been show to be reproducible across other platforms (e.g.,
r = 0.88 with pyrosequencing [6, 83]), although confidence

Conclusions
Advances in research methods utilizing new technologies
that produce large amounts of data, like the 450K array, are
increasingly being used to improve our understanding of
various disease processes. Clinical researchers are uniquely
poised to accelerate the translational arm of research by
using these types of technologies to improve our understanding of disease risk, better estimate disease prognosis,
and make more personalized therapeutic decisions. However, the processing and statistical analyses of these data are
complex. To ensure accurate translation and clinical
applications, researchers must be aware of how these data
are processed and analyzed. The analytic pipeline is a foundational process to ensure data quality, reliability, and reproducibility of reported findings. Streamlined approaches
are available that automate a number of steps described in
this review and can serve as a starting point for less experienced users [16, 56, 84]. This review provides a summation
of the essential analytic steps that clinical researchers will
need to consider when planning and reporting findings
from DNAm studies using the 450K array and can serve as
a “prequel” to more in-depth, helpful reviews on specific
methods that are available (e.g., [16, 20, 36]).

Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
MLW and TPY drafted the manuscript. Figures and tables were created by
MLW and TPY. All authors contributed to the manuscript drafting with
critical revisions. All authors read and approved the final manuscript.
Acknowledgements
The content of this publication is solely the responsibility of the authors. ARS
(R01NR013932 & R01NR012667), CJC (R01NR012667 & R01AG037986), ARW
(UL1RR031990), DEL (R01NR012667), and TPY (R01AG037986, R01NR012667,
R01AA018333, & P60MD002256) are currently receiving research grant
funding from the National Institutes of Health. TPY also holds a 2015 Preterm
Birth Research Grant from the Burroughs Wellcome Fund.
Author details
1
School of Nursing, Yale University, West Haven, CT, USA. 2Department of
Biostatistics, Virginia Commonwealth University, Richmond, VA, USA. 3Center
for Clinical and Translational Research, Virginia Commonwealth University,
Richmond, VA, USA. 4Departments of Pathology and Human and Molecular
Genetics, Virginia Commonwealth University, Richmond, VA, USA. 5School of
Nursing, University of Connecticut, Storrs, CT, USA. 6College of Nursing,
University of Florida, Gainesville, FL, USA. 7Department of Human and
Molecular Genetics, Virginia Commonwealth University, Richmond, VA, USA.
Received: 29 January 2016 Accepted: 18 April 2016

Wright et al. Clinical Epigenetics (2016) 8:45

References
1. Wright ML, Ralph JL, Ohm JE, Anderson CM. DNA methylation in complex
disease: applications in nursing research, practice, and policy. Nurs Outlook.
2013;61:235–41. e4.
2. Feinberg AP, Irizarry RA. Evolution in health and medicine Sackler colloquium:
stochastic epigenetic variation as a driving force of development, evolutionary
adaptation, and disease. Proc Natl Acad Sci U S A. 2010;107:1757–64.
3. Feinberg AP. Phenotypic plasticity and the epigenetics of human disease.
Nature. 2007;447:433–40.
4. Committee on A Framework for Biomedical Research and a New Taxonomy
of Disease: Toward Precision Medicine. 2011.
5. Edgar R, Domrachev M, Lash AE. Gene Expression Omnibus: NCBI gene
expression and hybridization array data repository. Nucleic Acids Res.
2002;30:207–10.
6. Bibikova M, Barnes B, Tsan C, Ho V, Klotzle B, Le JM, Delano D, Zhang L,
Schroth GP, Gunderson KL, Fan J-B, Shen R. High density DNA methylation
array with single CpG site resolution. Genomics. 2011;98:288–95.
7. Rakyan VK, Down TA, Balding DJ, Beck S. Epigenome-wide association
studies for common human diseases. Nat Rev. 2011;12:529–41.
8. Michels KB, Binder AM, Dedeurwaerder S, Epstein CB, Greally JM, Gut I,
Houseman EA, Izzi B, Kelsey KT, Meissner A, Milosavljevic A, Siegmund KD,
Bock C, Irizarry RA. Recommendations for the design and analysis of
epigenome-wide association studies. Nat Methods. 2013;10:949–55.
9. Bock C. Epigenetic biomarker development. Epigenomics. 2009;1:99–110.
10. Moran S, Arribas C, Esteller M. Validation of a DNA methylation microarray
for 850,000 CpG sites in the human genome enriched in enhancer
sequences. Epigenomics .2015(December 17, 2015):Epub ahead of print.
11. Berger SL, Kouzarides T, Shiekhattar R, Shilatifard A. An operational
definition of epigenetics. Genes Dev. 2009;23:781–3.
12. Hou L, Zhang X, Wang D, Baccarelli A. Environmental chemical exposures
and human epigenetics. Int J Epidemiol. 2012;41:79–105.
13. Walker DL, Bhagwate AV, Baheti S, Smalley RL, Hilker CA, Sun Z,
Cunningham JM. DNA methylation profiling: comparison of genome-wide
sequencing methods and the Infinium Human Methylation 450 Bead Chip.
Epigenomics. 2015;7:1287–302.
14. Siegmund KD. Statistical approaches for the analysis of DNA methylation
microarray data. Hum Genet. 2011;129:585–95.
15. Triche TJ, Weisenberger DJ, Van Den Berg D, Laird PW, Siegmund KD.
Low-level processing of Illumina Infinium DNA Methylation BeadArrays.
Nucleic Acids Res. 2013;41, e90.
16. Morris TJ, Beck S. Analysis pipelines and packages for Infinium
HumanMethylation450 BeadChip (450k) data. Methods. 2014.
17. Naeem H, Wong NC, Chatterton Z, Hong MKH, Pedersen JS, Corcoran NM,
Hovens CM, Macintyre G. Reducing the risk of false discovery enabling
identification of biologically significant genome-wide methylation status
using the HumanMethylation450 array. BMC Genomics. 2014;15:51.
18. Smyth GK, Yang YH, Speed T. Statistical issues in cDNA microarray data
analysis. Methods Mol Biol. 2003;224:111–36.
19. Wang D, Yan L, Hu Q, Sucheston LE, Higgins MJ, Ambrosone CB, Johnson
CS, Smiraglia DJ, Liu S. IMA: an R package for high-throughput analysis of
Illumina’s 450K Infinium methylation data. Bioinformatics. 2012;28:729–30.
20. Wilhelm-Benartzi CS, Koestler DC, Karagas MR, Flanagan JM, Christensen BC,
Kelsey KT, Marsit CJ, Houseman EA, Brown R. Review of processing and
analysis methods for DNA methylation array data. Br J Cancer. 2013;109:
1394–402.
21. R Development Core Team. R: a language and environment for statistical
computing. 2008.
22. Huber W, Carey VJ, Gentleman R, Anders S, Carlson M, Carvalho BS, Bravo
HC, Davis S, Gatto L, Girke T, Gottardo R, Hahne F, Hansen KD, Irizarry RA,
Lawrence M, Love MI, MacDonald J, Obenchain V, Oleś AK, Pagès H, Reyes
A, Shannon P, Smyth GK, Tenenbaum D, Waldron L, Morgan M.
Orchestrating high-throughput genomic analysis with Bioconductor. Nat
Methods. 2015;12:115–21.
23. Gandrud C. Reproducible Research with R and R Studio. New York: CRC
Press; 2013.
24. Aryee MJ, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, Feinberg AP, Hansen KD,
Irizarry RA. Minfi: a flexible and comprehensive Bioconductor package for the
analysis of Infinium DNA methylation microarrays. Bioinformatics. 2014;30:1363–9.
25. Dedeurwaerder S, Defrance M, Calonne E, Denis H, Sotiriou C, Fuks F. Evaluation
of the Infinium Methylation 450K technology. Epigenomics. 2011;3:771–84.

Page 9 of 10

26. Chen Y, Lemire M, Choufani S, Butcher DT, Grafodatskaya D, Zanke BW,
Gallinger S, Hudson TJ, Weksberg R. Discovery of cross-reactive probes and
polymorphic CpGs in the Illumina Infinium HumanMethylation450 microarray.
Epigenetics. 2013;8:203–9.
27. Ritchie ME, Silver J, Oshlack A, Holmes M, Diyagama D, Holloway A, Smyth
GK. A comparison of background correction methods for two-colour
microarrays. Bioinformatics. 2007;23:2700–7.
28. Wang T, Guan W, Lin J, Boutaoui N, Canino G, Luo J, Celedón JC, Chen W. A
systematic study of normalization methods for Infinium 450K methylation
data using whole-genome bisulfite sequencing data. Epigenetics. 2015;10:
662–9.
29. Marabita F, Almgren M, Lindholm ME, Ruhrmann S, Fagerström-Billai F,
Jagodic M, Sundberg CJ, Ekström TJ, Teschendorff AE, Tegnér J, GomezCabrero D. An evaluation of analysis pipelines for DNA methylation profiling
using the Illumina HumanMethylation450 BeadChip platform. Epigenetics.
2013;8:333–46.
30. Yousefi P, Huen K, Schall RA, Decker A, Elboudwarej E, Quach H, Barcellos L,
Holland N. Considerations for normalization of DNA methylation data by
Illumina 450K BeadChip assay in population studies. Epigenetics. 2013;8:
1141–52.
31. Maksimovic J, Gordon L, Oshlack A. SWAN: subset-quantile within array
normalization for illumina infinium HumanMethylation450 BeadChips.
Genome Biol. 2012;13:R44.
32. Touleimat N, Tost J. Complete pipeline for Infinium® Human Methylation
450K BeadChip data processing using subset quantile normalization for
accurate DNA methylation estimation. Epigenomics. 2012;4:325–41.
33. Pidsley R, Wong CC Y, Volta M, Lunnon K, Mill J, Schalkwyk LC. A datadriven approach to preprocessing Illumina 450K methylation array data.
BMC Genomics. 2013;14:293.
34. Fortin J-P, Labbe A, Lemire M, Zanke BW, Hudson TJ, Fertig EJ, Greenwood
C, Hansen KD. Functional normalization of 450k methylation array data
improves replication in large cancer studies. Genome Biol. 2014;15:503.
35. Teschendorff AE, Marabita F, Lechner M, Bartlett T, Tegner J, Gomez-Cabrero
D, Beck S. A beta-mixture quantile normalization method for correcting
probe design bias in Illumina Infinium 450 k DNA methylation data.
Bioinformatics. 2013;29:189–96.
36. Morris T, Butcher L, Feber A, Teschendorff A, Chakravarthy A. ChAMP: Chip
Analysis Methylation Pipeline for Illumina HumanMethylation450. R package
version 1.4.0. 2014.
37. Jaffe AE, Murakami P, Lee H, Leek JT, Fallin MD, Feinberg AP, Irizarry RA.
Bump hunting to identify differentially methylated regions in epigenetic
epidemiology studies. Int J Epidemiol. 2012;41:200–9.
38. Johnson WE, Li C, Rabinovic A. Adjusting batch effects in microarray
expression data using empirical Bayes methods. Biostatistics. 2007;8:118–27.
39. Leek JT, Scharpf RB, Bravo HC, Simcha D, Langmead B, Johnson WE, Geman
D, Baggerly K, Irizarry RA. Tackling the widespread and critical impact of
batch effects in high-throughput data. Nat Rev Genet. 2010;11:733–9.
40. Harper KN, Peters BA, Gamble MV. Batch effects and pathway analysis: two
potential perils in cancer studies involving DNA methylation array analysis.
Cancer Epidemiol Biomarkers Prev. 2013;22:1052–60.
41. Leek JT, Storey JD. Capturing heterogeneity in gene expression studies by
surrogate variable analysis. PLoS Genet. 2007;3:1724–35.
42. Houseman EA, Accomando WP, Koestler DC, Christensen BC, Marsit CJ,
Nelson HH, Wiencke JK, Kelsey KT. DNA methylation arrays as surrogate
measures of cell mixture distribution. BMC Bioinformatics. 2012;13:2–16.
43. Zou J, Lippert C, Heckerman D, Aryee M, Listgarten J. Epigenome-wide
association studies without the need for cell-type composition. Nat
Methods. 2014;11:309–11.
44. Houseman EA, Molitor J, Marsit CJ. Reference-free cell mixture adjustments
in analysis of DNA methylation data. Bioinformatics. 2014;30:1431–9.
45. Jaffe AE, Feinberg AP, Irizarry RA, Leek JT. Significance analysis and statistical
dissection of variably methylated regions. Biostatistics. 2012;13:166–78.
46. Ong M-L, Holbrook JD. Novel region discovery method for Infinium 450K
DNA methylation data reveals changes associated with aging in muscle and
neuronal pathways. Aging Cell. 2014;13:142–55.
47. Butcher LM, Beck S. Probe Lasso: a novel method to rope in differentially
methylated regions with 450K DNA methylation data. Methods. 2015;72:21–8.
48. Pedersen BS, Schwartz DA, Yang IV, Kechris KJ. Comb-p: software for
combining, analyzing, grouping and correcting spatially correlated P-values.
Bioinformatics. 2012;28:2986–8.

Wright et al. Clinical Epigenetics (2016) 8:45

49. Peters TJ, Buckley MJ, Statham AL, Pidsley R, Samaras K, V Lord R, Clark SJ,
Molloy PL.
De novo identification of differentially methylated regions in the human
genome. Epigenetics Chromatin. 2015;8:6.
50. Wu D, Gu J, Zhang MQ. FastDMA: an infinium humanmethylation450
beadchip analyzer. PLoS One. 2013;8, e74275.
51. Baron U, Türbachova I, Hellwag A, Eckhardt F, Berlin K, Hoffmuller U, Gardina
P, Olek S. DNA methylation analysis as a tool for cell typing. Epigenetics.
2006;1:55–60.
52. Du P, Zhang X, Huang C-C, Jafari N, Kibbe WA, Hou L, Lin SM. Comparison
of Beta-value and M-value methods for quantifying methylation levels by
microarray analysis. BMC Bioinformatics. 2010;11:587.
53. Bourgon R, Gentleman R, Huber W. Independent filtering increases
detection power for high-throughput experiments. Proc Natl Acad Sci
U S A. 2010;107:9546–51.
54. van Iterson M, Boer JM, Menezes RX. Filtering, FDR and power. BMC
Bioinformatics. 2010;11:450.
55. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc Ser B. 1995;57:289–300.
56. Bock C. Analysing and interpreting DNA methylation data. Nat Rev.
2012;13:705–19.
57. Suthram S, Dudley JT, Chiang AP, Chen R, Hastie TJ, Butte AJ. Network-based
elucidation of human disease similarities reveals common functional modules
enriched for pluripotent drug targets. PLoS Comput Biol. 2010;6, e1000662.
58. Broen JCA, Radstake TRDJ. How birds of a feather flock together: genetics in
autoimmune diseases. Expert Rev Clin Immunol. 2011;7:127–8.
59. Dozmorov MG, Giles CB, Wren JD. Predicting gene ontology from a
global meta-analysis of 1-color microarray experiments. BMC
Bioinformatics. 2011;12 Suppl 1:S14.
60. Obayashi T, Okamura Y, Ito S, Tadaka S, Motoike IN, Kinoshita K. COXPRESdb:
a database of comparative gene coexpression networks of eleven species
for mammals. Nucleic Acids Res. 2013;41(Database issue):D1014–20.
61. Zhu Q, Wong AK, Krishnan A, Aure MR, Tadych A, Zhang R, Corney DC,
Greene CS, Bongo LA, Kristensen VN, Charikar M, Li K, Troyanskaya OG.
Targeted exploration and analysis of large cross-platform human
transcriptomic compendia. Nat Methods. 2015;12:211–4. 3 p following 214.
62. Song Q, Decato B, Hong EE, Zhou M, Fang F, Qu J, Garvin T, Kessler M,
Zhou J, Smith AD. A reference methylome database and analysis pipeline to
facilitate integrative and comparative epigenomics. PLoS One. 2013;8,
e81148.
63. Hackenberg M, Barturen G, Oliver JL. NGSmethDB: a database for nextgeneration sequencing single-cytosine-resolution DNA methylation data.
Nucleic Acids Res. 2011;39(Database issue):D75–9.
64. Koch A, De Meyer T, Jeschke J, Van Criekinge W. MEXPRESS: visualizing
expression, DNA methylation and clinical TCGA data. BMC Genomics.
2015;16:636.
65. Nam D, Kim S-Y. Gene-set approach for expression pattern analysis. Brief
Bioinform. 2008;9:189–97.
66. Maciejewski H. Gene set analysis methods: statistical models and
methodological differences. Brief Bioinform. 2014;15:504–18.
67. Huang DW, Sherman BT, Lempicki RA. Bioinformatics enrichment tools:
paths toward the comprehensive functional analysis of large gene lists.
Nucleic Acids Res. 2009;37:1–13.
68. Chen J, Bardes EE, Aronow BJ, Jegga AG. ToppGene Suite for gene list
enrichment analysis and candidate gene prioritization. Nucleic Acids Res.
2009;37(Web Server issue):W305–11.
69. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
Paulovich A, Pomeroy SL, Golub TR, Lander ES, Mesirov JP. Gene set
enrichment analysis: a knowledge-based approach for interpreting genomewide expression profiles. Proc Natl Acad Sci U S A. 2005;102:15545–50.
70. The ENCODE Project Constortium. A user’s guide to the encyclopedia of
DNA elements (ENCODE). PLoS Biol. 2011;9:e1001046
71. Roadmap EC, Consortium RE, Kundaje A, Meuleman W, Ernst J, Bilenky M,
Yen A, Wang J, Ward LD, Sarkar A, Quon G, Kheradpour P, Coarfa C, Harris
RA, Ziller MJ, Schultz M, Eaton ML, Pfenning A, Wang X, Polak P, Karlic R,
Amin V, Wu Y, Sandstrom RS, Ray P, Wu J, Kulkarni A, Lister R, Hong C,
Gascard P, Carles A, et al. Integrative analysis of 111 reference human
epigenomes. Nature 518, 2015;317–30.
72. Hoffman MM, Ernst J, Wilder SP, Kundaje A, Harris RS, Libbrecht M, Giardine
B, Ellenbogen PM, Bilmes JA, Birney E, Hardison RC, Dunham I, Kellis M,

Page 10 of 10

73.
74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

Noble WS. Integrative annotation of chromatin elements from ENCODE
data. Nucleic Acids Res. 2013;41:827–41.
Dozmorov MG, Cara LR, Giles CB, Wren JD. GenomeRunner: automating
genome exploration. Bioinformatics. 2012;28:419–20.
Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, Clark NR, Ma’ayan
A. Enrichr: interactive and collaborative HTML5 gene list enrichment analysis
tool. BMC Bioinformatics. 2013;14:128.
Trynka G, Westra H-J, Slowikowski K, Hu X, Xu H, Stranger BE, Klein RJ, Han B,
Raychaudhuri S. Disentangling the effects of colocalizing genomic annotations to
functionally prioritize non-coding variants within complex-trait loci. Am J Hum
Genet. 2015;97:139–52.
Jeffries MA, Dozmorov M, Tang Y, Merrill JT, Wren JD, Sawalha AH. Genomewide DNA methylation patterns in CD4+ T cells from patients with systemic
lupus erythematosus. Epigenetics. 2011;6:593–601.
Coit P, Jeffries M, Altorok N, Dozmorov MG, Koelsch KA, Wren JD, Merrill JT,
McCune WJ, Sawalha AH. Genome-wide DNA methylation study suggests
epigenetic accessibility and transcriptional poising of interferon-regulated
genes in naïve CD4+ T cells from lupus patients. J Autoimmun. 2013;43:78–84.
Dozmorov MG. Polycomb repressive complex 2 epigenomic signature
defines age-associated hypermethylation and gene expression changes.
Epigenetics. 2015;10:484–95.
Yuan T, Jiao Y, de Jong S, Ophoff RA, Beck S, Teschendorff AE. An
integrative multi-scale analysis of the dynamic DNA methylation landscape
in aging. PLoS Genet. 2015;11, e1004996.
Heijmans BT, Mill J. The seven plagues of epigenetic epidemiology. Int J
Epidemiol. 2012;41:74–8.
Field SF, Beraldi D, Bachman M, Stewart SK, Beck S, Balasubramanian S.
Accurate measurement of 5-methylcytosine and 5-hydroxymethylcytosine
in human cerebellum DNA by oxidative bisulfite on an array (OxBS-array).
PLoS One. 2015;10, e0118202.
Stewart SK, Morris TJ, Guilhamon P, Bulstrode H, Bachman M,
Balasubramanian S, Beck S. oxBS-450K: a method for analysing
hydroxymethylation using 450K BeadChips. Methods. 2015;72:9–15.
Roessler J, Ammerpohl O, Gutwein J, Hasemeier B, Anwar SL, Kreipe H,
Lehmann U. Quantitative cross-validation and content analysis of the 450k
DNA methylation array from Illumina. Inc BMC Res Notes. 2012;5:210.
Preussner J, Bayer J, Kuenne C, Looso M. ADMIRE: analysis and visualization
of differential methylation in genomic regions using the Infinium
HumanMethylation450 Assay. Epigenetics Chromatin. 2015;8:51.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

