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Abstract

We propose a statistical algorithm MethylPurify that uses regions with bisulfite reads showing discordant
methylation levels to infer tumor purity from tumor samples alone. MethylPurify can identify differentially
methylated regions (DMRs) from individual tumor methylome samples, without genomic variation information or
prior knowledge from other datasets. In simulations with mixed bisulfite reads from cancer and normal cell lines,
MethylPurify correctly inferred tumor purity and identified over 96% of the DMRs. From patient data, MethylPurify
gave satisfactory DMR calls from tumor methylome samples alone, and revealed potential missed DMRs by tumor
to normal comparison due to tumor heterogeneity.
Background
DNA methylation is an important epigenetic mark con-
trolling gene expression, thus playing pivotal roles in
many cellular processes including embryonic development
[1], genomic imprinting [2,3], X-chromosome inactivation
[4], transposable element repression [5], and preservation
of chromosome stability [6]. Aberrant DNA methylations
are known to be associated with human diseases such
as cancers, lupus, muscular dystrophy, and imprinting-
related birth defects [7-14]. Whole genome bisulfite se-
quencing (WGBS) and reduced representation bisulfite
sequencing (RRBS) [15-18] are popular techniques to pro-
file genome-wide methylation at a nucleotide resolution
[19]. The sodium bisulfite treatment in these techniques
converts the unmethylated cytosines to uracils, while leav-
ing the methylated cytosines unchanged. Mapping the
bisulfite-treated DNA sequences to the genome not only
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gives precise location but also the quantitative levels of
DNA methylation. In recent years, WGBS and RRBS have
been increasingly used to profile the DNA methylation
patterns between tumors and their normal counterparts,
where differential methylated regions not only serve as
important cancer biomarkers and therapeutic targets, but
also provide insights to the mechanism of tumorigenesis
and progression [20-22].
Despite the popularity of WGBS and RRBS, these

techniques suffer from the following practical limitations
in cancer research. First, differential methylation analysis
is conducted as cancer to normal comparisons, requiring
additional resources to collect, process, sequence and
analyze the normal tissues adjacent to the cancer tissues.
Second, in most cases, tumor tissues are not pure but
contain unknown quantities of normal cells [23]. As a
result, the contamination of normal cells in the tumor
sample complicates the differential methylation calling
between tumor and normal. Some pioneering works esti-
mated tumor purity based on gene expression or SNP
array data [23-27], but to the best of our knowledge,
there have been no reported algorithms estimating
tumor purity from WGBS or RRBS data. One approach
used in previous expression-based studies is to train the
algorithm on a large number of datasets from tumor or
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normal cells [28] or on expression signatures generated
from such large data cohorts [29]. However, the expres-
sion observed from the cohorts may not best recapitulate
a specific tumor sample, thus could give biased estimates.
Another approach is to see whether regions with known
germline variants or somatic mutations have differential
expression or methylation on the different alleles [30].
This approach is limited in the number of regions it can
investigate, thus could not identify or resolve differential
regions that do not contain sequence variations [9,31-33].
We propose a statistical approach called ‘MethylPurify’ to

estimate tumor purity and identify differentially methylated
regions from DNA methylome data on tumor samples
alone, without any prior knowledge from other datasets.
MethylPurify assumes that, in pure cell populations, methy-
lation levels of bisulfite-sequencing reads are consistent
within short genomic intervals except in a small number
of regions with allele-specific methylation (ASM). This
phenomenon has been reported in several studies by
examining the co-methylation states of adjacent CpGs
within a region especially for CpG Islands [34-36]. Incon-
sistent methylation on the CpGs within a single read
might be due to incomplete conversion of bisulfite treat-
ment. Even though tumors are often heterogeneous, most
tumors follow clonality [37-40], meaning the initiation
and continued growth of a tumor is usually dependent on
a single population of tumor cells. The small population
of heterogeneous tumor cells often does not interfere with
differential methylation detection, and this assumption
has also been used for differential methylation studies by
paired tumor to normal comparison. In samples with two
cell population components such as tumor and normal,
there will be a large number of regions differentially meth-
ylated between the two components where bisulfite reads
show discordant methylation levels. Since most tumor
samples have normal contamination, MethylPurify exam-
ines all the regions in the genome with reads showing
discordant methylation levels and estimates the mixing ra-
tio of the two components. With the mixing ratio estimate,
MethylPurify examines each such regions, assigns reads
to the two components, and infers the methylation level
of each component. We evaluated the performance of
MethylPurify on simulations mixing bisulfite reads from
two human breast cell lines at different ratios and on real
lung adenocarcinoma tissues where the data from adjacent
normal tissue were available but withheld from the algo-
rithm. In each case, MethylPurify gave satisfactory per-
formance in estimating the tumor purity and in identifying
differential methylation regions between the components.

Results and discussion
Computational framework
The conceptual framework of MethylPurify is shown in
Figure 1. Under the assumption that tumor tissues often
contain two major components of cells, that is, tumor
and normal, MethylPurify only takes WGBS or RRBS
data from a tumor tissue as input, and tries to infer the
unknown fraction of normal cells within. After removing
duplicated reads and mapping them with BS-map [41],
MethylPurify divides the reference genome into small
300 bp bins and assigns reads mapped to each bin. The
true methylation levels in most bins are similar between
the two components and thus not informative to tumor
purity inference or differential methylation analysis. In-
stead, MethylPurify aims to find informative bins that
have differential methylation between normal and tumor
cells, and use them to help infer the tumor purity and
the methylation level of each component. It relies on the
following characteristics of the DNA methylome data:
(1) all CpG cytosines within a short genomic interval
(approximately 300 bp) in a pure cell population share
similar methylation levels which are either mostly meth-
ylated or mostly unmethylated [36]; (2) the number of
bisulfite reads mapped to each genomic interval to
tumor and normal cells are in accordance with their
relative compositions in the mixture, subject to standard
sampling noise.
MethylPurify uses the following mixture model to esti-

mate the two components in the tumor methylome data.
Given a mixture of bisulfite reads from two components,
the relative compositions of the minor and major com-
ponents can be represented as α1 and 1 - α1, and the
methylation levels of the two components within each
300 bp bin can be represented as m1 and m2, respect-
ively. Given initial parameter values of α1, m1, and m2,
each read in a bin can be assigned to its most likely
component; given the read assignment in a bin, param-
eter values of α1, m1, and m2 can be re-estimated to
maximize the probability of seeing the specified read as-
signment. For each 300 bp bin across the genome,
MethylPurify uses expectation maximization (EM) to it-
eratively estimate parameters and assign reads until con-
vergence (see Methods section for details).
Due to the sampling noise and other confounding

biases, α1 estimates from individual bins will be distrib-
uted around the true value. To reach a more reliable
mixing ratio from all α1 estimates, MethylPurify uses the
following bootstrapping approach to prioritize the inform-
ative bins. First, it selects only bins with over 10 CpGs,
10-fold read coverage (termed qualifying bins thereafter),
then samples equal number of reads as the actual number
of reads in each bin with replacement 50 times to get 50
sets of EM converged α1, m1, and m2 parameters. To avoid
complications of copy number aberrations (CNA) in can-
cer at this step, MethylPurify filters bins in regions with
frequent copy number alterations as well as their 1,000 bp
flanking regions, and only selects one qualifying bin within
each CpG island. Then MethylPurify finds the 500 bins



Figure 1 Overview of MethylPurify. (a) A differentially methylated region (DMR) between tumor and normal cells. Solid and hollow red circles
represent methylated and unmethylated cytosines, respectively. (b) Short reads from two cell populations after bisulfite treatment and sonication.
(c) A library of bisulfite reads in a mixture of two cell populations. (d) EM algorithm iteratively estimates three parameters: the minor composition
(α1) and the methylation level of each population (m1, m2) in M step, and assigns reads to each population in E step. (e) Among all 300 bp bins,
the parameters estimated from informative bins converge on a final mixing ratio estimate. (f) Top, density plot of predicted minor component
from selected informative bins. Bottom, separated methylation level of tumor and normal cells based on the predicted mixing ratio, and DMRs
are detected as consecutive differentially methylated bins (DMBs).
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with the smallest parameter variance in the 50 sampling
and uses the mode of their α1 estimate as the α1 for the
whole tumor sample (Figure 1e,f). With the sample α1, a
few EM iterations in each bin could quickly converge on
the m1 and m2 estimates and read assignment across the
genome. To avoid local maxima of EM, MethylPurify
starts from two distinct initial values of m1 and m2 in
each bin, representing α1 component being hyper- and
hypo-methylated, and the convergence point with higher
likelihood is selected as the final prediction (see Methods
section for details).
The output of MethylPurify will report the mixing

ratio of the two components (α1: 1 - α1) in the whole
sample and the methylation level of each component
(m1 and m2) in each qualifying bin across the genome.
MethylPurify could also detect differentially methylated
regions (DMRs) as consecutive differentially methylated
bins (DMBs).

Inference of mixing ratio from simulated mixture of
bisulfite reads from tumor and normal cell lines
To validate MethylPurify in estimating the mixing ratio, we
used simulated mixture of whole genome bisulfite sequen-
cing data from two separate breast cell lines [22]. HCC1954
cell line (thereafter refer to as HCC) is derived from an es-
trogen receptor (ER)/progesterone receptor (PR) negative
and ERBB2 positive breast tumor, and human mammary
epithelial cell line (HMEC) is immortalized from normal
breast epithelial cells. Bisulfite sequencing for the two cell
lines have slightly different read lengths (approximately 70
to 100 bp) and sequencing coverage (27-fold and 20-fold,
respectively). We randomly sampled bisulfite reads from
the two cell lines at 20-fold total coverage with varying
mixing ratios from 0:1 (all HMEC) to 1:0 (all HCC) with a
step of 0.05.
We first examined how the parameter estimation varies

with changing inputs. At different mixing ratios, the aver-
age variance (of all qualifying bins by bootstrapping) of
the minor component percentage α1 is very small and
stable (Figure 2a). The variance of α1 initially increases
with the mean of α1, but is suppressed as α1 approaches
0.5 since α1 is designated as the minor component to be
always ≤0.5 in our model. In contrast, the estimated
methylation level of the minor component m1 is the most
variable. This is reasonable because at low α1 (close to 0),
the minor component has very little read coverage; at high
α1 (close to 0.5), it is sometimes difficult to determine
which component is minor so m1 could fluctuate depend-
ing on whether MethylPurify assigns the methylated or
unmethylated reads to the minor component.
Since m1 is the most variable among the three parame-

ters and dominates the sum of the variances, MethylPur-
ify later only uses the standard deviation (stdev) of m1

from bootstrapping to rank all qualifying bins. Indeed,



Figure 2 Parameter estimation and properties of informative bins. (a) Averaged standard deviations of three free parameters at different
mixing ratios by bootstrap sampling of HCC (breast cancer) and HMEC (normal mammary epithelial) cell lines for all qualifying bins. (b) Predicted
mixing ratios at different standard derivation cutoffs of the minor composition. (c, d) Some properties of informative bins compared with
genome-wide background. (c) The number of CpG counts in informative bins vs. the rest bins with over 10 fold read coverage. (d) Distribution
of predicted methylation levels of informative bins in each cell line.
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the informative bins, defined as qualifying bins with m1

stdev <0.1 (after filtering CNA regions and selecting one
bin with smallest stdev from each CpG island), in gen-
eral give very stable α1 estimates at different mixing ra-
tios (Figure 2b). A closer examination of the informative
bins found that they often contain significantly more
CpGs (Figure 2c), and have a strong dichotomy of reads
being either mostly methylated (1) or mostly unmethy-
lated (0) (Figure 2d). So in the remaining text, the top
500 informative bins with the smallest parameter vari-
ance by bootstrap were used to vote for the mixing ratio
for the whole sample.
We then evaluated whether MethylPurify could cor-

rectly infer the mixing ratio of the two components.
When given a pure cell line without mixing, MethylPur-
ify correctly reported a warning for insufficient number
(66 and 322 for HMEC and HCC cell lines, respectively)
of informative bins. Further examination of such bins in
HCC cell line suggested that they have significant over-
lap with ASM regions [22] (P = 0.0086 by Fisher’s exact
test). For all samples with real mixing, MethylPurify
identified sufficient number of informative bins across
the genome (see Additional file 1: Figure S1 as an ex-
ample), and their respective α1 estimates are often cen-
tered around the true α1 (Figure 3a). Over 20 repeated
simulations at each mixing ratio, MethylPurify gives pre-
dicted α1 that tightly surrounds the true α1 with two in-
teresting twists (Figure 3b,c). The first is that since
MethylPurify dictates α1 to represent the minor compo-
nent, α1 estimates tend to be slightly lower when the
mixing is close to 0.5:0.5. The second is that MethylPur-
ify tends to slightly under estimate the cancer compo-
nent. This might be because even as cell lines, the
cancer HCC is more heterogeneous than the normal



Figure 3 Prediction performance on simulated data. (a) Histogram of the predicted mixing ratio from selected informative bins insimulation
results when bisulfite reads of HCC and HMEC cell lines are mixed at different ratios. Dotted blue lines highlight the true minor components.
Black line is the density of the predicted mixing ratio. (b, c) Predicted minor compositions (α1) at different mixing ratios where the composition
of tumor cell line is above 50% (b) or below 50% (c). Error bars represent standard derivations derived from 20 mixing simulations.
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HMEC, as supported by the larger number of inform-
ative bins in HCC than HMEC alone, causing the EM
algorithm to assign a small portion of the HCC reads to
the HMEC component. This implies that in tumor sam-
ples, MethylPurify might also tend to slightly underesti-
mate the tumor percentage due to tumor heterogeneity.

Detection of differentially methylated bins in the
simulated mixture
We next evaluated whether MethylPurify could correctly
predict the methylation level of each component in the
mixture and identify the differentially methylated regions
between the two components. At HCC and HMEC mix-
ing ratio of 0.7:0.3, we analyzed all 90,748 qualifying bins
(300 bp with over 10 CpGs and over 10-fold coverage)
to evaluate the performance. Under the gold standard of
methylation difference >0.5 between the two pure cell
lines, we found that MethylPurify could predict differen-
tially methylated bins at 96.5% sensitivity and 88.0%
specificity (Figure 4a). At coverage range from 10-fold
to 40-fold, the performance of MethylPurify decreases
only slightly with decreased coverage, although the num-
ber of qualifying bins with enough coverage decreases
(Additional file 2: Figure S2).
Detailed examinations revealed that in the true posi-

tive predicted regions HMEC is often fully unmethylated
(0) while HCC is fully methylated (1). This is consistent
with many studies showing that cancer samples often
have global hypomethylation and CpG promoter hyper-
methylation [42-45]. In contrast, in the false positive
bins, the methylation levels in the individual cell lines
are often at intermediate levels (Additional file 3: Figure S3).
These might represent the methylation variability re-
gions previously reported in tumor DNA methylation



Figure 4 Predicted DMBs (DMBs predicted to have methylation difference over 0.5 from mixture reads by MethyIPurify) are compared
with true DMBs (DMBs inferred from BS-seq reads in two separate cell lines) in HCC and HMEC cell lines. (a) Overlap between predicted
(from mixture, red) and true (blue) DMBs in the mixture of HCC1954 (70%) and HMEC (30%). (b, c) Correlations of predicted and true methylation
levels in normal (b) and tumor cell line (c) for qualifying bins. (d) An example of differentially methylated region between HCC and HMEC cell
lines. Each point represents one qualifying bin of length 300 bp. HMEC.t and HCC.t are true methylation profiles in this region, while HMEC.p and
HCC.p are predicted methylation profiles from mixture reads. (e) Correlation of predicted and true methylation differences. (f) DMB prediction
sensitivity and correlation of methylation between predicted and true differential methylation at different mixing ratio of the two cell lines.
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studies [14,46,47], and might cause reads to be assigned
to the wrong component. For example, a tumor sample
has 1/3 normal and 2/3 cancer, and in one region the
methylation level of the normal and cancer components
are 0% and 50%, respectively. Assume MethylPurify cor-
rectly estimated the minor component α1 to be 1/3, it
would naturally assign the 1/3 methylated reads to the
minor normal component, and 2/3 unmethylated reads
to the major cancer component. In this case, although
MethylPurify incorrectly called the cancer component
as hypomethylated, it nonetheless correctly identified
this region as differentially methylated, whereas a stand-
ard cancer/normal differential call might miss it.
To reduce the above effect of tumor heterogeneity,

we removed bins that show strong read methylation vari-
ability (var >0.1) in the HCC (Additional file 4: Figure S4).
We then examined whether DNA methylation levels of
the two components can be correctly estimated in the
remaining qualifying bins. The correlation between
the true and predicted methylation level is at 0.89 for
the minor normal component and 0.98 for the major
tumor component, respectively (Figure 4b,c). Figure 4d
is an example showing the true and predicted methyla-
tion levels from each cell line in the mixture. The
predicted methylation difference from the cell line mix-
ture is highly correlated with the estimated methylation
difference by directly comparing the two individual
cell lines (Figure 4e). Further examination of bins that
were called in the wrong directions found many to have
lower sequence coverage. This suggests that the mixture
sampling might introduce biases, i.e. the mixing at spe-
cific bins could be off from the genome-wide ratio of
0.7:0.3. In fact, if we examine only bins with >15-fold
coverage, the correlation of methylation difference esti-
mated from individual cell lines vs. mixture increased
from 0.71 to 0.75.
We then tested the performance of MethylPurify when

the normal (HMEC) component of the mixture varies from
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0.1 to 0.5. When the mixing ratio is close to 0.5:0.5, deter-
mining which component is hypo- or hyper-methylated
becomes an unidentifiable problem, so the correlation be-
tween the true and predicted methylation difference in the
two components drops. Nonetheless, our ability to cor-
rectly call regions of differential methylation increases with
the minor component percentage, from 89.4% at 0.1:0.9
mixing to 98.4% at 0.5:0.5 mixing, because there is enough
coverage on each component to confidently identify bins
with discordant methylation reads (Figure 4f).

Application of MethylPurify to lung cancer tissues
With the success of MethylPurify on cell line mixing sim-
ulations, we next tested MethylPurify on real tumors. We
conducted reduced representation bisulfite sequencing
on five primary lung adenocarcinoma samples as well
as their respective adjacent normal tissues, and obtained
approximately 15 to 40 million 90 bp reads for each sam-
ple. MethylPurify was able to process each tumor sample
Figure 5 Application of MethylPurify to the lung adenocarcinoma sam
components of five primary lung adenocarcinoma samples. (b) The numbe
predicted DMB by MethylPurify from only tumor tissue (red) and DMB infe
distributions of CpG counts (c), read counts (d), tumor/normal methylation
adenocarcinoma samples with copy number alteration in TCGA (g) for fals
(TN) bins.
within 1 h on a single core, and estimated the normal
component in the tumors to be between 18% and 33%
(Figure 5a). In these samples, the true normal percentage
in each tumor sample is unknown. In addition, methyla-
tion differences have been reported to well precede
pathological differences, which have been used to predict
cancer risk [48]. Therefore, we instead focused on evalu-
ating differentially methylated regions called by Methyl-
Purify from tumor samples alone, using the tumor to
normal comparison as the gold standard. In this stand-
ard, a 300 bp bin is defined as differentially methylated
if the average methylation difference between cancer and
normal in the region exceeds 0.5. We also tried other cut-
offs to call differential methylation and got similar results
(data not shown).
For each sample, we divided the genome into 300 bp

bins and only considered qualifying bins with >10 CpG
and ≥10-fold read coverage. Due to different sequencing
depth on the different samples, the number of qualifying
ples. (a) Distribution of informative bins and the calculated minor
rs of DMBs inferred from normal-tumor comparison (blue, true DMB),
rred from TCGA (green) for each sample. (c-g) Violin plots show the
differences (e), tumor methylation levels (f), and numbers of lung
e negative (FN), true positive (TP), false positive (FP), and true negative
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bins in different samples varies. We then examined the
Cancer Genome Atlas (TCGA) lung adenocarcinoma
methylation data [49] and used the differential methylated
regions in TCGA that overlap with the qualifying bins
in each sample to determine the number of differential
DNA methylated bins to call in each sample. Differentially
methylated bins called either from tumor samples alone
or from the tumor to normal comparisons are both
ranked by their absolute differential methylation levels,
respectively. Using the tumor to normal comparison as
gold standard, MethylPurify calls in the tumor samples
alone could achieve sensitivity of over 57% and specificity
of over 91% in the five samples tested (Figure 5b).
We then examined the false negatives and false posi-

tive predictions MethylPurify made on the tumor sam-
ples alone. Using sample 137B as an example since it
has the best sequencing coverage, we found that the re-
gions with false negative predictions often have fewer
CpG count (P <2.2e-16, t-test, Figure 5c), lower coverage
(P = 0.0037, Figure 5d), and smaller methylation differ-
ences (P <2.2e-16, Figure 5e) between tumor and nor-
mal. In contrast, the false positive bins are more similar
to true positive ones in CpG count (P = 0.73) and read
coverage (P = 0.83). Interestingly, their absolute DNA
methylation in the tumor samples show more intermedi-
ate levels instead of the dichotomy of 0 for unmethylated
or 1 for methylated (Figure 5f ), and they often contain
many reads with discordant methylation levels. They sug-
gest that such regions are indeed differentially methylated,
but were not detected in the normal cancer comparison
because tumor heterogeneity reduced the observed nor-
mal to tumor methylation difference (Figure 5e). Indeed,
among the false positive bins MethylPurify called from
tumor alone, 25% to 32% have differential methylation
support in TCGA lung adenocarcinoma data (Figure 5b).
This suggests that these ‘false positives’ should have been
correct calls, but were missed by the tumor/normal com-
parison potentially due to tumor heterogeneity. This per-
centage is similar to the 24% to 29% true negative calls
with TCGA support, implying that the differential methy-
lation called by MethylPurify from the tumor samples
alone is as good as the tumor/normal comparison.

Conclusion
Tumor impurity has been a challenging technical issue
in most cancer molecular profiling projects. Here we
present MethylPurify, a statistical method to automatic-
ally estimate the purity of tumor samples and to call
methylation levels in genome-wide scale for each com-
ponent based on bisulfite sequencing data. This is the
first method of its kinds without the need to train the
parameters on many normal, tumor, or cell line data, or
can only detect methylation differences at regions with
sequence variations from a single sample. In contrast,
MethylPurify finds regions with significant number of
reads with discordant methylation levels, which are rare
in pure cell populations but far more prevalent in tu-
mors with impurities. MethylPurify is able to identify
differentially methylated regions from tumor samples
alone, thus saving the time and efforts for normal sam-
ple processing. The method is especially useful for stud-
ies such as glioblastoma, where the normal brain tissues
are hard to obtain.
Despite the aforementioned advantages, MethylPurify

has some technical limitations. First, MethylPurify de-
pends on having sufficient bisulfite sequencing coverage,
preferably at 20-fold or higher, although it will still work
at lower coverage if the minority component is reasonably
abundant. MethylPurify also relies on short regions con-
taining mostly methylated and mostly unmethylated reads,
thus the regions with higher CpG density are more likely
to be informative in the estimation of mixing ratio and
in identifying differentially methylated regions. In order
to detect differentially methylated regions in low CpG
regions, MethylPurify requires higher bisulfite sequencing
depth. We hope our future work can improve Methyl
Purify to overcome these limitations.
MethylPurify currently only works for the mixture of

two components, and contaminations that consist less
than 5% of the sample usually do not interfere with the
algorithm prediction. When the sample is very pure such
as a cell line, although there might not be enough in-
formative bins, MethylPurify could instead predict ASM.
In fact, detecting ASM in pure cell population is a
simplified form of MethylPurify. In tumors with impur-
ities, these ASM regions might slightly bias the mixing
inference, which was demonstrated in Additional file 5:
Figure S5. This sample has 40% normal and 60% tumor,
and a region with ASM in normal and loss of ASM and
fully methylated in tumor will look like a normal: tumor
mixing ratio of 1:4 (Additional file 5: Figure S5b,c).
However, since the number of DMRs in tumors are
often much larger than the number of ASM regions, this
small bias would not affect the mixing ratio inference.
The mixture model of MethylPurify can be extended to
handle samples with more components. For such cases,
deeper sequencing depth and a more sophisticated algo-
rithm are required to automatically determine the num-
ber of components in the mixture.
In tumor samples, the normal contamination could be

either the minor or major component. Since MethylPur-
ify only infers the ratio of the minor component, the
user will need to use pathology information to check
whether this is the tumor or normal. Alternatively,
examination of a few well-known differentially expressed
genes or differentially methylated regions between nor-
mal and cancer can also resolve the problem. When the
mixing ratio is close to 0.5:0.5, MethylPurify can still
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identify differentially methylated regions, but will lose
the genome-wide phasing and fail to determine whether
the regions are hypermethylated or hypomethylated in
tumor. This can be improved by examining multiple
tumor samples of the same cancer type, which are likely
to have different mixing ratios and share many differen-
tially methylated regions.
For metastasized tumors, the normal contamination is

from the metastasized site rather than the origin tissue
of the tumor, which might result in different differential
methylation calls. However, obtaining both metastasized
tumor as well as the normal tissue of the tumor origin
in practice is quite difficult, so obtaining DMR informa-
tion directly from the metastasized tumor is still attract-
ive, despite being imperfect. In fact, our test on the lung
cancer samples metastasized to the brain (Additional file
6: Figure S6) still identified many of the correct DMRs.
Differentially methylated alleles in SNP regions in

the genome have been effectively used to infer ASM.
MethylPurify does not rely on genetic variation informa-
tion, so could detect more ASM or differentially methyl-
ated regions that lack genome variations. Since genome
variations provide additional layers of information for
methylation level and mixing ratio inference [50], it is
a good feature to be incorporated in future versions
of MethylPurify. In addition to point mutations, somatic
copy number aberration (CNA) is also common in
cancers, and this also affect tumor/normal methylome
comparisons. In fact, some of the false positive (P = 0.023)
and false negative (P= 1.1e-05) predictions from Methyl
Purify might be due to potential copy number amplifications
in the tumors (Figure 5g). However, for bisulfite-sequencing
data with sufficient coverage, large regions of CNA
might be directly identified from sequence coverage.
Therefore, future versions of MethylPurify could esti-
mate their effect in the model to eliminate false posi-
tives or false negatives.

Methods
Notation and model construction
Suppose a tumor tissue consists of tumor and normal
cells. Since the composition of each cell type is unknown,
we use the terms ‘major component’ and ‘minor compo-
nent’ to represent the respective cell types that make up
the majority and minority of the cell population in the
tumor. In most cases, the tumor cells are the major com-
ponent. Denote the proportion of minor and major com-
ponents in a tumor mixture as α1 and α2, and their
corresponding CpG methylation ratio in a given genomic
interval I as m1 and m2, respectively. The methylation pat-
tern in this interval could be modeled by three free pa-
rameters Θ = (m1, m2, α1) since α1 + α2 = 1. We focus only
on methylation patterns at the CpG dinucleotide, since
non-CpG tri-nucleotide methylation patterns (mCHG and
mCHH, where H =A, C, or T) are shown to be different
from CpG methylation [51,52]. Let X be a set of bisulfite
reads mapped into I and x be a sequence from X. If x in-
cludes lx CpG cytosines, then x could be represented as a
binary sequence ¼ x1x2⋯xlx :

xi ¼ 1; if the ith CpG in x is methylated;
0; otherwise;

�

where i = 1, 2, …, lx. Denote Mx ¼
Xlx
i¼1

xi as the number

of methylated CpG cytosines in x, and Ux ¼
Xlx
i¼1

1−xið Þ
the number of unmethylated CpG cytosines in x.
The sequence x may come from either normal or can-

cer cells, so the probability of observing x is:

p xð Þ ¼ α1px;1 þ α2px;2

where px,j is the probability that sequence x is gener-
ated from the j-th component, j = 1,2. We assume that
the methylation status of each cytosine in a genomic
interval is independent, and px,j can be represented as

px;j ¼
Ylx
i¼1

mjxi þ 1−mj
� �

1−xið Þ� � ¼ mj
Mx ⋅ 1−mj
� �Ux

So the probability of observing the whole sequence set
X from I is

l Xð Þ ¼ p Xð Þ ¼
Y
x∈X

p xð Þ

Given a set of bisulfite reads mapped to a genomic
interval, the values of m1, m2, and α1 can be estimated
by maximizing the log likelihood function

~Θ ¼ arg max
Θ

l Xð Þ ¼ arg max
Θ

Y
x∈X

p xð Þ

¼ arg max
Θ

X
x∈X

logp xð Þ

The optimization problem can be solved by the typical
Expectation-Maximization (EM) algorithm by introdu-
cing a latent random variable zx indicating the member-
ship of sequence x:

zx ¼ 1; if x ∈ minor component;
2; if x ∈ major component:

�

Let Qx(j) be the probability of zx= j, then the log-likelihood
function can be rewritten as

l Xð Þ ¼
X
x∈X

logp xð Þ ¼
X
x∈X

log
X2
j¼1

Qx jð Þ αjpx;j
Qx jð Þ
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According to the EM algorithm, if Qx(j) is estimated
by the posterior probability of zx given x and a pre-
defined parameter setting Θ, that is,

Qx jð Þ ¼ p zx ¼ j x;ΘÞ ¼ αjpx;j
α1px;1 þ α2px;2

�����
 

Then by Jensen’s inequality, the above log-likelihood
function can be estimated by

l Xð Þ ¼
X
x∈X

logp xð Þ ¼
X
x∈X

log
X2
j¼1

Qx jð Þ αjpx;j
Qx jð Þ

≥
X
x∈X

X2
j¼1

Qx jð Þ log αjpx;j
Qx jð Þ≜J X;Qð Þ

So,

J X;Qð Þ ¼
X
x∈X

X
j¼1;2

Qx jð Þ logαj þ logpx;j− logQx jð Þ
� �

¼
X
x∈X

X
j¼1;2

Qx jð Þ Mx logmj þ Ux log 1−mj
� �� �

þ
X
x∈X

X
j¼1;2

Qx jð Þ logαj− logQx jð Þ� �

Setting ∂J X;Qð Þ
∂mj

¼ 0 and ∂J X;Qð Þ
∂α1

¼ 0, we have

X
x∈X

Qx jð Þ Mx

mj
−

Ux

1−mj
� �

 !
¼ 0

X
x∈X

Qx jð Þ Mx−lxmj

mj 1−mj
� � ¼ 0

mj ¼
X

x∈X
Qx jð ÞMxX

x∈X
Qx jð Þlx

and

X
x∈X

Qx 1ð Þ 1
α1

−
X
x∈X

Qx 2ð Þ 1
1−α1

¼ 0

X
x∈X

Qx 1ð Þ−α1Qx 1ð Þ−α1Qx 2ð Þ
α1 1−α1ð Þ ¼ 0

X
x∈X

Qx 1ð Þ−α1
α1 1−α1ð Þ ¼ 0

α1 ¼
X

x
Qx 1ð Þ
Xj j

So the final EM algorithm can be formulated as
(E-step): for each x

Qx jð Þ :¼ p zx ¼ j x;Θ

!
¼ αjpx;j

α1px;1 þ α2px;2

�����
 

(M-step):

mj ¼
X

x∈X
Qx jð ÞMxX

x∈X
Qx jð Þlx

; j ¼ 1; 2

α1 ¼
X

x
Qx 1ð Þ
Xj j

8>>>><
>>>>:

Intuitively, the EM algorithm starts with a random
guess of the model parameters Θ = (m1, m2, α1). In the E
step, the algorithm computes the membership probabil-
ity Qx(j) for each binary sequence given the current esti-
mation of Θ. In the M step, Θ is re-estimated based on
the membership probabilities Qx(j). By repeating the E
steps and M steps recursively, the EM algorithm is
proven to converge to a local maximum of log likelihood
function [53].

Determination of the mixing ratio
For most genomic bins, their methylation levels in
tumor and its normal cells are roughly consistent. These
bins are considered to be ‘non-informative’ in our esti-
mation because any choice of α1 would lead to the same
value of the likelihood function. Even if the bin is ‘in-
formative’ (or has different methylation levels between
normal and tumor cells), it is difficult to estimate the
real mixing ratio precisely just from one bin due to the
random noise and the insufficient read coverage. Known
that all informative bins share approximately the same
mixing ratio, we use the following strategy: we identify
the informative bins through a bootstrap strategy, esti-
mate the mixing ratio of each informative bin individu-
ally, and ‘vote’ for the real mixing ratio by combining the
results from all those bins.
A bin is informative to determine the mixing ratio if it

has enough read coverage and all reads in this bin are
homozygous (that is, all the CpG dinucleotides in one
read are methylated or non-methylated). So it is ex-
pected to get very reliable estimation even from partial
data. We adopt the following strategies to search inform-
ative bins. First, we constrain our informative bin search
on the CpG islands and nearby regions because these re-
gions have high CpG density and highly variable methy-
lation level compared to the normal cells [14]. Second,
if a bin has no methylation difference between normal
and tumor cells, the predicted mixing ratio will be ran-
domly distributed between 0 and 1 due to the random
initialization of parameters. As a result, we further select
bins based on the variation of the parameter estimations
from random sampling. We sampled all reads from a bin
with replacement 50 times, and optimize the parameters
based on the selected reads using the EM algorithm. We
calculate the standard deviations of the three parameters
across sampling, and bins whose parameters have lower
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standard derivations are selected. According to the
simulation results, we found that the standard deviation
of m1 is significantly higher than the other two parame-
ters, and thus is adopted to rank all bins.
Copy number variations (CNVs) are frequently detected

in tumor cells and may confound the results of estimating
the mixing ratio. Theoretically, the amplified bins are
more prone to be selected as informative bins due to their
deeper read coverage compared to the normal bins, and
the estimation results from these bins may be inaccurate
due to the elevated read counts from the tumor compo-
nent. So we collected genomic regions that confer fre-
quent amplification or deletion at different types of cancer
from TCGA [54,55] and discard informative bins located
in these regions. In addition, in order to alleviate the prob-
lem of novel CNVs for a specific sample or new cancer
types not covered by TCGA, we only keep up to one in-
formative bin for each GpG Island.
After selecting informative bins and removing the effect

of CNVs, for each sliding bin of length 300, we computed
the informative divergence based on all reads mapped to
it, and ranked all bins by the value of informative diver-
gence. Bins with the smallest informative divergence are
selected to determine the predicted mixing ratio. The in-
formative divergence cutoff to determine the number of
informative bins needs to be small enough to ensure the
stability and large enough to include a sufficient number
of informative bins for a reliable estimation. In our model,
we selected the top 500 bins with standard deviation of
m1 less than 0.1. However, if we could not get enough in-
formative bins (less than 500) because the sequence depth
and read length is not enough, or the normal cell contam-
ination is less than 5%, then our program (MethylPurify)
will stop and report an error.

Finding differentially methylated regions
With the predicted mixing ratio in mind, we next esti-
mate the other two free parameters in our EM algorithm
for each sliding bin across the genome. The computation
is very similar as the previous three-parameter estima-
tion model, except for a known α1, we thus omit the de-
tail deduction in this part. A bin is called ‘differentially
methylated’ if the predicted methylation ratios between
normal and tumor cells are larger than a given threshold
(0.5 in our simulation experiments). Finally, adjacent
differentially methylated bins are merged together to get
the differentially methylated regions.
The likelihood function may not be unimodal and may

contain up to two local maxima (see Additional file 7:
Figure S7 as an example). To handle this situation, our
algorithm starts with two different initial values of
m1 and m2 (that is, m1 = 0.8, m2 = 0.2 and m1 = 0.2, m2 =
0.8), and the convergence point with higher likelihood
probability is selected as the final prediction.
Data access
The BS-seq data used in this manuscript have been de-
posited in the NCBI Gene Expression Omnibus (GEO)
under accession number GSE56712.
Availability
MethylPurify is available open source at https://pypi.
python.org/pypi/MethylPurify.
Additional files

Additional file 1: Figure S1. Distribution of informative bins over
chromosomes. Each red bar shows an informative bin inferred from the
cell line mixture of HCC (0.7) and HMEC (0.3). Informative bins are
defined as the top 500 qualifying bins (300 bp in length with > =10X
coverage and > =10 CpG) that with smallest parameter variance by EM
bootstrap.

Additional file 2: Figure S2. DMB prediction at different read coverage.
Bisulfite reads from two cell lines are randomly sampled to make sure the
mixing ratio of HCC and HMEC (HCC:0.7, HMEC:0.3) at different read
coverage (from 10-fold to 40-fold). Sensitivity and specificity are obtained
by the direct comparison between the two cell lines as benchmark.
Covered bins are qualifying bins in the genome with enough read
coverage and CpG counts.

Additional file 3: Figure S3. Distribution of Methylation levels of true
positive (a) and false positive bins (b) in HMEC and HCC cell lines. The
DMBs called by direct comparison between tumor and normal cell lines
(difference >0.5) were treated as benchmark to evaluate the predicted
DMBs identified by MethylPurify. In each subfigure, the white dot shows
the median, the thick black bar represents the interquartile range, and
the thin black bar represents 95% confidence intervals.

Additional file 4: Figure S4. Overlap between predicted DMBs and
true DMBs after removing the inconsistent bins in HCC. True DMBs (blue)
are derived by the direct comparison between the two cell lines
(difference >0.5); Predicted DMBs (red) are differentially methylated bins
(difference > 0.5) identified by MethylPurify only from the simulated cell
mixture (HCC:0.7, HMEC:0.3). The inconsistent bins were defined as bins
that contain inconsistent reads (SD of observed reads methylation
level >0.1) and were considered as heterogeneous regions.

Additional file 5: Figure S5. Impact of allele-specific methylation
(ASM) to mixing ratio prediction. (a) Suppose the mixing ratio of a tumor
tissue is 0.4 (normal): 0.6 (tumor), and within a region the normal part is
allele-specific methylated while the tumor part not. (b) MethylPurify is
inclined towards separating reads into fully methylated and fully
unmethylated populations, thus (c) predicting the mixing ratio to be 0.2
(unmethylated): 0.8 (methylated).

Additional file 6: Figure S6. Mixing ratios and DMB prediction for two
metastatic lung cancer samples. (a) Distribution of informative bins and
the calculated minor components of two metastatic lung cancer samples.
(b) DMBs in blue were inferred directly by comparing normal and tumor
tissues, DMBs in red were predicted by MethlPurify from only tumor
tissues, and DMBs in green were summarized from TCGA (bins that
frequently show altered DNA methylation in lung cancers).

Additional file 7: Figure S7. Contour plot of log likelihood function for
a typical DMB. The log likelihood function of a bin is summed from all
reads mapped to this bin by varying two free parameters m1 and m2

from 0 to 1. The red triangle shows a local maxima, while the red star is
the global optimum.
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The cancer genome Atlas; WGBS: Whole genome bisulfite sequencing.

https://pypi.python.org/pypi/MethylPurify
https://pypi.python.org/pypi/MethylPurify
http://www.biomedcentral.com/content/supplementary/9737754001327268_MOESM1_ESM.pdf
http://www.biomedcentral.com/content/supplementary/9737754001327268_MOESM2_ESM.pdf
http://www.biomedcentral.com/content/supplementary/9737754001327268_MOESM3_ESM.pdf
http://www.biomedcentral.com/content/supplementary/9737754001327268_MOESM4_ESM.pdf
http://www.biomedcentral.com/content/supplementary/9737754001327268_MOESM5_ESM.pdf
http://www.biomedcentral.com/content/supplementary/9737754001327268_MOESM6_ESM.pdf
http://www.biomedcentral.com/content/supplementary/9737754001327268_MOESM7_ESM.pdf


Zheng et al. Genome Biology 2014, 15:419 Page 12 of 13
http://genomebiology.com/2014/15/8/419
Competing interests
The authors declare no competing financial interests.

Authors' contributions
YZ, PZ, and QZ conceived the hypothesis. XSL, XZ, QZ, and HJW designed
and performed the simulation experiments. JH, YH, FL, and JW (BGI)
provided and processed the lung adenocarcinoma bisulfite sequencing data.
WL, HW, CAM, HX, CZ, PJ, and JW participated in helpful discussions. XZ and
QAQ wrote the pipeline. XSL and XZ wrote the manuscript with help from
WL, PZ, and YZ. All authors read and approved the final manuscript.

Acknowledgments
The authors thank Bing Ren and Gary Hon for sharing their WGBS data and
the list of allele-specific methylated regions and Alex Meissner for sharing
their RRBS raw data to test MethylPurify. We also thank Dr. Franziska Michor
for the helpful advices on modeling and sequence analysis aspects of the
project. This work was funded by the National Natural Science Foundations
of China (No. 31100953 to XZ; 31329003 to XSL; 31200949 to QZ; 31322031
and 31371288 to YZ.), Innovation Program of Shanghai Municipal Education
Commission (No. 12YZ088 to XZ), and National Institutes of Health of US
(GM099409 to XSL).

Author details
1Department of Mathematics, Shanghai Normal University, Shanghai, China.
2Department of Biostatistics and Computational Biology, Dana-Farber Cancer
Institute and Harvard School of Public Health, Boston, Massachusetts, USA.
3Department of Bioinformatics, School of Life Science and Technology,
Tongji University, Shanghai, China. 4Tongji University Advanced Institute,
Translational Medicine, Shanghai, China. 5Center for Functional Cancer
Epigenetics, Dana-Farber Cancer Institute, Boston, Massachusetts, USA.
6BGI-Shenzhen, Shenzhen, China. 7The First Affiliated Hospital of Guangzhou
Medical College, Guangzhou, China. 8Department of Biology, University of
Copenhagen, Ole Maaløes Vej 5, 2200 Copenhagen, Denmark. 9Princess Al
Jawhara Center of Excellence in the Research of Hereditary Disorders, King
Abdulaziz University, Jeddah 21589, Saudi Arabia. 10Macau University of
Science and Technology, Avenida Wai long, Taipa, Macau 999078, China.
11Department of Medicine, University of Hong Kong, Pokfulam, Hong Kong.
12Department of Thoracic Surgery, Shanghai Pulmonary Hospital of Tongji
University School of Medicine, Shanghai, China.

Received: 18 June 2014 Accepted: 7 August 2014
Published: 7 August 2014

References
1. Li E, Bestor TH, Jaenisch R: Targeted mutation of the DNA methyltransferase

gene results in embryonic lethality. Cell 1992, 69:915–926.
2. Li E, Beard C, Jaenisch R: Role for DNA methylation in genomic

imprinting. Nature 1993, 366:362–365.
3. Fang F, Hodges E, Molaro A, Dean M, Hannon GJ, Smith AD: Genomic

landscape of human allele-specific DNA methylation. Proc Natl Acad Sci
U S A 2012, 109:7332–7337.

4. Panning B, Jaenisch R: RNA and the epigenetic regulation of X
chromosome inactivation. Cell 1998, 93:305–308.

5. Xie M, Hong C, Zhang B, Lowdon RF, Xing X, Li D, Zhou X, Lee HJ, Maire CL,
Ligon KL, Gascard P, Sigaroudinia M, Tlsty TD, Kadlecek T, Weiss A, O’Geen
H, Farnham PJ, Madden PA, Mungall AJ, Tam A, Kamoh B, Cho S, Moore R,
Hirst M, Marra MA, Costello JF, Wang T: DNA hypomethylation within
specific transposable element families associates with tissue-specific
enhancer landscape. Nat Genet 2013, 45:836–841.

6. Eden A, Gaudet F, Waghmare A, Jaenisch R: Chromosomal instability and
tumors promoted by DNA hypomethylation. Science 2003, 300:455.

7. Feinberg AP, Cui H, Ohlsson R: DNA methylation and genomic imprinting:
insights from cancer into epigenetic mechanisms. Semin Canc Biol 2002,
12:389–398.

8. Ehrlich M: DNA methylation in cancer: too much, but also too little.
Oncogene 2002, 21:5400–5413.

9. Jones PA, Baylin SB: The fundamental role of epigenetic events in cancer.
Nat Rev Genet 2002, 3:415–428.

10. Das PM, Singal R: DNA methylation and cancer. J Clin Oncol 2004,
22:4632–4642.
11. Robertson KD: DNA methylation and human disease. Nat Rev Genet 2005,
6:597–610.

12. Beck S, Rakyan VK: The methylome: approaches for global DNA
methylation profiling. Trends Genet 2008, 24:231–237.

13. Javierre BM, Fernandez AF, Richter J, Al-Shahrour F, Martin-Subero JI,
Rodriguez-Ubreva J, Berdasco M, Fraga MF, O’Hanlon TP, Rider LG, Jacinto
FV, Lopez-Longo FJ, Dopazo J, Forn M, Peinado MA, Carreno L, Sawalha AH,
Harley JB, Siebert R, Esteller M, Miller FW, Ballestar E: Changes in the pattern
of DNA methylation associate with twin discordance in systemic lupus
erythematosus. Genome Res 2010, 20:170–179.

14. Hansen KD, Timp W, Bravo HC, Sabunciyan S, Langmead B, McDonald OG,
Wen B, Wu H, Liu Y, Diep D, Briem E, Zhang K, Irizarry RA, Feinberg AP:
Increased methylation variation in epigenetic domains across cancer
types. Nat Genet 2011, 43:768–775.

15. Meissner A, Gnirke A, Bell GW, Ramsahoye B, Lander ES, Jaenisch R: Reduced
representation bisulfite sequencing for comparative high-resolution DNA
methylation analysis. Nucleic Acids Res 2005, 33:5868–5877.

16. Gu H, Bock C, Mikkelsen TS, Jager N, Smith ZD, Tomazou E, Gnirke A,
Lander ES, Meissner A: Genome-scale DNA methylation mapping of
clinical samples at single-nucleotide resolution. Nat Methods 2010,
7:133–136.

17. Gu H, Smith ZD, Bock C, Boyle P, Gnirke A, Meissner A: Preparation of
reduced representation bisulfite sequencing libraries for genome-scale
DNA methylation profiling. Nat Protocol 2011, 6:468–481.

18. Berman BP, Weisenberger DJ, Aman JF, Hinoue T, Ramjan Z, Liu Y,
Noushmehr H, Lange CP, van Dijk CM, Tollenaar RA, Van Den Berg D,
Laird PW: Regions of focal DNA hypermethylation and long-range
hypomethylation in colorectal cancer coincide with nuclear
lamina-associated domains. Nat Genet 2012, 44:40–46.

19. Harris RA, Wang T, Coarfa C, Nagarajan RP, Hong C, Downey SL, Johnson BE,
Fouse SD, Delaney A, Zhao Y, Olshen A, Ballinger T, Zhou X, Forsberg KJ, Gu
J, Echipare L, O'Geen H, Lister R, Pelizzola M, Xi Y, Epstein CB, Bernstein BE,
Hawkins RD, Ren B, Chung WY, Gu H, Bock C, Gnirke A, Zhang MQ, Haussler
D, et al: Comparison of sequencing-based methods to profile DNA
methylation and identification of monoallelic epigenetic modifications.
Nat Biotechnol 2010, 28:1097–1105.

20. Shen L, Kondo Y, Rosner GL, Xiao L, Hernandez NS, Vilaythong J, Houlihan
PS, Krouse RS, Prasad AR, Einspahr JG, Buckmeier J, Alberts DS, Hamilton SR,
Issa JP: MGMT promoter methylation and field defect in sporadic
colorectal cancer. J Natl Cancer Inst 2005, 97:1330–1338.

21. Issa JP: DNA methylation as a therapeutic target in cancer. Clin Cancer Res
2007, 13:1634–1637.

22. Hon GC, Hawkins RD, Caballero OL, Lo C, Lister R, Pelizzola M, Valsesia A,
Ye Z, Kuan S, Edsall LE, Camargo AA, Stevenson BJ, Ecker JR, Bafna V,
Strausberg RL, Simpson AJ, Ren B: Global DNA hypomethylation coupled
to repressive chromatin domain formation and gene silencing in breast
cancer. Genome Res 2012, 22:246–258.

23. Carter SL, Cibulskis K, Helman E, McKenna A, Shen H, Zack T, Laird PW,
Onofrio RC, Winckler W, Weir BA, Beroukhim R, Pellman D, Levine DA,
Lander ES, Meyerson M, Getz G: Absolute quantification of somatic DNA
alterations in human cancer. Nat Biotechnol 2012, 30:413–421.

24. Bengtsson H, Neuvial P, Speed TP: TumorBoost: normalization of
allele-specific tumor copy numbers from a single pair of tumor-normal
genotyping microarrays. BMC Bioinformatics 2010, 11:245.

25. Van Loo P, Nordgard SH, Lingjaerde OC, Russnes HG, Rye IH, Sun W,
Weigman VJ, Marynen P, Zetterberg A, Naume B, Perou CM, Borresen-Dale
AL, Kristensen VN: Allele-specific copy number analysis of tumors. Proc
Natl Acad Sci U S A 2010, 107:16910–16915.

26. Yu G, Zhang B, Bova GS, Xu J, Shih Ie M, Wang Y: BACOM: in silico
detection of genomic deletion types and correction of normal cell
contamination in copy number data. Bioinformatics 2011, 27:1473–1480.

27. Su X, Zhang L, Zhang J, Meric-Bernstam F, Weinstein JN: PurityEst:
estimating purity of human tumor samples using next-generation
sequencing data. Bioinformatics 2012, 28:2265–2266.

28. Quon G, Haider S, Deshwar AG, Cui A, Boutros PC, Morris Q: Computational
purification of individual tumor gene expression profiles leads to
significant improvements in prognostic prediction. Genome Med 2013, 5:29.

29. Yoshihara K, Shahmoradgoli M, Martinez E, Vegesna R, Kim H, Torres-Garcia
W, Trevino V, Shen H, Laird PW, Levine DA, Carter SL, Getz G, Stemke-Hale K,
Mills GB, Verhaak RG: Inferring tumour purity and stromal and immune
cell admixture from expression data. Nat Comm 2013, 4:2612.



Zheng et al. Genome Biology 2014, 15:419 Page 13 of 13
http://genomebiology.com/2014/15/8/419
30. Xie W, Barr CL, Kim A, Yue F, Lee AY, Eubanks J, Dempster EL, Ren B:
Base-resolution analyses of sequence and parent-of-origin dependent
DNA methylation in the mouse genome. Cell 2012, 148:816–831.

31. Baylin SB, Herman JG, Graff JR, Vertino PM, Issa JP: Alterations in DNA
methylation: a fundamental aspect of neoplasia. Adv Canc Res 1998,
72:141–196.

32. Dammann R, Li C, Yoon JH, Chin PL, Bates S, Pfeifer GP: Epigenetic
inactivation of a RAS association domain family protein from the lung
tumour suppressor locus 3p21.3. Nat Genet 2000, 25:315–319.

33. Burbee DG, Forgacs E, Zochbauer-Muller S, Shivakumar L, Fong K, Gao B,
Randle D, Kondo M, Virmani A, Bader S, Sekido Y, Latif F, Milchgrub S,
Toyooka S, Gazdar AF, Lerman MI, Zabarovsky E, White M, Minna JD:
Epigenetic inactivation of RASSF1A in lung and breast cancers and
malignant phenotype suppression. J Natl Cancer Inst 2001, 93:691–699.

34. Eckhardt F, Lewin J, Cortese R, Rakyan VK, Attwood J, Burger M, Burton J,
Cox TV, Davies R, Down TA, Haefliger C, Horton R, Howe K, Jackson DK,
Kunde J, Koenig C, Liddle J, Niblett D, Otto T, Pettett R, Seemann S,
Thompson C, West T, Rogers J, Olek A, Berlin K, Beck S: DNA methylation
profiling of human chromosomes 6, 20 and 22. Nat Genet 2006,
38:1378–1385.

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

36. Hodges E, Smith AD, Kendall J, Xuan Z, Ravi K, Rooks M, Zhang MQ, Ye K,
Bhattacharjee A, Brizuela L, McCombie WR, Wigler M, Hannon GJ, Hicks JB:
High definition profiling of mammalian DNA methylation by array
capture and single molecule bisulfite sequencing. Genome Res 2009,
19:1593–1605.

37. Nowell PC: The clonal evolution of tumor cell populations. Science 1976,
194:23–28.

38. Shackleton M, Quintana E, Fearon ER, Morrison SJ: Heterogeneity in cancer:
cancer stem cells versus clonal evolution. Cell 2009, 138:822–829.

39. Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H, Cahill
DP, Nahed BV, Curry WT, Martuza RL, Louis DN, Rozenblatt-Rosen O, Suva
ML, Regev A, Bernstein BE: Single-cell RNA-seq highlights intratumoral
heterogeneity in primary glioblastoma. Science 2014, 344:1396–1401.

40. Suva ML, Rheinbay E, Gillespie SM, Patel AP, Wakimoto H, Rabkin SD, Riggi
N, Chi AS, Cahill DP, Nahed BV, Curry WT, Martuza RL, Rivera MN, Rossetti N,
Kasif S, Beik S, Kadri S, Tirosh I, Wortman I, Shalek AK, Rozenblatt-Rosen O,
Regev A, Louis DN, Bernstein BE: Reconstructing and reprogramming the
tumor-propagating potential of glioblastoma stem-like cells. Cell 2014,
157:580–594.

41. Xi Y, Li W: BSMAP: whole genome bisulfite sequence MAPping program.
BMC Bioinformatics 2009, 10:232.

42. Robertson KD, Jones PA: DNA methylation: past, present and future
directions. Carcinogenesis 2000, 21:461–467.

43. Bariol C, Suter C, Cheong K, Ku S-L, Meagher A, Hawkins N, Ward R: The
relationship between hypomethylation and CpG island methylation in
colorectal neoplasia. Am J pathol 2003, 162:1361–1371.

44. Esteller M: Aberrant DNA methylation as a cancer-inducing mechanism.
Annu Rev Pharmacol Toxicol 2005, 45:629–656.

45. Irizarry RA, Ladd-Acosta C, Wen B, Wu ZJ, Montano C, Onyango P, Cui HM,
Gabo K, Rongione M, Webster M, Ji H, Potash JB, Sabunciyan S, Feinberg AP:
The human colon cancer methylome shows similar hypo- and
hypermethylation at conserved tissue-specific CpG island shores.
Nat Genet 2009, 41:178–186.

46. Wang SS, Smiraglia DJ, Wu YZ, Ghosh S, Rader JS, Cho KR, Bonfiglio TA,
Nayar R, Plass C, Sherman ME: Identification of novel methylation markers
in cervical cancer using restriction landmark genomic scanning.
Cancer Res 2008, 68:2489–2497.

47. Teschendorff AE, Widschwendter M: Differential variability improves the
identification of cancer risk markers in DNA methylation studies profiling
precursor cancer lesions. Bioinformatics 2012, 28:1487–1494.

48. Teschendorff AE, Jones A, Fiegl H, Sargent A, Zhuang JJ, Kitchener HC,
Widschwendter M: Epigenetic variability in cells of normal cytology is
associated with the risk of future morphological transformation. Genome
Med 2012, 4:24.

49. Network TCGAR: Comprehensive genomic characterization of squamous
cell lung cancers. Nature 2012, 489:519–525.
50. Liu Y, Siegmund KD, Laird PW, Berman BP: Bis-SNP: Combined DNA
methylation and SNP calling for Bisulfite-seq data. Genome Biol 2012,
13:R61.

51. Haines TR, Rodenhiser DI, Ainsworth PJ: Allele-specific non-CpG methylation of
the Nf1 gene during early mouse development. Dev Biol 2001, 240:585–598.

52. Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, Nery
JR, Lee L, Ye Z, Ngo QM, Edsall L, Antosiewicz-Bourget J, Stewart R, Ruotti V,
Millar AH, Thomson JA, Ren B, Ecker JR: Human DNA methylomes at base
resolution show widespread epigenomic differences. Nature 2009,
462:315–322.

53. McLachlan GJ, Krishnan T: The EM Algorithm and Extensions. 2nd edition.
Hoboken, NJ: Wiley-Interscience; 2008.

54. Beroukhim R, Mermel CH, Porter D, Wei G, Raychaudhuri S, Donovan J,
Barretina J, Boehm JS, Dobson J, Urashima M, Mc Henry KT, Pinchback RM,
Ligon AH, Cho YJ, Haery L, Greulich H, Reich M, Winckler W, Lawrence MS,
Weir BA, Tanaka KE, Chiang DY, Bass AJ, Loo A, Hoffman C, Prensner J,
Liefeld T, Gao Q, Yecies D, Signoretti S, et al: The landscape of somatic
copy-number alteration across human cancers. Nature 2010, 463:899–905.

55. Mermel CH, Schumacher SE, Hill B, Meyerson ML, Beroukhim R, Getz G:
GISTIC2.0 facilitates sensitive and confident localization of the targets
of focal somatic copy-number alteration in human cancers. Genome Biol
2011, 12:R41.

doi:10.1186/s13059-014-0419-x
Cite this article as: Zheng et al.: MethylPurify: tumor purity
deconvolution and differential methylation detection from single tumor
DNA methylomes. Genome Biology 2014 15:419.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results and discussion
	Computational framework
	Inference of mixing ratio from simulated mixture of bisulfite reads from tumor and normal cell lines
	Detection of differentially methylated bins in the simulated mixture
	Application of MethylPurify to lung cancer tissues

	Conclusion
	Methods
	Notation and model construction
	Determination of the mixing ratio
	Finding differentially methylated regions
	Data access
	Availability

	Additional files
	Abbreviations
	Competing interests
	Authors' contributions
	Acknowledgments
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


