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SUMMARY
The DNA of most vertebrates is depleted in CpG dinucleotide: a C followed by a G in’ttee $
direction. CpGs are the target for DNA methylation, a chemical modification of cytosine (C) heritable
during cell division and the most well-characterized epigenetic mechanism. The remaining CpGs tend to
cluster in regions referred to as CpG islands (CGl). Knowing CGl locations is important because they
mark functionally relevant epigenetic loci in development and disease. For various mammals, including
human, a readily available and widely used list of CGl is available from the UCSC Genome Browser.
This list was derived using algorithms that search for regions satisfying a definition of CGI proposed by
Gardiner-Garden and Frommer more than 20 years ago. Recent findings, enabled by advances in tech-
nology that permit direct measurement of epigenetic endpoints at a whole-genome scale, motivate the
need to adapt the current CGI definition. In this paper, we propose a procedure, guided by hidden Markov
models, that permits an extensible approach to detecting CGIl. The main advantage of our approach over
others is that it summarizes the evidence for CGI status as probability scores. This provides flexibility
in the definition of a CGI and facilitates the creation of CGI lists for other species. The utility of this
approach is demonstrated by generating the first CGl lists for invertebrates, and the fact that we can cre-
ate CGl lists that substantially increases overlap with recently discovered epigenetic marks. A CGlI list
and the probability scores, as a function of genome location, for each species are available at http://www
.rafalab.org.
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1. INTRODUCTION

DNA methylation is a type of chemical modification of DNA that can be inherited without changing the
DNA sequence. This type of heritable mechanism is referred to as “epigenetic inheritance.” DNA methy-
lation involves the addition of a methyl group to DNA and typically occurs at a C followed, in' ttee®5
direction, by a G. Biologists refer to this dinucleotide as a CpG, where the p impliestih& Slirection.
Figurel(a) is a simplified illustration of how DNA methylation is maintained during cell division. DNA
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methylation is of particular interest because it is involved in gene regulation. It affects the transcription
of genes in 2 ways. First, the methylation of DNA can impede the binding of transcriptional proteins
to the gene, thus blocking transcription. Second, methylated DNA may be bound by proteins that start
a series of chemical events that result in the formation of compact DNA that renders it inactive. Note
that although 2 cell types in an organism have the same genome, their methylation pattern can be differ-
ent (Figurel(b)). The fact that DNA methylation is heritable makes it the most prominent mechanism
used by differentiated cells to pass tissue-specific transcription patterns to daughter cells in cell division.
Therefore, DNA methylation is regarded as the “fifth base” of the genome and is of great interest to
biologists.

The DNA of most vertebrates is depleted in CpG dinucleotides. The remaining CpGs tend to cluster
in regions referred to as CpG islands (CGl) (Fig@yelnterest in CGI grew when it was demonstrated
that, in vertebrates, they are enriched in regions of the genome involved in gene transcription referred to
as “promoters” Bird, 1986. Furthermore, many investigators have observed altered DNA methylation
of CGI in development and cancefdinberg 2007). Irizarry and others(2008 recently demonstrated
that “CGI shores,” defined as regions within 2000 (bp) but not inside CGl, are useful predictors for ge-
nomic locations that are differentially methylated across different tissues and between cancer and normal
samples.
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Fig. 1. Cartoon illustrating how DNA methylation is inherited in cell division on how it could be involved in tissue
differentiation. (a) The fact that the complement of a CpG is also a CpG facilitates the inheritance mechanism. The
cartoon illustrates how, during mitotic cell division, DNA methylation is inherited. (b) This cartoon illustrates how 2
cells can have the same genomic sequence but a different methylation pattern.

o
O._
Q
T o
o4
24 |
O
o
O._
e B L ) I |
420000 430000 440000 450000 460000
chr1

Fig. 2. A genomic region of 40000 bases from chromosome 1 is shown. The ticks oraitie represent CpG
locations. The points represent CpG rates in segments of length 256 bases The curve is the result of a kernel smoother
of the points. Approximately 20% of the genome are Cs and 20% are Gs. Thus, we expect about 4% of dinucleotides
to be CpG. However, most points are well below rates 4% with 2 clusters well above 4%. The latter are CGI.
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A specific example of the need for knowledge of CGl locations is their use in the construction of high-
throughput assays. The traditional technique for measuring DNA methylation, bisulfite modification-based
sequencing, is labor intensive and not suitable for genome-wide studies. New molecular biology tech-
nigues, along with the use of microarrays or second-generation sequencing technologies, has made high-
throughput unbiased methylation profiling feasible. However, whole-genome assays are too costly for
most research groups. Knowledge of CGl locations provide manufacturers a way to construct cost-effective
products that focus on regions known to be associated with important epigenetic égitest(2008
Meissnerand others2008.

Although existing CGI lists have been widely used, comprehensive measurements of methylation,
enabled by recent advances in technology, demonstrate that the current definition needs to be improved.
Furthermore, the current definition was developed for humans and interest in measuring DNA methylation
in other organisms motivates the need for a more general definition. In S@ctiem describe existing
approaches to detecting CGI and point out their limitations. In Se&iare motivate the need for a new
approach and the statistical model that we use to redefine the concept of a CGI. In 8asopresent
the model. In Sectio®, we describe improvements over existing approaches obtained from fitting our
model. Finally, in Sectio® we summarize our findings.

2. PREVIOUS WORK

A formal definition of a CGI was provided b@ardiner-Garden and Fromm@987. A CGl is defined

as a region of at least 200 bp, with the proportion of Gs or Cs, referred to as “GC content,” greater
than 50%, and observed to expected CpG ratio (O/E) greater than 0.6. The observed to expected ratio is
calculated by dividing the proportion of CpG dinucleotides in the region by what is expected by chance
when bases are assumed to be independent outcomes of a multinomial distribution. The formula currently
used is

#CpG/N

E= "7~
o #C/N x #G/N

with N the number of bp in the segment under consideration. Various computer algorithms have been
developed that efficiently scan the genome for regions satisfying the definition. The most widely used
CGl list is based on this definition and is hosted by the UCSC Genome Broesetrgnd others2002.
However, this definition is somewhat arbitrary because the choice of the cutoffs has a great influence
on what is considered an island. The cutoff choice was likely derived from exploratory data analysis
(Gardiner-Garden and Frommé@®87 Figure 1) but neither a biological argument nor a formal statistical
motivation was used.

Alternative algorithmic definitions have been proposed. For exaniplgi and Jone§2002 con-
sidered slightly different cutoffs: a minimum length of 500 bp, a minimum GC content of 55% and a
minimum O/E of 0.65. They demonstrated that by using the new cutoffs, the enrichment for promoter
regions of genes was largely not affected, whereas most undesirable Alu-repetitive elements were ex-
cluded compared to the UCSC Genome Browser’s CGl list. Repetitive elements are sequences that appear
over and over again on the genome. As a specific type of repetitive element, the Alu sequence appears
more than 1 000 000 times. They are not associated with epigenetic marks but satisfy the CGI definition,
therefore biologists rather exclude them.

Glassand otherq2007) described a completely different algorithm. For every CpG, they recorded the
length of a segment needed to cover the nearest 27 CpGs. They then observed that, for certain species, a
histogram of these lengths shows a bimodal distribution. The histogram was used to select a cutoff and
regions associated with the first mode are defined as CpG “clusters” (their terminology for CGI). However,
both these alternative definitions also depend on cutoffs based on a difficult to interpret scale.
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Because we assume that the underlying structure of the genome includes unobserved states (CGI and
baseline), which are presumed to be locally correlated along the genome (see, e.g2kidpiniden
Markov models (HMMs) are a natural method to consi@urchill (1989 introduced the use of HMM
to sequence analysis. More recently, HMMs have been effectively used to partition genomes into segments
of similar stochastic structure (e.hluri, 1998 Nicolasand others 2002 Boys and Henderser2004).
In these approaches, the hidden state is assumed to be a homogeneous first-order Markov chain. The
distribution of the observed base at locatiorronditioned on the hidden state, is a heterogeneous first-
order Markov chain. States are then inferred from the base-to-base transitions observed in the genome
in question. In the examples cited above, this approach is effectively used to discover heterogeneities in
the genome of bacteri&{colasand others2002 and to segment these genomBsys and Henderson
2009.

In general, HMMs have been extensively used in sequence analysis to discover functional elements
in various genomes. In a seminal book on the topiarbin and others(1998 proposed the use of
HMMs for the task of detecting CGls. Specifically, 8 states are assumed: the 4 nucleotides in each
of the 2 states (CGI and baseline). Regions for which the state (CGI or baseline) is predetermined
(using the current definition) are used to estimate the transition probabilities. With the transition probabili-
ties in place and a sequence of dinucleotides, CGIl and baseline states can be predicted by fitting an HMM.

3. MOTIVATION
3.1 Limitation of existing methods

Recent advances in technology have enabled high-throughput measurement of epigenetic events such as
differentially methylated regions (DMRSs) across tissue types. Newly available data have motivated the
need for a more flexible CGI definition. For example, we examined data publishei@dnyy and others

(2008 and found many DMRs not associated with CGls but that were nevertheless in the shores of CpG-
enriched sequences. For example, one DMR reportddarry and otherg20089 was within 1000 bp

of a CpG cluster not currently defined as a CGI (Fig8(&)). Furthermore, this region coincides with a

gene promoter. Despite coinciding with 2 functional elements associated with CGl, this region meets only

2 of the 3 criteria of the formal definition: O/E is only 0.5. Therefore, this region is not in the Genome
Browser list of CGI. Visual inspection of the base composition around other DMRs not associated with
CGI demonstrated that this was a general problem (data not shown).

None of the existing competing algorithms solve this problem. By focusing only on promoters of
known genes, we find that the definition proposedTakai and Jone$2002), although successfully
filtering out more undesirable repetitive regions, results in even less sensitivity for functional epige-
netic elements. Furthermore, the Genome Browser list was filtered to remove repeats, which is a viable
solution that does not involve changing to a more restrictive definition. The algorithm descrisddsy
and otherq2007) has limitations as well. A specific problem is that several smaller clusters agglomerate
into larger ones (Figurd(b) shows an example). As a consequence, relatively long stretches of CpG de-
pleted regions are included in the CGI. Furthermore, the 27 CpG requirement results in a list that leaves
out many shorter CpG clusters that are associated with DMRs. For example, the CGI described above
(Figure3(a)), is excluded.

Similarly, more statistically based approaches have limitations. Although the model proposed by
Durbin and others(1998 serves as an elegant illustration, implementing the approach has not yielded
a practical method for genome-wide identification of CGI. To elaborate, note that the typical HMM
approach in sequence analysis models the transitions between bases directly. When applied to CGls, the
fundamental difference between the 2 states must therefore be the transition from C to G, with islands hav-
ing a bigger transition probability. However, below we demonstrate that for this approach to fit the data, we



Redefining CpG islands using HMMs 503

(a) GC ratio = 0.64, O/E = 0.50
M~ -
2 = 5C ratio o
e (SRS R ISR = + Obs/lExp |- c
(o] —
o o] | o 2
— W
L ]
(@]
(Te] ~
& TR ERTITER ] (T T T TR W TR TR A A R TRRCRTrrreaet QT TSNt ST PR S
CLSTN3
+ [
4 ! l
= R T T I T e O o o o e e e e e e o T e e b e e e e e e e e
Q
o -
I I ] I I I
7173500 7174000 7174500 7175000 7175500 7176000
chr12
(b)
@0 (o]
o | | | -
M~ _ - =
=]
I @
© c 28
2 o] -
o . © o
0 S
O v _| 2
o L < O
[e]
<+ _
=} -
(=]
(sp]
I=on i ] M Rl ||,m|n,|m|'\\u ITRITNRENE [

11004000 11005000 11006000 11007000 11008000
chr19

Fig. 3. The observed to expected ratio (green) and percentage  ®range) are shown for 2 regions of the human
genome. CpG clusters are denoted with bars along the bottom or top of the plot. (a) For a region covering the 5
end of CLSTN3 a CpG dense region that is not in current CGl list is denoted by the lime green bar at the bottom.
(b) The top (pink) bar denotes one of Glassl otherg2007) CGlI that engulfs 3 Genome Browser CGls (denoted

with purple bars at the bottom). The regions between the Genome Browser CGI have low observed to expected ratio.

would have to include much more than 2 hidden states, due to the variability in base composition observed
in most genomes. Moreover, in our experience, the level of complexity required by an HMM, applied to
the individual bases, impedes the development of a procedure useful for the creation of CGl lists.

If CGls are simply a cluster of CpGs, then a procedure that scans through the genome searching for
regions with larger than expected CpG rates would suffice. However, the evolutionary theory for CGI
motivates a more sophisticated approach. Briefly, the human genome is depleted of CpG because the mu-
tation rate for this specific dinucleotide is higher than otheamflerand others2001). CGls are believed
to be the result of certain segments of the genome being somewhat protected from the mechanism that
leads to this mutation. This is a possible explanation for the association of CGIl and locations relevant to
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development. This evolutionary argument, based on differing mutation rates, suggest that the fundamental
property that defines a CGl is not the CpG denpiy sebut the CpG density conditioned on GC content.

This is because regions that originally had high GC content had more CpG dinucleotides which, even
unprotected, resulted in relatively high CpG counts. Gardiner-Garden and Frommer’s definition, based on
the observed to expected ratio as opposed to just the number of CpG, agrees with the above described
theory. Our data exploration, described below, supports and builds on this approach.

3.2 Data exploration

We divided the human genome into nonoverlapping segments of length 256 bases after removing the
Alu-repetitive elements. The histogram of the CpG rates of these segments (figure not shown) does not
provide a clear cutoff for distinguishing CGI from baseline. However, if we stratify the segments by GC
content (Figured), distinct bimodal distributions of CpG rates are observed. The 2 modes support the
existence of 2 states: CGI and baseline. The fact that the center of the 2 modes increases with GC content
implies that we should consider rates of CpG counts relative to the GC content of the segments. That is,
we consider the number of CpGs relative to a quantity measuring the number of opportunities for CpGs,
similar to considering the number of events is relative to the size of the risk set in survival analysis. Note
that the O/E concept of Gardiner-Garden and Frommer is a clever and simple method for adhering to this
principal.

Our data exploration revealed another interesting characteristic of the human genome5 Blgawis
GC content for a representative region of the genome (with no repetitive elements). There appears 2 states
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Fig. 4. Histogram of CpG rates in nonoverlapping genomic segments of length 256 bases, stratified by the GC contents
in each segment. GC content strata is shown on top of each histograxis is the CpG ratey-axis shows the
percentage of segments belonging to each CpG rate category.
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Fig. 5. GC content plots. A region with no Alu repeats was divided into nonoverlapping segments of length 256 bases.
The points are the GC content of each segment. The curve is the result of a kernel smoother of the points.

for GC content as well. In Sectiofy we describe the relevance of this characteristic in our approach to
defining islands.

Figures2 and4 support the claims that CpGs are clustered and that O/E can be satisfactorily modeled
by 2 states. Therefore, a 2-state HMM is a natural method to consider. However, modeling the emission
probability at a single location is complicated because GC content, needed to compute O/E, varies widely
across the genome, as seen in Figoirdnother complication is that the distribution of CpG counts at
a single location is somewhat complicated because outcomes from consecutive locations are not inde-
pendent. For example, CG dinucleotide cannot start at consecutive bases. In 8eatiodescribed a
procedure, motivated by HMMs, that overcomes the described problems of existing approaches and the
difficulties of modeling sequence data directly. By modeling CpG counts in small bins instead of base-
to-base transitions, the complexity of the emission model is greatly reduced. The models are therefore
relatively simple and can be fit without cutoff choices which facilitated the extension to species for which
CGI have never been reported.

4, MODEL

For any given genome, we assumed that each chromosome is divided into 3 states: Alu repetitive ele-
ments, baseline, and CGI. Because the locations of the Alu-repetitive elements are well characterized,
they are inherently not of interest for the current statistical problem and therefore such regions were
removed. Hence, we characterize the problem as that of a semi-HMM, with a known state for Alu repet-
itive elements. Our analysis then considers the 2-state chain conditional on being in a non-Alu repetitive
state.

We followed the basic statistical concepts first useddimurchill (1989, described byburbin and
others(1998 and used by bioinformatic tools such as Multiple EM for Motif Elicitatidsa{ley and
others 2006, Motif Alignment & Search Tool Bailey, 1998, and Basic Local Alignment Search Tool
(Altschul and others 1990. The foundation of these tools is the stochastic modeling of bases in the
genome. We denot8(t) as the base at genomic locationpy(t) the probability thatB(t) = b for
b= AT,G,C, andpcg(t) the probability of being CpG at locatidn The depletion of CpG implies
that the probability of a C at locatianfollowed by a G is less likely than would be predicted by chance
under independencegicg(t) < pc(t) x ps(t + 1). We have argued that a useful model for detection
of CGI needs 2 states to describe changegdiit), ps(t), and pcg(t). However, we have specified
3 parameters for each genomic locatigmesulting in an overdetermined system. Placing parsimonious
modeling assumptions on the chain of bases that imply in a 2-state stochastic process for the chain of CpGs
would result in undue complexity. Instead, we describe and motivate simple assumptions that permitted
the derivation of a useful model from the general model described above.

We first divided the non-Alu regions into honoverlapping segments of lebhgtp. For the results
shown here, we used = 16. This choice is justified in Sectioh2 We denoted\c(s), Ng(s), and
Ncg(s) as the number o, G, and CpG in segmers, andY(s) the hidden state for segmestvith 2
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statesY(s) = 1 as CGl andr(s) = 0 as baseline. We assurivgs) is a stationary first-order Markov
chain.

As discussed in Section 3.2, the GC contlat(s) + Ng(s) and CpG counNcg(S) are not indepen-
dent. In order to fit an HMM orY (s), one has to evaluate the joint likelihood by a complicated numerical
method such as Monte Carlo Markov chain. Given the size of genomes (3 billion bases for human), we
opted for an intuitive and computational feasible approach: we modeled the data generating process with
a hierarchical model that we subsequently fit using direct estimates in an iterative stepped approach. The
most complex portion of the model involves a model for the GC contépts) + Ng(s). We require a
model that adheres to the following: (i) it must account for jumps in GC content, (ii) slowly varying trends
must also be accounted for, and (iii) fitting must be reasonably fast and able to accommodate the large
size of the data.

We first defined a latent Markov proceXss) to be the hidden state for segmentith statesX(s) =
1 as high GC count regions ant{s) = 0 as baseline. We assumed tias) was a stationary first-order
Markov chain with invariant probabilities; = Pr{X(s) = i}, say, and Z 2 transition matrixP. Let {S;}
be the collection of segments defined by a constant latent state. TRatis{1, ..., M1}, whereMj is
the smallest index so that(M1) # X(M1—1); S = {M1+1, ..., M2}, whereMz > M is the smallest
index so thatX (M2) # X (M2 — 1); and so on. This process divided the segments into regions of low or
high GC content.

The lowest level of the hierarchy characterized the unknown proportion of GC content in segment
s and was denoted bg(s). The model forp(s) must account for the fast variation in the chain of GC
content as well as the slow variation within segments of similar type, as shown in Eige posited
the following model onp(s):

p(s) | s e Sy andX(Mj) =i ~ Normakci + f(s), 72},

where) ¢ f(s) = 0 represented smooth deviations, while the additive constaapresents jumps in the
GC contents. Conditioned qu(s), the observed GC conteNt: (s)+ Ng (s) follows Binomial distribution:

Nc(s) + Ng(s) | p(s) ~ Bin{L, p(s)}.

For this approach, we approximated the binomial distribution with the normal density. We did not force
a binomial variance and estimated it from the data when fitting HMM. This gives us added flexibility,
though it requiredNc(s) + Ng(s)}/L to lie away from the 0 and 1 boundaries for the distributional
assumptions to be valid. However, this is well indicated by the data. Under the above model assumptions,
the GC content subtracting the slow variation forms a first-order HMM:

Nc(s) + Ng(s) — LT(s) | X(Mj) =i ~ Normakci, 52).

Note that we originally tried using smoothed GC content instead of the proposed 2-state model. How-
ever, results showed that CGls associated with low GC content are generally not associated with epigenetic
marks and need to be filtered out. Furthermore, we observed sharp changes in GC content as shown in
Figure5. To avoid arbitrarily selecting a cutoff for GC content and account for the GC content jumps, we
implemented the HMM approach.

Finally, conditioned orip(s)} andY (s) = i, we assumed an HMM oNc g (s) with Poisson emission
probabilities with conditional means

1
a x L x pc(s) x Pa(s) =& x L x 7 p(s)”.

Here, we are making the parsimony assumption faas) = pg(s) = %p(s). This assumption, though
perhaps aggressive if the bin sizes are small, is biologically well motivated. Further, the Poisson
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assumption is motivated in Section 4.1. Note that the paramateasid ag can be interpreted as the
O/E for the CGI and baseline regions, respectively.

4.1 Motivation for Poisson model

An important model assumption is that the number of CpG occurrences in a segment of the genome
approximately follows a Poisson distribution. Note that the counts are not binomial because CG dinu-
cleotide cannot start at consecutive bases. We termed the distribution nonconsecutive binomial and proved
that, asymptotically, we obtain the same results as if the counts were based on independent Bernoulli trials.

A detailed proof can be found at Section 1 of the supplementary material avail&8itestdtisticsonline.
We examined the properties of a our random variable using simulations. Bighosvs the probability
mass function of a nonconsecutive binomial and Poisson are similar for differmd p values.

4.2 Choosing the segment length

The Poisson approximation, described in Sectidi requiresL to be “large.” However, there is a trade-
off in that smaller values of provide better resolution for the edges of CGI. In this section, we present a

simulation and data-motivated rationale for choosing this parameter.

Our simulations showed that the approximation was appropriate for length larger_than 8
(Figure6). We further assessed the performance on real data by creating CGl lists as described in Section
5 for the human genome using segment lengthk of 8, 16, and 32. The resulting lists were similar.
Visual inspection revealed that there are various instances where smaller prbxinbb CGls were en-
gulfed into a larget. = 32 CGl, and usind. = 8 picked more short (less than 50 bp) CGls. Finally, we
created validation plots based on the association of CGI with epigenetic marks as described in5Section
for each lengthL. = 16 showed the best performance (supplementary Figure S1 of the supplementary
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material available aBiostatisticsonline). Thereforel. = 16 was used throughout this manuscript and we
recommend its use in practice. However, we emphasize that for future applications, because of the com-
putational shortcuts proposed, performing a similar sensitivity analysis on this parameter can be easily
done.

4.3 Parameter estimation

We used an iterative stepped approach to fit the posited hierarchical model. The benefits of this strategy are
many and most notably include the ability to use existing software for fitting, as well as making the com-
putational problem of fitting the model feasible. Moreover, by fitting the model in stages, we thus obtain
values based on the most direct evidence. This provides some robustness against model misspecifica-
tion. However, this approach comes at the cost of theoretical continuity and perhaps leads to understating
uncertainty in parameter estimates.

A complicated aspect of our approach was dealing with our assumption of a nonconstant conditional
mean forNc (s) + Ng(s). Typically, HMM algorithms presume a constant mean in each state. To solve
this problem, we used an iterative algorithm starting witls) = 0. Then the standard forward—backward
algorithm, as described Byabiner(1989, with an expectation-maximization (EM) algorithidémpster
and others1977) was applied td\Nc(s) + Ng(s). This algorithm provided estimates for the conditional
means for each state, thatdg,andc;, the variance 2, as well as posterior probabilities for each state for
each segmers. The posterior probabilities were thresholded to obtain a binary (0 or 1) est)h(alcof
X(s). Then for each segment, we subtract the means from observed values to obtain the residuals:

r(s) = {Nc(s) + Na(9)}/L — ci XOc®,

We then estimatd (s) by applying a smoother t0(s). Specifically, we used a moving weighted average
with weights obtained from Tukey’s biweight kernel with a certain window size. To choose a proper
smoothing window, we constructed CGl lists using different window sizes and evaluated their association
with functional elements. A window size of 400 bp showed the best result (supplementary Figure S2 of the
supplementary material availableBibstatisticsonline) and therefore we used it throughout this article.

We then iterated the process. Namely, we subtract the smooth estimate(ssaffom the observed GC
content and apply the forward—backward algorithnie: (s) + Ng(s)}/L — f(s) and repeat the above
procedure until convergence.

The use of HMMs and this iterated scheme, as opposed to a complete maximum likelihood solution,
for example, is motivated by HMMs established applicability to sequence data, the availability of robust
fitting algorithms and the satisfactory performance we have seen on the data. Moreover, as stated above,
we have placed a high emphasis utilizing methods that can be easily implemented and use the most direct
information available. Convergence is usually obtained quickly, in 5 iterations or so.

The result of this algorithm is a smoothed estimatep¢d) that accommodates change points from
regions of high GC content and a slowly varying trend. By iterating these steps, we mirror a blocked
maximization procedure, such as is common in backfitting and related procedures. At convergence. a
smoothed estimate df is obtained as well as estimates for thaerms, which represent local constant
increases or decreases in GC content.

With the estimate op(s) in hand, estimating the HMM oNc g is much simpler. Since, we assume

Nca(9)|Y(s) =i ~ Poissor(a; x L x %p(s)2>,

the HMM can be fit with standard forward—backward algorithm via an EM algoritben{psterand
others 1977). The result will give estimates fa; andag and posterior probabilities for(s). Now we
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have state probabilities for the 2 latent Markov chains, one defining areas of high GC content, and one
defining areas of high CpG content. Here, the areas of CpG content correctly accounts for the number
of opportunities for CpG, rather than looking at the raw number in isolation. We estimate the posterior
probabilities of being a CGl state, that ¥(s) = 1, for each segmers. We also obtain the posterior
probabilities of being in a high GC content state, that{§s) = 1, for each segmers Because the
forward—backward algorithm calculates these quantities, they are readily available. We can then estimate
the states foiX andY using these posteriors.

5. RESULTS

Our main motivation for the development of a new CGI definition was the fact that recently discovered
epigenetic marks were not associated with CGI based on the current definition but were associated with
CpG-enriched regions. Specifically, many DMRs not associated with existing CGI lists, were in CpG
shores. Below we describe how CGl lists based on the results of fitting the HMMs, described in 8ection
improve coverage of these locations. As shown in supplementary Figure S3 of the supplementary material
available aBiostatisticonline, the CGls that reside in regions shown in Figgican be correctly detected

by thresholding posterior probabilities from 2 HMMs. To further evaluate the performance of the proposed
model, we compare our list, which we refer to as the model-based CGl, to CGl lists provided by the UCSC
Genome BrowserKent and others2002, denoted as Genome Browser CGl, and the Géasbsothers

(2007) CGI @Glassand others2007).

We created a CGl lists by considering regions of locations with posterior probability greater than
0.5. We also found that the CGls that coincided with regions of baseline GC content were not associated
with epigenetic marks (data not shown) and therefore we filtered these regions1Eides the joint
distribution of the observed posteriors fdrandY. Note that the majority of locations with evidence of
CGil state occur when the genome is in the high GC content state.

This CGl list is close to 93% of the DMRs reported izarry and otherg2008. This is a dramatic
increase from 81% by the Genome Browser CGls and 86% by the @maksthers(2007) CGls. This
improvement was made possible by the flexibility to control specificity. Note that the number of CGls
produced with a posterior probability cutoff of 0.50 was 118 710 and the number in the Genome Browser
list is 28226. To compare lists of similar specificity, we created model-based CGl lists with posterior
probability cutoffs ranging from 0.50 to 0.9995 for the human and mouse genomes. We compared the
association of each list with 2 functional elements: gene promoters and DMRs.

The Genome Browser CGls are mostly annotated on the nonrepetitive region and the maximum per-
centage of repetitive bases for their CGls is 35%. To make the results comparable, we filtered model-based

Table 1. Joint distribution of posterior probabilities for X (GC content) and Y (CpG rate) on human
hg18 genome. Numbers in each cell are the percentages of nonoverlapping 16 bp segments with posterior
probabilities fall in a category. For example, there a8d.3% of the segments with both probabilities

betweerD and0.1
Posterior probabilities for GC content Posterior probabilities for €&
(0,0.1] (0.1, 0.5] (0.50.9] (0.9, 1] Total
(0,0.1] 64.3 25 0.7 0.4 67.9
(0.1,0.5] 1.6 0.1 0.0 0.0 1.7
(0.5 0.9] 1.6 0.1 0.0 0.0 17
(0.9, 1] 23.0 1.9 1.2 2.6 28.7

Total 90.5 4.6 1.9 3.0 100
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CGls and Glasand others(2007) CGls and kept those with less than 35% repetitive bases. To assess
sensitivity, we computed the percentage of human DMRs within 2000 bp of a CGIl. We also performed
comparisons similar to those previously used to assess CGl lists. Namely, we compared the percent of the
transcriptional starting sites (TSS) of refseq gersiift and others2006 covered by CGls for human

and mouse, as done Aykai and Jonef2002 andGlassand others(2007), and the percent of mouse
DMRs (Yagi and others 2008 within 2000 bp of a CGI. To assess specificity in a comparable way for

the 3 approaches, we computed the total number of bases covered by each CGlI list7 Blguwes plots

of sensitivity versus specificity.

Glassand others (2007LGls overlap with a larger percentage of human TSS than Genome Browser
CGls (64.5% versus 55.9%). However, to achieve this gain in sensitivity, twice as many bases are used.
The ability to control specificity with the model-based CGls demonstrates that small improvements in
covering human TSS over the Genome Browser and Gladsothers(2007) CGls are possible at the

(a) Human TSS (b) Human DMR
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Fig. 7. Receiver operating characteristic-like plots showing the sensitivity versus total length for different CGl lists
(used as a measure of specificity). The sensitivity is defined as the percentage of functional elements associated to
CGI. The 3 figures are for different functional elements: (a) Human (hg18) TSS, (b) human (hg18) DMRs, (c) mouse
(MM8) TSS, and (d) mouse (MM8) DMR, respectively.
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Table 2.1n the HMM, the parameterspaand g represent the average observed to expected ratios in the
baseline and island regions. The table below shows the estimated paramet2ispiacies. The numbers
in the parenthesis are the estimated standard exror

a0 a

Human 0.16 (0.001) 0.56 (0.005)
Chimp 0.16 (0.001) 0.55 (0.005)
Mouse 0.14 (0.001) 0.46 (0.006)
Cow 0.17 (0.003) 0.50 (0.005)
Dog 0.16 (0.002) 0.64 (0.004)
Chicken 0.18 (0.003) 0.70 (0.003)
Bee 0.89 (0.028) 1.55 (0.008)
Fruit fly 0.82 (0.007) 1.00 (0.024)
Worm 0.84 (0.007) 1.26 (0.034)
Arabidopsis 0.50 (0.006) 0.95 (0.004)
Yeast 0.78 (0.011) 0.80 (0.016)
E. coli 1.12 (0.003) 1.120.003)

same specificity level (Figur&a)). A more substantial improvement was achieved by the model-based
approach in the overlap with the human DMRs (Figia). Using a probability cutoff of 0.995, the total
lengths of the model-based CGls (22.7 Mbp) was comparable to the total length of the Genome Browser
CGls (21.1 Mbp), but the overlap with DMR increased from 81% to 86%. A cutoff of 0.9 made the
model-based CGls (37.2 Mbp) a little smaller in size to the Gdaskotherg2007) CGls (41.1 Mbp) but
the the overlap with DMR increased from 86% to 91%. We observed the same improvements for mouse
genome as shown in Figurég&) and (d). Different biological applications may have difference sensitivity
and specificity requirements. Our approach is flexible in this regard. We provide the CGl list that uses a
cutoff value of 0.99 as the “canonical” list because it is associated with the inflection point of the receiver
operating characteristic curve (Figufe

Another advantage of our approach is that we can easily fit the HMMs to genomes of other species.
We fitted the model to 12 specigdomo sapienghuman),Pan troglodytegchimpanzee)Mus musculus
(mouse),Bos taurus(cow), Canis lupus familiarigdog), Gallus gallus(chicken),Apis mellifera(bee),
Drosophila melanogastdfruit fly), Caenorhabditis elegar(svorm), Arabidopsis thaliangArabidopsis),
Escherichia ColandSaccharomyces cerevisi@gast). CGls have only been reported for vertebrates. We
therefore tested for the presence of CGI by computing a likelihood ratio comparing a model with 2 states
to a model with 1 state. Of the 12 species we tested, only the unicellular organisms, that is, yeast and
E. Coli, did not have significant evidence in favor of the presence of CGIl. We are therefore reporting the
first CGl lists for bee, worm, and fruit fly. Previous approaches were not successful because the required
cutoffs for these species are very different than for humans. This is demonstrated by examining the fitted
ap anda; parameters as shown in Table 2. Note that these can be interpreted as the average O/E in the
baseline and CGl regions, respectively.

6. DISCUSSION

We have proposed a procedure for building CGl lists based on HMMs. The main motivation for the devel-
opment of a new approach was the observation that many DMRs were near regions of high CpG density
that did not meet the current definition or any of the alternative definitions. Our new approach improved
the overlap with known TSS and DMRs in both human and mouse. The improvements achieved with our
approach was mainly due to the data-driven nature of the procedure. Many of the CpG dense regions were
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Fig. 8. Statistical characteristics of model-based CGl list for human (hg18). (a) GC content versus O/E. The red
vertical and horizontal lines represent the cutoffs used by the Gardiner-Garden and Frommer definitior0.6/E

GC content> 0.5. (b) Histogram of CGI lengths. The vertical line is at the minimum length requirement of Gardiner-
Garden and Frommer CGI definition (200 bp).

left out by algorithmic approaches because they did not satisfy a predetermined rule. Rerunning these
algorithms with different cutoffs is no easy task. However, generating CGl lists with different cutoff for
the HMM-generated posterior probabilities is trivial. Furthermore, our model has been used to define CGI
for 30 specieslfizarry and others2009. Note that for some of these species, we are providing the very
first list of CGls.

Figure8 shows GC content versus O/E for the model-based human CGl list. The red horizontal and
vertical lines are from Gardiner-Garden and Frommer CGl definition (GC comtéiti%, O/E> 0.6).

Based on the current definition only the points above the horizontal line and to the right of the vertical
line are CGls. Various of the model-based CGI do not satisfy the original definition. A histogram of the
lengths of model-based CGls shows many model-based islands are smaller than the formal definition’s re-
quirement of 200 bases (Figuséo)). These figures demonstrate how the added flexibility permits shorter
regions with slightly lower O/E.

Our probability-based estimates have units that are interpretable across species. Thus, in a sense, we
have transformed the problem onto a standardized scale which will facilitate discussion of thresholding
definitions. Because of this, fitting the model to the genomes of other species was simple—no additional
user input or algorithmic tweaking was required. To demonstrate this, we fitted the model to the genome
of 12 species.

In addition to providing CGl information for these species in isolation, it led to some interesting scien-
tific findings when compared across specifies within taxonomic and evolutionary classes. Strong evidence
for the presence of CGI was found for all multicellular organisms. The estimated model parameters con-
firmed that vertebrates are CpG depleted in their baseline level. Invertebrates were not CpG depleted in
their baseline levels but showed higher than expected levels in the CGI. Arabidopsis was somewhere in
between. Evidence of methylation has been reported for species for which we found evidence of CGI.
The fruit fly had the weakest evidence for the presence of CGI. Interestingly, only small amounts of
methylation are detected for this organidmiko and others2000.

A promising application of the newly defined CGls is the creation of efficient DNA methylation arrays
or enrichment schemes for second generation sequencing. For example, we can construct microarrays that
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tile only CGI shores. For that purpose using the current Genome Browser definition will miss out on a
substantial number of DMRs. It would also be possible to construct this array for any species for which
the genome has been sequenced. Furthermore, the ability to control specificity will permit us to deal with
different array densities. Note that using a low cutoff value for posterior probabilities produces many new
CGls as compared to the Genome Browser list. As our biological knowledge advances we will be able to
check how many of the new ones are functional.

SUPPLEMENTARY MATERIAL

Supplementary material is available at http://biostatistics.oxfordjournals.org.

ACKNOWLEDGMENTS

We thank Herve Pages and Robert Gentleman for help with the Bioconductor pacKamdisct of
Interest:None declared.

FUNDING

National Institutes of Health (1IR01GM083084-01 to R.l., 1IR01RR021967-01A2 to H.J., T32GMO074906
to H.W., PSOHG003233 to A.F.)

REFERENCES
AGILENT (2008). http://www.chem.agilent.com/Scripts/PDS.asp?IPage=50884.

ALTSCHUL, S., GsH, W., MILLER, W., MYERS, E. AND LIPMAN, D. (1990). Basic local alignment search tool.
Journal of Molecular Biology215 403-410.

BAILEY, T. (1998). Combining evidence using p-values: application to sequence homology seiainésrmatics
14, 48-54.

BAILEY, T., WILLIAMS , N., MISLEH, C. AND LI, W. (2006). MEME: discovering and analyzing DNA and protein
sequence motifNucleic Acids Researc®4 (Web Server issue), W369.

BIRD, A. (1986). CpG-rich islands and the function of DNA methylatibiature321, 209-213.

Boys, R. AND HENDERSON D. (2004). A Bayesian approach to DNA sequence segmentdiometrics60,
573-581.

CHURCHILL, G. A. (1989). Stochastic models for heterogeneous DNA sequeBgakstin of Mathematical Biology
51, 79-94.

DEMPSTER A., LAIRD, N. AND RuUBIN, D. (1977). Maximum likelihood from incomplete data via the EM algo-
rithm. Journal of the Royal Statistical Society, Series B (Methodolog8%/1—38.

DURBIN, R., EDDY, S., KROGH, A. AND MITCHISON, G. (1998).Biological Sequence Analysis: Probabilistic
Models of Proteins and Nucleic AcidSambridge: Cambridge University Press.

FEINBERG, A. P. (2007). Phenotypic plasticity and the epigenetics of human diddasee447, 433-440.

GARDINER-GARDEN, M. AND FROMMER, M. (1987). CpG islands in vertebrate genom#surnal of Molecular
Biology 196, 261-282.

GLASS, J., THoMPsSON, R., KHULAN, B., FIGUEROA, M., OLIVIER, E., QAKLEY, E., VAN ZANT, G.,
BOUHASSIRA, E., MELNICK, A., GOLDEN, A. and others(2007). CG dinucleotide clustering is a species-
specific property of the genomiucleic Acids Resear@b, 6798.



514 H. WU AND OTHERS

IRIZARRY, R., LADD-ACOSTA, C., WEN, B., Wu, Z., MONTANO, C., ONYANGO, P., Qui, H., GaBo, K.,
RONGIONE, M., WEBSTER M. and others(2008). Genome-wide methylation analysis of human colon can-
cer reveals similar hypo- and hypermethylation at conserved tissue-specific CpG island Nhores Genetics
41, 178-186.

IRIZARRY, R., WU, H. AND FEINBERG, A. (2009). A species-generalized probabilistic model-based definition of
CpG islandsMammalian Genome0, 674—680.

KENT, W., SUGNET, C., FUREY, T., ROSKIN, K., PRINGLE, T., ZAHLER, A., HAUSSLER, D. (2002). The human
genome browser at UCSGenome Researd?, 996-1006.

LANDER, E., LINTON, L., BIRREN, B., NusBaum, C., ZoDy, M., BALDWIN, J., DEVON, K., DEWAR, K.,
DovLE, M., FITzZHUGH, W. and others(2001). Initial sequencing and analysis of the human gendagture
409 860-921.

Lyko, F., RAMSAHOYE, B. AND JAENISCH, R. (2000). Development: DNA methylation in Drosophila
melanogasteiNature408 538-540.

MEISSNER A., MIKKELSEN, T., GU, H., WERNIG, M., HANNA, J., SVACHENKO, A., ZHANG, X., BERNSTEIN,
B., NusBauMm, C., AFFE, D. and others(2008). Genome-scale DNA methylation maps of pluripotent and
differentiated cellsNature454, 766—770.

MuRI, F. (1998). Modelling bacterial genomes using hidden Markov models. In: Payne, R. and Green, P. J. (editors),
COMPSTAT '98 Proceedings in Computational Statistitsidelberg: Physica, pp. 89-100.

NicoLAs, P., Bzg, L., MURI, F., HOEBEKE, M., RODOLPHE, F., EHRLICH, S. D., FRUM, B. AND BESSERES,
P. (2002). Mining Bacillus subtilis chromosome heterogeneities using hidden Markov mbldelgic Acids
Researcl80, 1418-1426.

PrRUITT, K., TATUSOVA, T. AND MAGLOTT, D. (2006). NCBI reference sequences (RefSeq): a curated non-
redundant sequence database of genomes, transcripts and pidtailesc Acids ResearcB3(Database issue):
D501-4.

RABINER, L. (1989). A tutorial on hidden Markov models and selected applications inspeech recoghitioeed-
ings of the IEEE77, 257—286.

TAakAl, D. AND JONES, P. (2002). Comprehensive analysis of CpG islands in human chromosomes 21 and 22.
Proceedings of the National Academy of Sciences of the United States of A&%8340.

YAGI, S., HRABAYASHI, K., SATO, S., L, W., TAKAHASHI, Y., HIRAKAWA, T., Wu, G., HATTORI, N.,
HATTORI, N., OHGANE, J. and others(2008). DNA methylation profile of tissue-dependent and differentially
methylated regions (T-DMRs) in mouse promoter regions demonstrating tissue-specific gene exjBessiore
researchl8, 1969.

[Received June 19, 2009; revised January 14, 2010; accepted for publication January 155, 2010



	Introduction
	Previous work
	Motivation
	Limitation of existing methods
	Data exploration

	Model
	Motivation for Poisson model
	Choosing the segment length
	Parameter estimation

	Results
	Discussion

