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Histone modifications play a major role in the regulation of gene expression. Accumulated evidence has
shown that histone modifications mediate biological processes such as transcription cooperatively. This
has led to the hypothesis of ‘histone code’ which suggests that combinations of different histone mod-
ifications correspond to unique chromatin states and have distinct functions. In this paper, we propose
a framework based on association rule mining to discover the potential regulatory relations between
histone modifications and gene expression in Plasmodium falciparum. Our approach can output rules
with statistical significance. Some of the discovered rules are supported by literature of experimental
results. Moreover, we have also discovered de novo rules which can guide further research in epigenetic
regulation of transcription. Based on our association rules we build a model to predict gene expres-
sion, which outperforms a published Bayesian network model for gene expression prediction by histone
modifications.

The results of our study reveal mechanisms for histone modifications to regulate transcription in large-
scale. Among our findings, the cooperation among histone modifications provides new evidence for the
hypothesis of histone code. Furthermore, the rules output by our method can be used to predict the
change of gene expression.
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modifications of different types, positions and times dictate the
dynamics of RNA transcription (Jenuwein and Allis, 2001). In
the following decade, the histone code has been under intense
research (Cheng et al., 2011; Fischle et al., 2003; Kimura et al.,
2004; Margueron et al., 2005; Xu et al., 2010). Nevertheless, the

1. Introduction
1.1. Background

Understanding the epigenetic regulation of transcription by

histone modifications is a central problem in molecular biology.
The basic unit of chromatin is nucleosome, which consists of an
octamer of four core histone proteins around which 147 base pairs
of DNA is wrapped. The core histones are subject to many covalent
modifications including methylation and acetylation. These histone
modifications play essential roles in many biological processes such
as transcriptional regulation (Li et al., 2007), X-chromosome inac-
tivation (Brinkman et al., 2006), meiotic recombination hotspots
(Wu et al.,, 2012), and cancer (Esteller, 2007). The activation and
repression of gene expression are mediated by histone modifica-
tions through direct structural changes of chromatin or recruiting
effector proteins (Berger, 2007). In 2001, the hypothesis of ‘histone
code’ was proposed that the combinatorial patterns of histone
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existence of the histone code remains an open question. As related
high-throughput data (e.g. microarray, RNA-seq, ChIP-chip, and
ChIP-seq) become available, it is a good opportunity for compu-
tational biologists to crack the histone code by large-scale data
analysis and modelling.

In this paper, we aim to study the transcriptional regulation of
the most deadly malaria parasite, Plasmodium falciparum, which
claims about a million human deaths worldwide each year (Nayyar
et al,, 2012). Despite intense research for decades (Duraisingh
et al., 2005; Gupta et al., 2013; van Noort and Huynen, 2006), the
mechanism of gene regulation of this species remains a mystery.
Plasmodium genomes are known for AT-richness, lack of transcrip-
tion factors, and its unique cyclic patterns of gene expression along
its life cycle (Gardner et al., 2002). As there is no evidence of DNA
methylation in P. falciparum, its histone modifications are likely to
be more critical for transcriptional regulation than other species.
Recently, there have been efforts to uncover the histone code for
P. falciparum, which implicate some histone-based mechanisms
conserved with other species such as yeast and human (Cabral
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et al,, 2012; Cui and Miao, 2010). However, most of them are
experimental works focused on only a few gene families crucial
for virulence (e.g. var, rif genes). There is a need for Bioinformatics
approaches to systematically elucidating the histone code for the
malaria parasite in large scale.

Here, we apply association rule mining to reveal the regulatory
relations between histone modifications and gene expression of
P. falciparum. As a well-studied technique of data mining, associa-
tion rule mining was firstly proposed to discover the regularities
between products in large transactional database of supermar-
kets (Agrawal et al., 1993). It has also been applied to problems in
Bioinformatics (Chen and Chen, 2006; Morgan et al., 2007; Lopez
etal.,, 2008; Wang et al., 2010). Results from Chen’s research (Chen
and Chen, 2006) show that association rule mining is a promis-
ing technique in biological data analysis, which inspires our work.
In Wang et al. (2010), association rule mining was applied on his-
tone modifications data of yeast to identify histone modification
patterns that might have effects on transcriptional states. How-
ever, the rules they generated were among histone modifications
themselves instead of between histone modifications and gene
expression. By contrast, in our paper the histone modifications and
gene expression have been synchronized for each specific gene and
time point, and we identify the association rules directly between
histone modifications and expression levels of the same genes. The
rules discovered as such are more likely to directly uncover the
histone code for gene regulation.

We proposed here a framework based on association rule min-
ing to systematically discover rules for histone code in P. falciparum.
Our method can generate rules which explicitly show how combi-
natorial histone modifications dictate gene expression levels. Some
of the rules have already been reported in literature. Moreover, our
experiments showed that, the prediction of gene expression based
onour rules is more consistent with observed gene expression than
Bayesian network. Our method is robust to changing distribution
in data items. To our knowledge, this is the first computational
method tailored for the malaria parasite of P. falciparum, which
takes into account the dynamic change of both gene expression
and histone modifications over time points. Our results are encour-
aging to decipher the histone code and offer valuable insights
into the study of epigenetic regulatory mechanisms in transcrip-
tion.

1.2. Related works

Bioinformatics approaches have been proposed to study the
relationships between histone modifications and gene expres-
sion. Those approaches could be classified into three categories:
network-based methods, clustering, and regression models.

In 2008, Yu et al. (2008) built a Bayesian network to infer
causal and combinatorial relationships between gene expression
and histone modifications. Yu's method can generate tree-like rules
between histone modifications and gene expression, which can be
viewed as the primary shape of histone code. However, they did not
predict gene expression using those rules. In 2012, a correlation-
based network of histone modifications, DNA methylation and gene
expression was constructed by Su et al. (2012). Although this net-
work can explain some aspects of epigenetic regulation of gene
expression, their study can only serve as preliminary results for
histone code.

A semi-supervised biclustering method was proposed by Teng
and Tan (2012) to find the combinatorial chromatin modifications
which are correlated with gene expression in human enhancers.
Similar application of clustering methods can also be found in Ha
et al. (2011). Although the clustering methods are good at captur-
ing “big pictures”, they need further analysis to provide detailed
information for histone code.

Regression models are used frequently in studying the rela-
tionships between histone modifications and gene expression.
Karlic et al. (2010) utilized linear regression techniques to demon-
strate systematically that histone modifications levels can predict
gene expression accurately. Similar applications of linear regres-
sion models can also be found in McLeay et al. (2012), do Rego
et al. (2012), Xu et al. (2010). Other regression methods based on
machine-learning models have also been proposed in this field,
e.g., support vector machine (SVM) (Cheng et al.,, 2011; Cheng
and Gerstein, 2012), Random Forests (RF) and so on (Dong et al.,
2012). Although these regression methods can show how well his-
tone modifications can predict gene expression, they are unable
to demonstrate how the combinations of histone modifications
regulate gene expression in an explicit way. Moreover, these
model-based methods produce the relationships between histone
modifications and gene expression with a “black box” model which
makes it difficult for human to understand and interpret the under-
lying physical processes and biological meanings.

Overall, most existing methods for the study of histone code
are either without prediction of gene expression or lack of inter-
pretability. In the following section, we will present our approach
which can generate explicit rules describing how combinato-
rial histone modifications correspond to particular states of gene
expression. Our method provides a straightforward way to deci-
pher the histone code without any assumption of models and the
tuning of parameters. Furthermore, our rules can predict the trend
of gene expression reasonably well.

2. Methods
2.1. Data of P. falciparum

The input data to our analysis are the transcriptional levels
and histone modification (HM) enrichment profiles across the P.
falciparum genome from Rovira-Graells et al. (2012) and Gupta
et al. (2013) (with GEO accession number GSE39238). The tran-
scriptional levels were obtained from long oligonucleotides based
microarray experiments and the histone modification profiles
were from ChIP-on-chip (also known as ChIP-chip) experiments.
The dataset includes 14 variables: gene expression (also referred
as RNA or cDNA) and 13 histone modification marks, i.e. H4K5ac,
H4K8ac, H4K12ac, H4K16ac, H4ac4, H3K9ac, H3K14ac, H3K56ac,
H4K20me1, H4K20me3, H3K4me3, H3K79me3, and H4R3me2. The
data are time-series, with six time points for each variable, which
show the variation of transcription and histone modification
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Fig. 1. Distributions of missing data in RNA and different HMs. The vertical axis
is the number of probes (for microarray analysis of gene expression and histone
modifications), ‘NA’ means the values are missing for all six time points, ‘blank’
means there are 2~5 missing values. Here ‘NA’ and ‘blank’ are treated equally as
missing data.



H. Chen et al. / Computational Biology and Chemistry 50 (2014) 3-10 5

profiles along 48 h (six time points, with an interval of 8h) of
P. falciparum intra-erythrocytic developmental cycle (IDC). The
missing values in this dataset have a distribution as shown in Fig. 1.

2.2. Association rule mining

We apply association rule mining to explore the relationships
between combinatorial histone modifications and transcriptional
levels. Here we introduce some basics of association rule mining.
More details of association rule mining can be found in reviews
(Kotsiantis and Kanellopoulos, 2006; Zhao and Bhowmick, 2003).

Association rule mining was firstly proposed to discover inter-
esting relations between variables in large transactional database
for market basket analysis. A transactional database is a collection
of records each of which is composed of binary values which denote
the occurrence of variables, where ‘1’ means the corresponding
variable occurs in this transaction and ‘0’ means not. Let I={iy,
is, ..., in} be a set of binary attributes (i.e. variables) called items,
TD = {td1, td,, ..., tdn} be a set of transactions (i.e. records) called
transactional database. An association rule is represented in the
form “B= A", where A and B are itemsets (i.e. A, BeI), and AnB=0.
The concepts of support and confidence are used the most as con-
straints for the selection of interesting rules from all possible rules.
The support of an itemset supp(A) is defined as the proportion of
transactions in the dataset TD which contain the itemset A (i.e. A
occurs in these transactions). The confidence of a rule is defined as
conf(B=A) =supp(AB)/supp(B), which is the proportion of the sup-
port of both A and B to the support of B. The confidence of “B= A" is
the estimation of the conditional probability P(A|B), i.e. the proba-
bility of finding itemset A in transactions under the condition that
those transactions also contain B. In order to identify interesting
rules, the thresholds for support and confidence are usually required,
where the lower bound thresholds are specified by the users. It nor-
mally consists of two steps: (1) retrieve all frequent itemsets in the
database with support higher than a threshold; (2) construct rules
with confidence larger than a threshold from the frequent itemsets
found in the previous step.

2.3. Problem formulation

Firstly, we discretize the expression level of each gene at a time
pointinto three states: —1, 0, 1, which represent down-regulate (| ),
unchanged (-), up-regulate (1) respectively. We utilize an “equal-
width binning” technique to discretize the data. The discretization
is carried out among the six time points for each variable indepen-
dently. Then we use a unique integer to represent the state of each
variable, as shown in Table 1. By treating each state of each variable
as an item, we transform the original dataset into a transactional
dataset, with each gene as one transaction. Here we assume that
all genes are similar in the sense on how combinations of histone
modifications affect the expression level, which is also the assump-
tion of histone code. Let n be the total number of variables in the
original dataset, then there would be 3 x n items in the transac-
tional dataset. Since the three states of each variable are mutually
exclusive, there would be at most n items in a transaction.

In a transactional database, if one itemset A occurs often enough
(with supp(A) larger than a threshold), and when A occurs another
itemset B without overlap with A also occurs often (i.e. confidence
over a threshold), we conclude that A implies B (or A= B) with sig-
nificant support. Likewise, for a significant number of genes if there
exists a group of histone modifications events, which coincide fre-
quently with a particular state of gene expression, then we conclude
that it is a rule of histone code. Note that “implies” here does not
necessarily mean causal relation. We assume for simplicity that
the frequent co-occurrences of HMs with a state of gene expres-
sion implicate histone code. Therefore, the problem of deciphering

histone code can be solved by association rule mining. The main
challenge of association rule mining is to obtain all frequent item-
sets from all possible item combinations. Here we use LCM (Uno
et al., 2003) to mine all frequent closed item sets which have sup-
port larger than a pre-set threshold supp,i,, and then obtain all
interesting rules with confidence higher than our pre-set thresh-
old conf,i,. These rules would reveal regulatory relations between
histone modifications and gene expression.

Since we aim to discover the relations between histone modi-
fications (HMs) and transcription level, our rules would look like:
fIHMs) = GE**", The left-hand side of the rule would be combi-
nations of HMs attributes, while right-hand side corresponds to
the attribute of gene expression (GE). For time series, it is nat-
ural to find rules where HMs are one-time-point ahead of GE:
S(HMs™)|¢—y; = GE"™"|r,,, because the changing of gene expres-
sion is supposed to be the effect of HMs. However, we still search
for rules like f(HMs™"")|,—;, = GE®""|;_;, because in our dataset the
interval between two consecutive time points is tj.; — t; =8 h, which
is too long for the effect of a particular HM event to last. Therefore,
here we assume that the HMs state remains unchanged when its
effect on transcription appears, which is reasonable because HMs
are relatively stable albeit dynamic.

2.4. p-Values and multiple-testing correction

Using fixed thresholds of support and confidence to find inter-
esting rule may be a bit arbitrary, because the selection of such
thresholds might depend on the data. Thus we use p-value to assess
the significance of rules.

For a rule R: flHMs)=> GE, which stands for flHMs®") = GEa",
its p-value is the probability of observing a rule more extreme
(which means with higher support and confidence) than R under
the null hypothesis that the HMs and gene expression are inde-
pendent, which means the HMs imply the three possible changes
of gene expression with equal probabilities. Here we used one-
tailed Fisher’s exact test (Fisher, 1922; Webb, 2007) to calculate
the p-value of R. Let sg =supp(R) be the support of the rule R, and
sy =supp(HMs) be the support of the combinatorial HMs (i.e. the
left-hand side of the rule). Then the p-value of R is given by:

p(R) = p(sr;n, ng, sm)
= Z H(k;n,ng, n —sp)

k<sp—Sg
ng n-—ng
(1)
k sm—k
=2
k<sp—sgr
M

where n is the total number of records in the dataset, ng is the
number of records that contain the item g, and H is hypergeo-
metric distribution. Note that sy, =supp(HMs) is the number (rather
than proportion) of transactions that contain the HMs. The value of
sg=supp(R) can be calculated as: supp(R) = confidence * supp(HMSs).
Since the number of rules we generate from the previous step
could be thousands, we might expect many “false positives” if
we use a standard cut-off (e.g. 0.05) for p-values. Therefore, we
resort to multiple-testing correction techniques to cope with such
a problem. Here a permutation-based approach is applied to adjust
the p-values of the rules calculated as above. First we randomly
generate N permutations for each rule, by randomly shuffling the
class labels of items (i.e. the states of gene expression). Let Ny
be the number of rules generated from the original dataset, and
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Table 1 Table 2
Numbers corresponding to events of gene expression and histone modifications. Significant association rules of HMs and gene expression (GE).
Variables Attributes Integers Rules Support Conf. p-Values
Gene Expr. =1 1,2,3 H3K56ac 1+ = GE ¢ 22,108 0.4314 0.000353
H4K5ac b=t 4,5,6 H3K56ac | = GE |, 22,115 0.4287  0.000938
H4K8ac b=t 7.8,9 H4K8ac | = GE | 12,538 0.4471 0.000614
H4K12ac b=t 10,11,12 H4K8ac 1 = GE ¢ 12,409 0.4435  0.000672
H4K16ac b=t 13,14,15 H3K4me3 | = GE | 11,699 0.4462  0.001265
H4ac4 b=t 16,17,18 H3K4me3 1 = GE ¢ 11,648 0.4414  0.00207
H3K9ac b=t 19, 20,21 H3K9ac 1 = GE ¢ 16,543 0.4328  0.001355
H3K14ac L=t 22,23,24 H3K9ac | = GE | 16,167 0.4332  0.00307
H3K56ac b=t 25,26,27 H4K20me1 | = GE | 16,003 0.4288  0.00398
H4K20me1l b=t 28,29, 30 H4K20me1 1 = GE 1 16,079 0.425 0.005183
H4K20me3 Y 31,32,33 H3K9ac 1, H3K56ac 1 = GE ¢ 9062 0.4542  0.001008
H3K4me3 b=t 34, 35, 36 H3K9ac |, H3K56ac | = GE | 8927 0.4527  0.002151
H3K79me3 b=t 37,38,39 H4R3me2 1, H3K56ac | = GE | 6634 0.4543  0.004927
H4R3me2 L1 40,41, 42 H4R3me2 |, H3K56ac 1 = GE 1 6260 0.4594  0.002766
H4K20me1 |, H3K56ac | = GE | 5764 0.4585  0.00584
H4K20me1 1, H3K56ac t = GE 4 5922 0.4589  0.004159
. H4K20me1 |, H4K5ac 1 = GE | 5559 0.4588  0.00617
RD = {Pl D2, -+ s DN«N, } be the p-values of the Nq rules with N per- H4K20me1 1, H4K5ac | = GE 1 5094 04628  0.004852
mutations. For each rule, we re-calculate its p-value as follows: let H3K56ac |, H4K5ac + = GE | 5030 0.4811 0.001549
p be the p-value of this rule, then the new p-value is H3K56ac 1, H4K5ac | = GE ¢ 4468 04836  0.001719
H3K9ac |, H4R3me2 4 = GE | 4692 0.4641 0.007133
l{pilpi < p, pi€RD}| H3K9ac 1, H4R3me2 | = GE 1 4887 0.4585  0.006956
new = T Ns=Ng (2) H3K4me3 |, H3K56ac | = GE | 4271 0.4874  0.001855
H3K4me3 4, H3K56ac 1 = GE 1 4173 0.468 0.005847
where the numerator is the number of elements in RD that are H3K4me3 |, H4K5ac ¢ = GE | 3930 04666  0.009993
H3K4me3 4, H4K5ac | = GE 1 3593 0.4823  0.003789
smaller than or equal to p. H3K4me3 |, H4K8ac | = GE | 3825 05071  0.000309
H3K4me3 4, H4K8ac 1 = GE 1 3794 0.4815  0.003444
. L H4K20me1 |, H3K9ac | = GE | 3840 0.4731 0.006805
2.5. Gene expression prediction based on rules HAK20me1 1. H3K9ac 1 — GE 1 4098 04729 0.004502
H3K9ac |, H4K5ac 1 = GE | 3776 0.4907  0.002756
Based on a set of rules, gene expression of each record in the H3K9ac 1, H4K5ac | = GE ¢ 3626 0.4884  0.002425
dataset can be predicted as follows. Here we only consider ‘up- H3K56ac |, H4K12ac t = GE | 3760 0.4702 0.008417
rules’ (i.e., rules with GE 1) and ‘down-rules’ (i.e., rules with GE | ), H3K56ac 1, H4K12ac § = GE 1 3999 04693 0.006235
b ‘flat-rules’ (i.e., rules with GE -) are significant in our H3kame3 |, H3KSac | > GE | 3436 04921 0.00338
€cause no fia €. g H3K4me3 1, H3K9ac = GE 1 3394 04675  0.009406
dataset. For each record in the dataset, we define an up-score Sy H4K8ac |, HAK5ac 1 = GE | 2688 05111 0.002441
and a down-score S;, which represent how strongly this record is H4K8ac 1, H4K5ac | = GE ¢ 2396 0.4974  0.005507
supported by ‘up-rules’ and ‘down-rules’ respectively. To calculate H3K9ac |, H3K56ac |, H4K5ac t = GE | 1798 05189  0.005544
H3K9ac 1, H3K56ac 1, H4K5ac | = GE 1 1705 05026  0.009744

Su, let A be the occurrence vector of ‘up-rules’: A=[ay, ay, ..., aq]7,
where n is the total number of rules ‘up-rules’ we have obtained
from the whole dataset, and a; (1 <i<1) equals to 1 when the ith
up-rule occurs in this record, and 0 otherwise. Then a weight vec-
tor of ‘up-rules’ is defined as follows: W = [wq, Wy, ..., wy], where
w; (1 <i<1)equals to the confidence of the ith up-rule. Then, the
up-score Sy is calculated using S, = W* A. The down-score S, of this
record is calculated similarly. After that, gene expression can be
predicted in this way: When the up-score of one record is larger
than its down-score, its corresponding gene expression is predicted
as ‘up-regulated’; otherwise, its gene expression is predicted as
‘down-regulated’.

For each gene we classify its original gene expression levels of
six time points into six groups: GE=1, GE=2, ..., GE=6, which
correspond to the lowest, second lowest, ..., largest expression
value of the gene among the six time points. For each of the six
groups, we calculate the average of the observed gene expres-
sion and normalize them into the range between 0 and 1. The
normalized average expression value is regarded as the observed
gene expression level of each of the six groups. For the predicted
gene expression, we calculate the percentage of genes which are
predicted as ‘up-regulated’ for each of the six groups, and take
this percentage value as the predicted gene expression level of this
group.

3. Results

Applying our method on the transactional dataset of P. falcip-
arum, we obtain 2015 rules with support and confidence larger
than 1000 and 0.4 respectively. After calculation and correction of

p-values, we extract 60 rules by applying a threshold 0.01 on the
corrected p-values (see Additional file 1).

3.1. Rules of HMs and gene expression

From the 60 rules which have corrected p-values less than
0.01, we select those having both directions in regulating gene
expression and show them in Table 2. For example, the rule
“H3K56act = GE1"” is included, if and only if “H3K56ac| = GE |”
also exists in the 60 rules. We did this selection because bi-
directions would give more certainty to the rules about the role
of combinatorial HMs in regulating gene expression.

First let us look at the relations between a single HM and gene
expression (i.e. the first ten rules in Table 2). These rules show that
H3K56ac, H4K8ac, H3K4me3, H3K9ac and H4K20me1 positively
associate with gene expression globally with statistical signifi-
cance. Among these five HMs, H4K20me1 and H3K4me3 are histone
methylation marks that are well known as activating histone mod-
ification marks (Berger, 2007; Barski et al., 2007; Bernstein et al.,
2002; Wang et al., 2008), which is also confirmed by Yu et al. (2008)
and Xu et al. (2010) with computational methods. Our method on
Plasmodium data also show the two HMs are strongly correlated
with gene activation. The other three HMs are histone acetylation
marks, which are often observed to be associated with gene acti-
vation since acetylation removes the positive charges on histones
and relaxes the affinity between histones and DNA. However, only
H3K56ac, H4K8ac and H3K9ac are found to be significantly linked
to transcription activation in our dataset. Although other histone
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acetylation marks such as H4K16ac and H3K14ac may also have
activating trends, their trends are not significant enough to be
detected by our approach.

We have observed three special HMs from our rules: H4K5ac,
H4K12ac, and H4R3me2. H4K5ac and H4K12ac as histone acety-
lation marks are generally linked to gene activation. However in
our dataset, they are observed to be negatively correlated with gene
expression (in the rules with multiple HMs). Similar observations
have been found in literature. H4K12ac was observed negatively
correlated with gene expression in yeast (Kurdistani et al., 2004),
which was confirmed in P. falciparum by Chaal et al. (2010).
Although H4K5ac is generally considered as a mark for activat-
ing transcription which was tested in many species such as human
(Wang et al., 2008), it has a clear sign of globally transcription sup-
pression in our dataset of P. falciparum. It is therefore interesting to
test if H4K5ac and H4K12ac are transcriptional suppressors (maybe
by cooperating with other proteins) in P. falciparum, in contrast
to other species. In addition, our method discovers that H4R3me2
is negatively associated with gene expression (in the rules with
multiple HMs). H4R3me2 was revealed to globally repress gene
expression by Xu et al. (2010). Hence it is worth further study to
confirm the role of H4R3me?2 in the gene regulation of P. falciparum.

The ability to discover rules with multiple HMs is one of the main
advantages of our method. This kind of rules shows how the com-
binations of HMs cooperatively regulate gene expression, as a clear
sign of ‘histone code’ on transcription. However, compared to the
rules with single HMs, the experimental supports of such rules can
hardly be found in the literature. To compare these multiple-HMs
rules with causal relations, we construct a Bayesian network as in
Yu et al. (2008) based on our dataset, as shown in Fig. 2. Red edges
are compelled edges, which retain their directions in all equivalent
DAGs (directed acyclic graphs). Green edges are reversible edges,
which may change their directionality among different DAGs in the
same equivalence class. According to Chickering (1995), compelled
edges denote causal relationships, whereas reversible edges might
be just correlation but not necessarily causality. In Fig. 2, green
edges all occur among the nodes on the top level. Here we only focus
on the red edges. From Fig. 2, we can see that H4K5ac, H3K56ac,
and H3K4me3 have direct causal relations with RNA expression,
which implies the three HMs are closely related with gene expres-
sion. Note that almost all the association rules with multiple HMs in
Table 2 include at least one of the three HMs: H3K56ac, H4K5ac and

H3Kb6a0 Haacd

HiKSaa HAK 16ac
A Fk
HAKBac = -
TFa
HIK79med =
a AY
H3KAme3
47 .
RHNA

H3K4me3. This indicates that the rules we retrieved reveal some
causal relations between histone modifications and gene expres-
sion. Some, but not all, rules include HMs with causal relations
inferred by the Bayesian network. These HMs with causal relations
are “H4K20me1 and H4K5ac”, “H3K4me3 and H4K8ac”, “H3K56ac
and H4K12ac” and “H4K8ac and H4K5ac”. This suggests that HMs
could regulate gene expression cooperatively.

3.2. Robustness of rules

The rules we discovered might be biased by the missing data (see
Fig. 1). Because missing data would lead to different percentages of
different features (e.g. HMs) in the records, rules consisting of the
HMs with more missing data would have lower support and hence
less significant p-values. To test if our rules are robust to the differ-
ent percentages of HMs in the records, we apply bootstrapping to
the original dataset. First we randomly generate 20 datasets from
the original dataset by sampling with replacement. Each of these
bootstrapping datasets contain 90,168 rows, as the original dataset
(15, 028probes x 6timepoints). The process of bootstrapping could
bring randomization to the percentage of HMs in the records. Next
we are going to test if our rules are robust to such resampling.

We apply our method on the 20 bootstrapping datasets and
obtain 20 sets of significant rules respectively. From the 20 sets of
significant rules, we count the occurrences of the significant rules
from the original dataset (i.e. rules in Table 2). As shown in Fig. 3
most significant rules from the original dataset also appear as sig-
nificant rules in the bootstrapping datasets. Then we calculate the
p-values of the rules in these 20 datasets. Fig. 4 shows the distribu-
tions of p-values of the rules in Table 2 from the original dataset
(left box) and 20 bootstrapping datasets (right box). The differ-
ence between the two groups is not significant (p-value =0.7709),
which indicates that the resampling may not affect the detection
of significant rules.

For comparison, we generate a set of random rules which have
the same number as the true rules, and calculate p-values of these
random rules in both the original dataset and the 20 bootstrapping
datasets. The two sub-figures in Fig. 5 show the comparisons of
p-values from these two groups of rules, in the original dataset
(left) and in the 20 bootstrapping datasets (right) respectively. In
both original dataset and the bootstrapping datasets, true rules

H3K14ac HAK20med HARZm:2

S
HAK12ac

a oy
HAKOme 1
& Ay
HaKSac

Fig. 2. Bayesian network of HMs and RNA expression. Red edges are compelled edges, and green edges are reversible edges. Here we only focus on the red edges, which
denote causal relationships. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The numbers of occurrences of the significant rules in the bootstrapping datasets.

have p-values far more significant than the random rules, which
indicate that the rules we discovered are not obtained by chance.

3.3. Comparison with existing methods

We have compared our method with Bayesian network (Yuetal.,
2008), which is a pioneering approach in the field. Similar to our
method, Bayesian network applies discretization on data, and then
it infers causality among variables. Bayesian network can output
rules just as our method does. One advantage of Bayesian network
is that it can infer hierarchical and causal interactions among HMs,
while right now our rules only include the associations between
HMs and GE. However, our method can obtain not only rules with
causal relations among HMs (which are like the rules output by

140

120

-log(p-value)

80 b

40

Original dataset Bootstrapping datasets
Fig.4. p-values (in log scale) distributions of the significant rules in original dataset
and bootstrapping datasets. The significant rules are the rules in Table 2. Here two
boxplots are used to depict the distributions of p-values of these rules in the orig-
inal dataset and the bootstrapping datasets. Applying Wilcoxon test on these two
distributions, the p-value is 0.7709.

Bayesian network) but also the rules in which HMs have other kind
of relationships such as cooperation. It is known that HMs regulate
transcription in a cooperatively way, so our method is more suitable
for the decoding of histone code. We have compared our rules with
Bayesian network in Section3.1. Next we will compare the per-
formance of our method with Bayesian network in the prediction
of gene expression. We have introduced the process of predicting
gene expression given a set of rules in the last part of Section 2. For
comparison, Bayesian network is also used to predict gene expres-
sion by applying Libra (http://libra.cs.uoregon.edu/). We have built
a Bayesian network on our dataset, shown in Fig. 2. The structure of
Bayesian network and the discrete values of HMs are input to Libra,
which would then output the predicted gene expression level for
each record. Then for each of the six groups of gene expression
(see Section 2), the percentage of genes which are predicted as ‘up-
regulated’ is calculated and treated as the predicted gene expression
level of this group.

The plot of “predicted gene expression vs. observed gene expres-
sion” is shown in Fig. 6, where the two straight lines are obtained
by linear regression. The detailed results of linear regression are
shown in Table 3. As seen, our method has significantly higher
R? than Bayesian network, which indicates that our method is
able to predict gene expression more consistently. The coefficients
and p-values show that our method can predict the trend of
gene expression more accurately. In addition, Pearson correlation
coefficients were calculated between the observed and predicted
gene expression, which are 0.7407 (p-value=0.0921) for Bayesian
network and 0.9879 (p-value=0.0002) for our method. These
results indicate that our method has better performance than

Table 3

Comparison between Bayesian network and our approach in gene expression pre-
diction, where both linear regression and Pearson correlation are applied to two
data vectors: the predicted and observed expression levels.

Bayesian network Our approach

R? 0.5487 0.9760

Linear regression Coefficient 0.0142 0.1432
p-Value 0.0921 0.0002

P lati PCC 0.7407 0.9879
earson correlation p-Value 0.0921 0.0002
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Fig.5. Comparison of p-values (—log) between random rules and true rules The comparison is done on both original dataset (left) and bootstrapping datasets (right). Wilcoxon

test p-values are 2.5889e-14 (left) and 6.0629e-253 (right) respectively.

Bayesian network in predicting gene expression. This is probably
due to the fact that our rules are selected from all possible combi-
nations of different states of HMs and gene expression (i.e. global
searching), while Bayesian network is constructed based on local
structure searching.

However, it is generally difficult to compare our method with
most existing methods such as regression models because they are
different at the technical level. For example, although SVM has good
performance in non-linear regression, it is not suitable for large-
scale data analysis. Our dataset includes 90,168 records, which is
too big to use SVM. Moreover, there are a lot of missing data in
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Fig. 6. Comparison between Bayesian network and our method in predicting gene
expression. Blue dots and the green line denote prediction of Bayesian method, while
red dots and red line denote prediction of our method. The six dots (blue or green)
from left to right correspond to six groups of genes with expression levels from
highest to lowest respectively among the six time points (see Section 2.5). The lines
are obtained from linear regression. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

our dataset, which is not unusual for microarray data. The missing
data in synchronized multi-variables dataset make it difficult for
regression using SVM or Random Forests. Because there are miss-
ing values of at least one variable for almost all records, the accuracy
of regression could easily be affected. In contrast, our method is rel-
atively robust to missing data, partly because data discretization is
carried out independently for each variable. Even if we are using
a new dataset which is suitable for both our method and those
regression models such as SVM, it is still difficult to compare these
two kinds of methods. It could be unfair to compare their predic-
tion accuracy on gene expression because our method requires data
discretization which would cause loss of certain information. But
our method can provide results with interpretability, which those
regression models lack.

4. Discussion and conclusions

In this paper, we proposed a framework based on associa-
tion rule mining to discover in large-scale the regulatory relations
between histone modifications and gene expression. Based on
the technique of association rule mining, we designed a method
to identify interesting relations by the measures of support and
confidence. Then we used Fisher’s exact test and multiple testing
correction to calculate p-values for all the rules obtained from the
previous step. A threshold for p-values (here we use the widely
accepted value 0of 0.01) was used to select the most significant rules.
Applied to the data of P. falciparum, our method is able to discover
rules that are consistent with literature of experimental biology.
We demonstrated that our rules are not obtained by chance and
they are robust to random resampling. Compared with Bayesian
network, our model based on the significant association rules could
predict gene expression more accurately and consistently.

The proposed method can generate rules with interpretable bio-
logical meanings. Driven by the power of data mining, our method
is able to detect significant patterns of histone modifications reg-
ulating transcription, from all possible combinations. The direct
mining from data could provide a more reliable way to study and
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interpret the underlying biological processes. Because our method
is data-driven and unsupervised, it can uncover novel regulations
rules between histone modification and gene expression to guide
further biological experiments and discoveries. To the best of our
knowledge, this is the first paper to apply association rule mining
to reveal regulation relations between gene expression and his-
tone modifications in P. falciparum, while taking into account the
dynamic epigenetic regulation of gene expression.

One interesting future work is to apply our method to data of
other species, with the aim to find evolutionarily conserved regu-
lation patterns. Another future work is to extend simple rules with
only a few histone modifications on the left hand side to incor-
porate hierarchical and combinatorial interactions among histone
modifications.
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