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Abstract—Nucleosomes, the basic units of chromatin, are involved in transcription regulation and DNA replication. Intronless genes,

which constitute 3 percent of the human genome, differ from intron-containing genes in evolution and function. Our analysis reveals

that nucleosome positioning shows a distinct pattern in intronless and intron-containing genes. The nucleosome occupancy upstream

of transcription start sites of intronless genes is lower than that of intron-containing genes. In contrast, high occupancy and well

positioned nucleosomes are observed along the gene body of intronless genes, which is perfectly consistent with the barrier

nucleosome model. Intronless genes have a significantly lower expression level than intron-containing genes and most of them are not

expressed in CD4þ T cell lines and GM12878 cell lines, which results from their tissue specificity. However, the highly expressed

genes are at the same expression level between the two types of genes. The highly expressed intronless genes require a higher

density of RNA Pol II in an elongating state to compensate for the lack of introns. Additionally, 5’ and 3’ nucleosome depleted regions of

highly expressed intronless genes are deeper than those of highly expressed intron-containing genes.

Index Terms—Epigenetics, intron-containing genes, intronless genes, nucleosome occupancy

Ç

1 INTRODUCTION

N UCLEOSOMES are the basic packaging units of eukary-
otic chromatin, which consist of approximately 147

base pairs (bp) of DNA wrapped around an octamer com-
posed of eight histones [1]. There are many factors that con-
tribute to nucleosome positioning, such as intrinsic DNA
sequence preference [2], [3], transcription factors (TFs) [4],
[5], RNA Pol II [6], chromatin remodelers [7], [8], [9], [10],
and DNA methylation [11], [12]. Adding nucleosome disfa-
voring sequences to a yeast promoter results in a higher fre-
quency of promoter transitions between inactive and active
states [13]. Nucleosome organization plays a crucial role in
gene regulation. The crystal structure of nucleosomes indi-
cates that nucleosomes can spontaneously unwrap and
rewrap their terminal DNA segments, allowing TFs to
access their binding sites on nucleosomal sequences [14].
The closed or open state of chromatin may affect gene
expression and transcriptional noise [15]. The advancement
of high throughput technology allows us to generate
genome-wide maps of nucleosome positioning [16], [17],
[18]. Several general characteristics have been revealed
about the nucleosome organization. First, a nucleosome
depleted region (NDR) upstream of the transcription start
site (TSS), followed by a regularly spaced nucleosome
array, is involved in gene expression [16], [18], [19]. Second,
there is a NDR also detected in the 3’ untranslated region
of many genes [20]. Additionally special nucleosome

positioning patterns were discovered around some tran-
scription termination sites (TTSs), which can be correlated
with distinct polymerase occupancy and expression levels
[21], [22], [23], [24]. Third, nucleosomes are well positioned
at both ends of protein-encoding exons regardless of tran-
scription level, while nucleosomes are depleted in the vicin-
ity of the flanking introns [25], [26].

Eukaryotic genes often have an interrupted gene structure
with multiple exons separated by introns. The exon-intron
structure makes alternative splicing possible increasing the
diversity of protein products [27]. Additionally, as a result of
the functional coupling between splicing and other events in
gene expression, the intron-containing structure influences
other expression processes including mRNA export and
transcription rate [28], [29]. The transcription efficiency of
intron-containing transgenes is 10-100 times higher than that
of their intronless counterpart [30]. In the human genome,
approximately 3 percent of genes are intronless genes [27].
Human Intronless Genes Database includes 687 human
intronless genes. Among them, only 323 genes can be func-
tionally analyzed [31]. Intronless genes often encode signal
transducing proteins, receptors, and regulatory molecules in
growth and development [31], [32]. The fact that intronless
genes have no introns naturally makes them special when
compared with intron-containing genes. Intronless genes are
typically expressed at a lower level and in a narrower
breadth than intron-containing genes [33]. Intronless genes,
without spliceosome recruiting conserved transcription/
export complex, need a portion of the coding region called
cytoplasmic accumulation region (CAR) to help mRNAs to
export from the nucleus and keep stable [34]. A 10-nt consen-
sus sequence found in the CAR can promote the stable accu-
mulation of b-globinmRNA in the cytoplasm [35]. Intronless
genes emerged after a burst of retrotransposition in primates
approximately 38-50 million years ago. Intronless genes,
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which are inferred to originate from the retroposition of
cellular mRNA by retrotransposable elements, happen to
reposition around some preexisting elements that promote
their transcription [27].

Despite many researchers have focused on the mystery
of intronless genes, the nucleosome organization of intron-
less genes has not been investigated. In this paper, we use
publicly available data to examine how nucleosomes are
positioned around intronless genes. Distinct nucleosome
positioning patterns are found in intronless and intron-con-
taining genes, which might result from intrinsic DNA
sequence preference, DNA methylation and barrier nucleo-
some model. In general, intronless genes are unexpressed
or lowly expressed, but when they are highly expressed,
they need more RNA pol II that must be active to compen-
sate for the shortage of introns.

2 RESULTS AND DISCUSSION

2.1 Nucleosome Occupancy Around TSSs and TTSs
of Intronless Genes

We calculated the average nucleosome occupancy around
TSSs and TTSs of both intronless and intron-containing
genes in CD4þ T cells and GM12878 cells (Fig. 1). The dif-
ferences in the nucleosome occupancy of variant regions
between intronless and intron-containing genes were calcu-
lated (Table 1). The nucleosome occupancy of intronless

and intron-containing genes is quite different in promoters
and gene bodies. The P values also proved the same con-
clusion. The nucleosome occupancy pattern of intron-con-
taining genes is consistent with that showed in previous
studies [10], [36], [37]. The first nucleosome upstream of
the TSS (�1 nucleosome) is well positioned in front of the
obvious NDR of intron-containing genes. The first nucleo-
some downstream of the TSS (þ1 nucleosome) is also well
positioned and the downstream nucleosome occupancy
displays oscillations with amplitude that decays with

Fig. 1. The nucleosome occupancy around transcription start sites and transcription termination sites of intronless genes (blue line) and intron-
containing genes (red line). (a) The nucleosome occupancy around TSSs. (b) The nucleosome occupancy around TTSs.

TABLE 1
Nucleosome Occupancy Differences between Intronless

Genes and Intron-Containing GenesA

Cell Lines Region P-value

Resting CD4þ T promoter 6:4308� 10�5

Resting CD4þ T gene body 1:3899� 10�19

Resting CD4þ T downstream TTS 7:6802� 10�10

Activated CD4þ T promoter 6:8019� 10�7

Activated CD4þ T gene body 1:7129� 10�5

Activated CD4þ T downstream TTS 1:5497� 10�5

GM12878 promoter 3:3976� 10�6

GM12878 gene body 8:1203� 10�51

GM12878 downstream TTS 2:0929� 10�37

A We used the Kolmogorov-Smirnov test to check the difference in nucleosome
occupancy of various regions between intronless and intron-containing genes.
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increasing distance from the TSS (Fig. 1a). There is also an
obvious NDR immediately around the TTSs of intron-
containing genes (Fig. 1b). A well-positioned nucleosome
downstream of the NDR of TTS is associated with the iden-
tification of TTSs. The pattern for intronless genes is dis-
tinct from that for intron-containing genes.

First, nucleosome occupancy in the promoters of intron-
less genes is significantly lower than that of intron-contain-
ing genes (Fig. 1, Table 1). Because of the nature of
nucleosome depletion in CpG islands around the TSS [38],
[39], we inferred that the CpG islands in promoters might be
responsible for the low nucleosome occupancy in the pro-
moter of intronless genes. However, only a small portion of
intronless genes have CpG islands (250 of 939 [see Data
and methods]). Moreover, when just considering the
CpG island-free genes, intronless genes have lower nucleo-
some occupancy in the promoter regions than intron-con-
taining genes (Fig. S1,which can be found on the Computer
Society Digital Library at http://doi.ieeecomputersociety.
org/10.1109/TCBB.2015.2476811). This indicates that there
must be factors other than CpG islands in promoters that
cause the low nucleosome occupancy in the promoters of
intronless genes. Poly (dA:dT) tracts and their flanking DNA
are relatively depleted of nucleosomes in vivo because of
their rigid properties [40]. In the promoters, the poly (dA:dT)
tracts in intronless genes are significantly higher than those
in intron-containing ones (Fig. 2), while the differences in
poly (dA:dT) tracts in the gene body are not so obvious.
Compared with generic sequence DNA, poly (dA:dT) tracts
have a shorter helical repeat, a narrow minor groove, a dis-
tinct spine of hydration within the minor grove, and maxi-
mal overlap of the bases separately within each strand [40].
These unusual properties allow poly (dA:dT) tracts to intrin-
sically resist the structure deformations that are required for
nucleosome formation. We concluded that the poly (dA:dT)
tracts in promoters might be an important sequence prefer-
ence that influences the differences in nucleosome occu-
pancy in the promoters of intronless and intron-containing
genes. The differences in nucleosome occupancy of gene
bodies between intronless and intron-containing genes are
influenced by other factors.

The þ1 nucleosome and �1 nucleosome of transcribed
genes are acetylated and methylated [16], [41]; these
nucleosomes are recognized by TFIID [42], [43], [44]. In

TATA box-containing genes, TFIID then delivers TBP to
promoters [45]. TBP binds TFIIB and places it immedi-
ately downstream of the TSSs, and TFIIB positions Pol II
at the promoter [46]. Some evidences suggest that TFIIB
controls TSSs selection. Therefore, the well-positioned
nucleosome around an NDR contributes to the recogni-
tion and selection of a TSS. The fuzzy promoter nucleo-
somes of intronless genes indicate that the recognition
of intronless TSS may be inconvenient. When intronless
genes are highly expressed, the �1 nucleosome and
þ1 nucleosome become well positioned (see Highly
expressed intronless genes are associated with elongating Pol
II), which can help the transcriptional initial complex to
recognize the TSSs.

Second, intronless genes have shallower NDRs around
the TTSs and lower nucleosome occupancy downstream of
the NDRs than intron-containing genes (Table 1). Because
most intronless genes are not expressed in the CD4þ T cell
lines, the nucleosome occupancy around TTSs of intronless
genes (Fig. 1b) is almost the same as that of unexpressed
genes (more details will be discussed in Highly expressed
intronless genes are associated with elongating Pol II). The
nucleosome levels immediately downstream of TTSs of
intronless genes are lower than those of intron-containing
genes because of the sequence preference (see Highly
expressed intronless genes are associated with elongating Pol
II). And we suspect that the low nucleosome occupancy
downstream of TTSs leads to inefficient polyadenylation
of intronless transcripts [47]. Besides, some intronless
genes (45 intronless genes) have protein heterodimeriza-
tion activity (see Table S2, available in the online supple-
mental material), including the genes encoding histones.
Transcripts of such histone genes contain a unique 3’ end
instead of being polyadenylated [48], and nucleosomes
immediately downstream of TTSs do not act as the pause
site, which is the role they play in intron-containing genes
that allows RNA Pol II more time to process 3’
end�event, including the addition of a poly(A) tail. For
these reasons, nucleosome occupancy downstream of
TTSs of intronless genes is lower than that of intron-con-
taining genes. The distinct nucleosome positioning pat-
tern around TTSs indicates that intronless genes might
use a different way to identify the TTSs and to promote
the formation of mRNA 3’ end.

Third, the nucleosome occupancy in the region of 0-
1,000 bp downstream of TSSs was higher than that in the
flanking region of gene body in intronless genes. Addition-
ally, a higher level of nucleosome occupancy about 1,000 bp
upstream of TTSs was observed as well. Given the shorter
length of intronless genes, we speculate that the higher
nucleosome occupancy level downstream TSSs of intronless
genes is related to their gene body, which will be discussed
in detail in the following section.

2.2 Nucleosomes Occupancy Is High in the Gene
Body of Intronless Genes

Asdiscussed above, the higher nucleosome occupancy down-
stream of TSSs of the intronless gene was suspected to be
related to their gene body. To test our hypothesis, we exam-
ined the length of intronless genes. Most intronless genes are
�1,000 bp (Fig. 3), while the size of intron-containing genes

Fig. 2. The poly (dA:dT) distribution of intronless genes (blue) and intron-
containing genes (red). P promoter ¼ 6:4565� 10�74 (P value of poly
(dA:dT) tracts in the promoter between intronless genes and intron-
containing genes). P_body ¼ 0.0436 (P value in the gene body between
intronless genes and intron-containing genes). P values were calculated
using the Kolmogorov-Smirnov test.
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is evenly distributed. The length distribution of intronless
genes and intron-containing genes is quite different (Fig. 3,
P< 0.01).

Nucleosome positioning is partly determined by intrinsic
DNA sequence preferences. Previous studies showed a
genomic code for nucleosome positioning [2], [3]. The feature
of 10-bp periodicities of specific dinucleotides along the
nucleosome was observed in many genomes [8], [49]. AT-
rich DNA sequences are characteristic of NDRs because of
their rigid and bent property, making them less compatible

with the extreme bending that is required for nucleosome
formation [50], [51]. GC content is a major determinant of
nucleosome positioning because of its influences on many
DNA structure preferences [51]. We analyzed in vitro
reconstructed nucleosome positioning patterns and the
predicted nucleosome positioning patterns based only on
DNA sequence. The in vitro reconstruction and predicted
nucleosome occupancy of intronless genes and intron-
containing genes are significantly different in the gene
body, just like the nucleosome occupancy in vivo [50]
(Fig. 4, P < 0.01). The in vitro reconstruction and pre-
dicted nucleosome occupancy in the region of 0-1,000 bp
downstream of TSSs of intronless genes was higher than
that of other regions, which was consistent with the in
vivo nucleosome occupancy of intronless genes (Fig. 1a).
In addition, most intronless genes are not expressed in
human CD4þ T and GM12878 cells; in contrast, only 16
percent of intron-containing genes are not expressed and
there are almost no TFs and RNA Pol II binding in the
unexpressed genes (see Highly expressed intronless genes
are associated with elongating Pol II). Therefore TFs and
RNA Pol II should not be the main reasons that lead to
the average nucleosome positioning of whole intronless
genes. In conclusion, intron-containing genes are obvi-
ously more affected by other factors than intronless ones;
because their nucleosome occupancy along the gene body
in vitro or predicted by DNA sequence is inconsistent
with the nucleosome occupancy in vivo.

Methylation of DNA at CpG dinucleotides represents an
epigenetic remark that is involved in the regulation of gene
expression in vertebrate cells. It is because DNAmethylation
can alter the properties of the DNA sequence. Nucleosome
positioning is also affected by 5-methycytosine. DNA meth-
ylation has been reported to promote the compaction and
stabilization of nucleosomes by causing the overwrapping of
DNA around the histone octamer [12], [52]. As seen in Fig. 5,
the gene bodies of intronless genes are hypermethylated
compared to the methylation of intron-containing genes
(P body ¼ 6:0579� 10�16). In addition, our result agrees
with that of a genome wide analysis of the relationship
between nucleosome positioning and DNAmethylation that
showed that exons were enriched in nucleosomes that are

Fig. 4. Intrinsic nucleosome positioning pattern. (a) The nucleosome
positioning pattern of intronless genes (blue) and intron-containing
genes (red) predicted by DNA sequence. P body ¼ 3:5668� 10�4 (P-
value in the gene body of intronless genes and intron-containing genes).
(b) The in vitro nucleosome pattern of intronless genes (blue) and intron-
containing genes (red). P body ¼ 1:9270� 10�6. P values were calcu-
lated using the Kolmogorov-Smirnov test.

Fig. 5. The methylation around the TSSs of intronless genes (blue)
and intron-containing genes (red) in resting CD4þ T cells. We also cal-
culated the differences of the methylation in gene body of intronless
genes and intron-containing genes using the Kolmogorov-Smirnov test.
P body ¼ 6:0579� 10�16.

Fig. 3. The length of intronless genes and intron-containing genes.
P ¼ 1:5678� 10�58. The P value was calculated using the Student’s
t-test.
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preferentially positioned in methylated sequences rather
than unmethylated sequences [11]. The hypermethylation of
the gene body of intronless genes is an important factor for
the high nucleosome occupancy of intronless gene bodies.

DNA sequence preference and DNA methylation can
partly interpret the in vivo nucleosome positioning [2], [7],
[53]. However evidences suggest that the organization of
nucleosome in specific regulatory regions is largely a conse-
quence of statistical packing principles. The barrier nucleo-
some model indicates that the positioning of nucleosomes
depends on barriers that can be formed by well positioned
nucleosomes, TFBSs, AT-enriched sequence, RNA Pol II,
and etcetera [8], [10], [36], [54]. We observed that the þ1
nucleosome (Fig. 1a) and the nucleosomes immediately
upstream of TTSs (Fig. 1b) were well positioned; these
results were consistent with the barrier nucleosome model.
When intronless genes are short, these two nucleosomes act
as barriers that form a “box” in which nucleosomes must be
posited (Fig. 3b). However, when intronless genes become
longer, the nucleosomes’ roles as barriers fade, resulting in
a fuzzily positioned nucleosome. To illustrate this view, we
plotted the heatmap of the nucleosome occupancy in intron-
less genes and intron-containing genes in resting CD4þ T
cell lines (Fig. 6).

The nucleosome occupancy along the gene body is higher
than that of the flanking region of the genes, and nucleo-
somes prefer a periodicity in the gene body (Fig. 6a).
This phenomenon perfectly proves the nucleosome barrier
model. As the gene length increases, the nucleosomes along
the gene body become fuzzy and non-periodic, suggesting
that the exclusion power from the barriers forces the nucleo-
somes to be periodic. However, when the gene length
exceeds the influential region of the barriers, the impact from
barriers weakens. When the gene length is longer than
2,000 bp, the confinement induced by barriers will not be
strong enough to restrict the nucleosomes on gene bodies,
which leads to fuzzier nucleosome occupancy. To under-
stand nucleosome barriers more clearly, we clustered the
nucleosome signals along the gene body using the K-means
(k ¼ 4) method (Fig. 6b and Fig. S2, available in the online
supplemental material, we also checked the heatmap when

k ¼ 3 and k ¼ 5. The figure was showed in Fig. S2, available
in the online supplemental material). The nucleosome peaks
were found using iNPS, a program that determines accurate
nucleosome positioning from sequence data [55]. In Fig. 6, all
intronless genes were aligned at the middle of the gene bod-
ies. In Fig. S2, available in the online supplemental material,
each gene was aligned at the þ1 nucleosome and the last
nucleosome of the gene body respectively. The 5’ and 3’
nucleosomes were positioned using the methods proposed
by Vaillant and Palmeira [56]. After clustering the signal, the
periodicity of nucleosomes in the gene body is observed
more clearly (Fig. 6b). The nucleosomes along the gene body
are forced to be periodic by the barriers at the two ends of the
genes. When nucleosomes are closer to the barrier, they pre-
fer higher and more periodic. This can be seen in Fig. S2,
available in the online supplemental material. þ1 nucleo-
some and the first nucleosome upstream the TTS act as the
barriers. The nucleosomes that are close to these two nucleo-
somes have a significant periodicity. The amplitudes of þ1
nucleosome and the last nucleosome in gene body are higher
than that of other nucleosomes, and the nucleosome occu-
pancy signal decays as the distance to the barriers increase.

In conclusion, the sequence preference, DNA methyla-
tion, and barrier nucleosome model all influence the nucleo-
some occupancy along the gene body of intronless genes.
These factors contribute to the unique nucleosome occu-
pancy of intronless genes.

2.3 Highly Expressed Intronless Genes Are
Associated with Elongating Pol II

Introns facilitate transcription in S.cerevisiae [57] and Dro-
sophila [58]; this is also true in the human genome. To exam-
ine the nucleosome dynamical repositioning with gene
expression, genes were divided into three groups (see Data
and methods) based on gene expression values (Reads Per-
Kilobase of exon model per million mapped reads, RPKM):
highly expressed genes (intronless gene: 116, intron-con-
taining gene 7,235), lowly expressed genes (intronless
gene: 264, intron-containing gene: 7,591) and unexpressed
genes (intronless genes: 555, intron-containing gene: 2,954).
Most intronless genes are unexpressed. Of the expressed

Fig. 6. The heatmap of nucleosome occupancy in intronless genes in resting CD4þ T cell lines. (a) Nucleosome occupancy in the gene body of
intronless genes; the gene length increases from top to bottom, and the red line on the plot marks the sites of TSSs and TTSs. (b) K-means cluster
for the nucleosome occupancy in the gene body of intronless genes (k ¼ 4).

CHENG ET AL.: NUCLEOSOME POSITIONING OF INTRONLESS GENES IN THE HUMAN GENOME 1115



intronless genes, the expression levels are obviously lower
than those of intron-containing genes (Fig. 7a). The most
plausible explanation for this phenomenon is that intronless
gene expression is tissue-specific. Therefore most intronless
genes are expressed at a low level in CD4þ T and GM12878
cells. To confirm this view, intronless genes were analyzed
in the Kyoto Encyclopedia of Genes and Genomes (KEGG)
by DAVID [59], [60], an online bioinformatic tool to anno-
tate and integrate gene analysis. Totally, 628 intronless
genes were found in the KEGG pathways by DAVID,
which included 342 genes that are related to olfactory
transduction (see Table S1, available in the online supple-
mental material). Other genes mostly take part in taste
transduction (24 intronless genes), systemic lupus erythe-
matosus (31 intronless genes), neuroactive ligand-receptor
interaction (34 intronless genes). Gene Ontology (GO)
analysis revealed that 359 intronless genes have olfactory
receptor activity (see Table S2, available in the online
supplemental material) [61].

Even though the intronless genes have tissue-specificity
and express at a low level in CD4þ T and GM12878 cell lines,
the highly expressed intronless genes and intron-containing
genes seem to have similar average expression levels
(Fig. 7b). Then, we analyzed the nucleosome organization of
genes with different expression levels and calculated the P
value of nucleosome occupancy according to different
expression levels between intronless genes and intron-con-
taining genes (Fig. 8, Table S3, available in the online supple-
mental material). Immediately around the TSSs of both
intron-containing and intronless genes with a high expres-
sion level, we observed noticeable NDRs, accommodating
TFs binding to TFBSs. The amplitude of the þ1 nucleosome
and �1 nucleosome is the highest among these groups of
genes in both of intronless genes and intron-containing
genes. This indicates that theþ1 nucleosome and�1 nucleo-
some might play an important role in gene expression. The
depths of NDRs and the þ1 nucleosome amplitudes around
TSSs of lowly expressed genes are decayed, although they
still can be observed. In unexpressed gene, the NDR disap-
peared. There was only one high nucleosome occupancy
downstream TSSs of intron-containing genes, and the nucle-
osome occupancy of unexpressed intronless genes was simi-
lar to that of all intronless genes. This indicates that the
nucleosome positioning patterns are dynamically adjusted
to allow the binding of transcription factors and RNA Pol II.

In addition, from Fig. 8a,�1 nucleosome of highly expressed
intronless genes disappear in CD4þ T cell, wider and deeper
NDRs and higher þ1 nucleosome are observed in highly
expressed intronless genes in both CD4þ T and GM12878
cell lines. For intron-containing genes, the process of splicing
promotes gene expression. Because intronless genes have no
introns, they need some other ways to compensate for this
shortage.

Nucleosome phasing and positioning surrounding the
TSSs may be related to Pol II binding. Therefore, we exam-
ined the RNA Pol II tags in highly expressed promoters,
lowly expressed promoters, and unexpressed promoters
(Fig. 9). The RNA Pol II density decreases when the
expression level is low in both intronless and intron-con-
taining genes. It is intriguing to note that the RNA Pol II
density of intronless genes is higher than that of intron-
containing genes in expressed genes. These results suggest
that more RNA Pol II is required in transcription of intron-
less genes.

Previous studies suggested that a fraction of promoters are
associatedwith poised or stalled RNAPol II [62], and that the
activity of RNA Pol II influences gene expression profiles
[16]. Therefore, we adopted the scenario described in data
and methods to determine RNA Pol II activity (see Data and
Methods). Over 80 percent highly expressed intronless genes
are associatedwith elongating Pol II, while only 44 percent of
highly expressed intron-containing genes are associatedwith
elongating Pol II. These data suggest that intronless genes

Fig. 8. The nucleosome positioning patterns around TSSs in different
expressed levels. (a) The nucleosome occupancy of genes in resting
CD4þ T cell. (b) The nucleosome occupancy of genes in GM12878
cells.

Fig. 7. The expression of intronless genes (red) and intron-containing
genes(orange). (a) All expressed genes of resting CD4þ T cells (left)
and GM12878 cells (right). Both P values are 2:2� 10�16 (rank-sum
test). (b) Highly expressed genes of Resting CD4þ T cell. P value ¼
0.6897 (rank-sum test).
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require not only a high density of RNA Pol II, but also Pol
II in an elongating state. Introns can enhance almost every
step of gene expression, from transcription to translation
[28], [63], [64]. The higher density and elongating RNA Pol
II compensate for the shortage in the introns and splicing
for intronless genes.

The binding of RNAPol II and TFs often reposition nucleo-
some around TSSs. The nucleosome positioning patterns of
unexpressed genes are similar to those of the predicted and in
vitro nucleosome positioning. The DNA sequence preference
may play an important role in nucleosome positioning. If
TSSs are masked by nucleosomes, unnecessary or incorrect
transcription will be reduced [65]. Once one gene is prepared
to express, some pioneer TFs may bind to the nucleosomes
around TSSs and open the local chromatin [66], [67] to enable
the access of TFs and/or RNA Pol II to DNA. TFs and RNA
Pol II will recruit other needed proteins to form the transcrip-
tional complex and chromatin modifiers to initial transcrip-
tion and dynamically repositioning the nucleosomes. The
binding of RNAPol II is often associatedwith strong position-
ing of the þ1 nucleosome and wider NDR, while the absence
of RNA Pol II is associated with fuzzy positioning [9], [16]. As
a result, wide and deep NDRs appear in highly expressed
genes, a well-positioned þ1 nucleosome and subsequent
nucleosome array also appear. The higher density RNA Pol II
might be a reason for the higher occupancy ofþ1 nucleosome
andwiderNDR of highly expressed intronless genes.

To further study the relationship between nucleosomes
around TTSs of intronless genes and gene expression levels,
we plotted the nucleosome occupancy around the TTSs of
genes with different expression levels (see Fig. 10). It seems
that the 3’ NDR upstream of TTSs of intronless genes is
strongly correlated with the expression level. Higher intron-
less gene expression tended to be associated with deeper 3’

NDRs. In contrast, this property was not observed in intron-
containing genes. The nucleosomes upstream TTSs of
intron-containing genes have almost the same pattern even
though they are expressed in different expression levels,
which indicated that nucleosome occupancy around TTSs
of intron-containing genes is more affected by the sequence
preference. This is supported by the GC content around
TTSs (Fig. S3, available in the online supplemental mate-
rial). Some researchers suggest that the 3’ NDR may be a
site for RNA polymerase disassembly [54]. Because most
intronless genes are unexpressed in the CD4þ cell lines and
GM12878 cell lines, the nucleosome occupancy around the
TTSs of intronless genes (Fig. 1b) is the same as that of unex-
pressed genes (Fig. 10).

The 3’ NDRs of highly expressed intronless genes are
stronger than those of intron-containing genes (Fig. 10). In
fact, we suspect the conclusion should be adapted for all
intronless and intron-containing genes that are expressed at
the same levels. Even though the lowly expressed intron-
containing genes have deeper 3’ NDRs, their expression lev-
els are also significantly higher than lowly expressed intron-
less genes (see Fig. S4, available in the online supplemental
material) which may lead to deeper 3’ NDRs.

In addition, the nucleosome occupancy immediately
downstream of the TTSs of intronless genes is lower than that

Fig. 10. The nucleosome occupancy around TTSs of intronless genes
(blue) and intron-containing genes (red) at different expression levels in
Resting CD4þ T cells and GM12878 cells. (a) Resting CD4þ T cells,
and (b) GM12878 cells. We calculated P values of nucleosome occu-
pancy downstream of TTSs of intronless genes and intron-containing
genes (Table S4, available in the online supplemental material).

Fig. 9. The RNA Pol II density around TSS of intronless genes (blue) and
intron-containing genes (red). Left Panel: Resting CD4þ T cell; Right
Panel: GM12878 cells. (a) Highly expressed genes. (b) Lowly expressed
genes. (c) Unexpressed genes.

CHENG ET AL.: NUCLEOSOME POSITIONING OF INTRONLESS GENES IN THE HUMAN GENOME 1117



of intron-containing genes because of the sequence preference
(see Fig. S3, available in the online supplemental material).
The GC content downstream of the TTSs of intronless genes is
obviously lower than that of intron-containing genes. Addi-
tionally some transcripts of intronless genes, especially his-
tone genes, are not polyadenylated at the natural site [47],
[48]. Therefore the nucleosomes immediately downstream
TTS do not act as the pause site as it does in intron-containing
genes for the addition of the 3’ poly(A) tail. Nucleosomes
positioned downstream of the TTSs might act as RNA Pol II
pause sites and allow the RNA Pol II more time to process 3’
end events [20], [68]. Nucleosome occupancy near TTSs regu-
lates the transcription termination of protein-coding genes.
While the nucleosome occupancy for intronless genes dis-
plays a different pattern from that of intron-containing genes,
it will be interesting to examine whether it implies a different
transcription terminationmechanism for intronless genes.

3 CONCLUSION

Intronless genes are a special group of genes in the eukaryotic
organism. Therefore we investigated the nucleosome occu-
pancy patterns of intronless genes. The nucleosome position-
ing pattern of intronless genes is distinct from that of intron-
containing genes. The nucleosome levels in promoters of
intronless genes are lower than those of intron-containing
genes (Fig. 1a), resulting in genes that are unexpressed or
expressed at a low level. The abundance of poly (dA:dT) in
intronless gene promoters might be the decisive factor for the
lower nucleosome occupancy. In addition, the nucleosome
positioning pattern around TTSs of intronless genes is also
different from that of intron-containing genes, which may
indicate a different way to identify TTSs for intronless genes.
When the genes are highly expressed in the cells, intronless
genes always have deeper 3’ NDRs upstream the TTSs.

Intronless genes in the 900-bp region downstream of
TSSs not only have a higher nucleosome occupancy than
other regions but also have well positioned nucleosomes
when these genes are shorter than 2,000 bp (Fig. 1a), which
is correlated with intronless gene bodies (Fig. 6). Our
results demonstrate that the intrinsic DNA sequence prefer-
ences partly determine the nucleosome positioning pattern
(Fig. 4) and that the NDRs near TSSs and TTSs act as bar-
riers that result in periodic nucleosome positioning along
intronless gene bodies. In addition, the hypermethylated
intronless gene bodies (Fig. 5) promote the compaction and
stabilization of nucleosomes and contribute to the high
nucleosome occupancy of intronless gene bodies.

In general, intronless genes are expressed at a lower level
(Fig. 7) and in a narrower range than intron-containing
genes [33], because most intronless genes are tissue-specific.
However the expression values of highly expressed genes
of intronless genes and intron-containing genes were almost
the same (the low expressed genes are not (see Fig. S3,
available in the online supplemental material)). Highly
expressed intronless genes have deeper NDRs and higher
þ1 nucleosome occupancy than intron-containing genes,
which may accommodate more TFs and RNA Pol II (Fig. 9).
Additionally, most highly expressed intronless genes are
associated with elongating RNA Pol II. In this way, intron-
less genes may compensate for the lack of introns.

When a gene is unexpressed in vivo, there is almost no
Pol II binding at the promoter. Hence, DNA sequence pref-
erence may determine the nucleosome positioning and
phasing of unexpressed genes. Once a gene is prepared for
expression, some pioneer factor will bind to its target site in
nucleosomal DNA and recruit ATP-dependent chromatin
remodelers to displace nucleosomes and allow other TFs
and RNA Pol II to access their sites. Then, a NDR will be
formed around the TSS, and the nucleosome array will be
positioned flanking the NDR with the assistant of Isw2.

These results expand our knowledge of intronless genes
and nucleosome organization in vivo.

4 DATA AND METHODS

4.1 Identification of Intronless Genes

The genes were downloaded from RefSeq Genes of hg18
datasets [69]. We chose all protein-coding genes as our
objects and excluded non-coding genes. We then selected
genes with only one exon in the RefSeq Gene as the candi-
dates of intronless genes. Pseudogene and some protein cod-
ing genes whose TSSs were contained within other genes
were abandoned by manual work. Finally we obtained 939
intronless genes from the hg18 human genome. Genes with
more than one exon were regarded as intron-containing
genes. If a gene had more than one TSS, we selected the
TSS that was the closet to the 5’ end. Finally 17,776 intron-
containing genes were obtained from hg18. The TTSs sites
were also obtained from RefSeq Genes.

4.2 Nucleosome Level

The nucleosome signal profiles in CD4þ resting and acti-
vated cells were obtained from the literature [16], which
were generated by Solexa (accession no. GSE10437). The
nucleosome data of GM12878 cells were generated by
Snyder lab and were downloaded from the UCSC ftp server.
The short reads was extended to 150 bp from 5’ to 3’, and
we selected 75 bp in the middle to calculate the nucleosome
occupancy aligned with TSSs and TTSs. The nucleosome
positioning patterns that were predicted by sequences
were predicted using the software developed by Segal lab
[50], and the DNA sequences in the promoters were
extracted from whole genome sequence which was obtained
fromUCSC.

Because the nucleosome data of GM12878 cells were
mappedwith hg19while other data weremappedwith hg18,
we used the liftOver tool, which was downloaded from
UCSC, to transform the genome coordinates of GM12878 cells
data from hg19 to hg18.

4.3 P Values between Intronless Genes and
Intron-Containing Genes

We calculated the P values in variant regions of intronless
genes and intron-containing genes. The average value of
nucleosomes, which referred to the reads number in the
region divided by the length of the region, indicated the
nucleosome occupancy value in the region. All of the aver-
age values in the intronless group and intron-containing
group were calculated. Finally, we compared these two
groups and obtained P values. The promoters included the
region 0-1,000 bp upstream of the TSSs. The gene bodies
included the region 0-1,000 bp downstream of the TSSs.
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Downstream of the TTSs included the region 0-1,000 bp
downstream of the TTSs. The methylation and predicted
nucleosome occupancy was also calculated in the same way.

4.4 CpG Islands

The distributions of CpG islands in the human genome
were obtained from the UCSC human genome database. A
gene was regarded as a CpG island containing genes when
the TSS was in a CpG island.

4.5 Poly(dA:dT)

Promoters in the region of –1,000�2,000 bpwere scanned for
continuousmotifs of poly(dA:dT) tracks with a size of 6 bp.

4.6 RNA Pol II

The RNA Pol II data in the CD4þ T resting cells were
obtained from Schones et al. [16] (accession no. GSE10437).
The RNA Pol II data of GM12878 generated by Snyder lab
were downloaded from the UCSC ftp server. A sliding win-
dow of 5 bp was used around TSSs, and all reads originated
in these windows were calculated. We used a scheme
described in the reference [16] to identify the activity of RNA
Pol II. We calculated the Pol II levels as the sum of all Pol II
signals in a 1 kilobase (kb) region surrounding the TSS and
calculated the average Pol II level (APL) for 1 Kb window
through the gene body. A stalling index (SI) was then defined
as the ratio of the promoter Pol II level over the average gene
body level. Genes with stalled Pol II were defined as those
with SI > 10 and APL< 5. Genes with elongating Pol II were
defined as thosewith 1< SI< 10 andAPL> 5. Geneswith no
promoter Pol II were defined as thosewithAPL¼ 0.

4.7 DNA Methylation

The DNA methylation data in the resting CD4þ T cell lines
were obtained from Choi et al. [70]. Sliding windows of
5 bp were applied in the regions of TSSs and all reads that
originated in these windows were calculated. Total counts
were divided by the number of genes in each set.

4.8 Analysis of Gene Expression Levels Using
mRNA-seq Data

The RNA-Seq data from CD4þ T cells were obtained from
I. Chepelev’s work [71] (accession no. GSE16190), and the
RNA-Seq data of GM12878 were generated by Gingeras-
CSHL [71], [72], which were downloaded from UCSC ftp
server. The expression level for each gene was quantified in
reads per kilobase of exon model per million mapped
sequence reads (RPKM) [73]. All genes in the cells were cate-
gorized to three groups: no expressed genes, lowly expressed
genes and highly expressed genes according to their expres-
sion levels. No expressed genes referred to the genes whose
RPKM was 0. Rest genes were averaged to two groups by
RMKM, 50 percent of the genes with lower RPKM were
defined as lowly expressed genes and 50 percent of the genes
with higher RPKMwere defined as highly expressed genes.
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