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Human intronless disease associated genes are slowly evolving
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In the present study we have examined human-mouse homol-
ogous intronless disease and non-disease genes alongside their
extent of sequence conservation, tissue expression, domain
and gene ontology composition to get an idea regarding evolu-
tionary and functional attributes. We show that selection has
significantly discriminated between the two groups and the
disease associated genes in particular exhibit lower K, and
KJ/Ks while K although smaller is not significantly different.
Our analyses suggest that majority of disease related intronless
human genes have homology limited to eukaryotic genomes
and their expression is localized. Also we observed that differ-
ent classes of intronless disease related genes have experi-
enced diverse selective pressures and are enriched for higher
level functionality that is essentially needed for developmental
processes in complex organisms. It is expected that these in-
sights will enhance our understanding of the nature of these
genes and also improve our ability to identify disease related
intronless genes. [BMB reports 2009; 42(6): 356-360]

INTRODUCTION

For years it is well established that the gene structure of higher
eukaryotic organisms including humans, constitutes of exons
(protein-coding region) and introns. However, after the com-
pletion of human genome sequencing it was observed that ap-
proximately 10% of the human genes do not have introns i.e.
they are coded by single exonic genes (1). This disclosure led
to initiation of several studies to understand the structural and
functional properties of these intronless genes. As a result,
analysis revealed several interesting insights about their nature.
For example, comparative analysis of these genes in humans
has indicated that most of them are eukaryotic lineage specific
and are evolving rapidly (2, 3). Also it has been shown that
these genes are non-uniformly distributed across the various
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functional categories and exhibit distinct domains and molec-
ular functions (4). In another study, comparison of human in-
tron containing and intron lacking genes have demonstrated
significant difference in the oligonucleotide composition of
coding sequences suggesting the presence of novel and differ-
ent exonic splicing information (5). All these studies do in-
dicate that human intronless genes have peculiar distinct prop-
erties and should be studied as a separate class. However, the
area still remains unexplored despite their sizeable amount
and significance in human genome. At the same time, under-
standing the genetic basis of inherited disorders to improve
disease prevention and treatment is still one of the primary ob-
jectives of medical researchers (6). In addition, in this genomic
era the presence of various resources like OMIM (7), a cata-
logue of human diseases, along with information regarding ho-
mologous sequences provides us with an opportunity to better
understand human biology. Therefore in continuation with our
previous efforts we have addressed what evolutionary and
functional attributes are associated with intronless disease
genes? To this end we have examined evolutionary rate pat-
tern of human-mouse homologous intronless disease and
non-disease genes alongside their extent of sequence con-
servation, tissue expression, domain distribution and gene on-
tology composition.

RESULTS AND DISCUSSION

As it is known that the degree of selective pressure to which a
gene has been subjected is reflected by the ratio of rate of
non-synonymous to synonymous substitutions, in the present
study the variation in the rate of nucleotide substitutions
among human intronless disease and non-disease associated
genes was investigated. To examine synonymous and non-syn-
onymous substitution rate differences between 334 disease
and 252 non-disease human intronless genes, the Ki/Ks ratio
for each human and mouse 1 : 1 ortholog pair was calculated
(Table 1). On comparing the K,, K, and KJ/K; of the two
groups of genes, it was found that the disease associated hu-
man intronless genes have smaller and significantly different K,
(0.074 vs 0.103) and Ki/K; (0.118 vs 0.160) while K; (0.604 vs
0.622) although smaller is not significantly different, as de-
termined using Mann-Whitney U test (Fig. 1a, Fig. 1b and
Table 1). On an average, disease related intronless genes were
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Table 1. Summarizes the various features investigated for disease and
non-disease HIG

Disease Non-disease P-value
mean (SE) mean (SE) mann-whitney
Ka 0.074 (0.004) 0.103 (0.005) 9.8 x 10°¢
Ks 0.604 (0.009) 0.622 (0.011) 0.2343
Ka/Ks 0.118 (0.005) 0.160 (0.007) 55x 10°°

Ka: number of non-synonymous substitution per non-synonymous
site, Ks: number of synonymous substitution per synonymous site, SE:
standard error

observed to evolve 28% slower than non-disease genes.
Clearly, this variation is not due to the differences in the muta-
tion rates, as K, of the two groups have not varied accordingly.
As it is assumed that synonymous substitutions are usually
neutral whereas non-synonymous substitutions are subject to
selective pressures, a significant decrease in K, of disease re-
lated genes demonstrates an increase in selective pressure on
their amino acid sequence. Consequently, the finding suggests
that human intronless disease genes are under strong purifying
selection as a result of which these genes have mutated slower
than their non-disease counterparts. On the other hand, the in-
significant difference in the average K; rates of disease genes
from non-disease ones indicate that the synonymous sites of
both the groups are under similar selective forces. It seems that
disease associated single exonic genes have accumulated few-
er mutations at the synonymous sites, but not significantly less,
which could lead to major differences between the K average
of two groups. This trend may be attributed partly to the pres-
ence of non-synonymous sites at the neighboring silent sub-
stitution sites, as K, and K show a significant positive correla-
tion between themselves, which has been noticed previously
by others too (8). The results of the present study are thus in
partial accordance with the previous findings of Tu et al. (9)
who showed that disease genes are evolving at slower rate
than other genes with significant differences in all the three pa-
rameters K,, K, and Ki/K.. However, it differs from that of
Smith et al. (10) who showed that disease genes evolve faster
than non-disease, at both synonymous and non-synonymous
site resulting in a higher non-synonymous/synonymous rate ra-
tio, and Huang et al. (11) who showed an increase in synon-
ymous substitutions rate for disease genes and also suggested
that selection has not discriminated between the two groups to
a large extent. Moreover, Tu et al. (9) suggested that due to
presence of essential genes within non-disease gene dataset,
the signals regarding rate of protein evolution get blurred and
are misjudged. Therefore, to ensure that observations made
herein are consistent, we have compared the 252 non-disease
intronless genes with the 1,789 human essential genes. The
comparison revealed the presence of 8 essential genes in
non-disease dataset. Again, after removing these genes when
the 3 statistics were recalculated (N = 244, K, = 0.104, K; =
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Fig. 1a. K, distribution of ortholog pairs for disease versus non-disease
human intronless genes.
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Fig. 1b. K, distribution of ortholog pairs for disease versus non-disease
human intronless genes.

0.623 and Ki/Ks = 0.162) and compared, we observed similar
results. Further, we also determined the K,, K, and Ki/K; rates
of 56 morbid map disease associated intronless genes (see
Materials and Methods) separately to be 0.075, 0.613 and
0.120 respectively. On comparing the non-synonymous and
synonymous rates of the two groups (56 disease vs. 252
non-disease intronless genes), again it was found that disease
associated human intronless genes have smaller and sig-
nificantly different K, and Ko/Ks while K, although smaller is
not significantly different. This demonstrated that observations
made using both morbid map and gene map are similar and
signify that human intronless disease genes are evolving slow-
ly as compared to the other intronless genes. The results of the
present study are thus in partial agreement with that of Tu et
al. (9) but difference in terms of insignificant K, rate has not
been previously reported. Thus it indicates that human intron-
less genes are unique and distinct as proposed by various stud-
ies described in introduction (2-5).

To garner additional information regarding the evolution of
human intronless disease genes various other sequence char-
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acteristics were analyzed. Initially the extent of sequence con-
servation of the proteins across the various domains of life i.e.
archaea, bacteria and eukaryotes was observed. For the pur-
pose we utilized pre-computed sequence alignments gen-
erated from all against all BLAST comparisons available via
Blink (12). It was found that majority of disease associated in-
tronless genes (48%) exhibit homology to eukaryotic genomes
only (metazoan, plants, fungi and other eukaryotes). On the
other hand, the proportion of genes conserved across all the
domains of life and those having homologues in bacteria and
archaea only, were observed to be many more in case of
non-disease genes. Thus, the above distribution of protein con-
servation in various taxonomic categories revealed that the
proportion of extremely conserved proteins (i.e. proteins hav-
ing homologs in all the domains of life) is greater in case of
non-disease associated intronless genes while that having ho-
mologoues in eukaryotic genomes only are greater in disease
associated intronless gene dataset. However, these observa-
tions differ from those previously reported for genome wide
disease gene analysis where it has been proposed that the hu-
man disease genes are conserved across the broader phyloge-
netic extent than the rest of the human proteins (13). These re-
sults revalidate that the unusual nature of human intronless
genes.

We further determined and compared the range of tissue ex-
pression of the disease and non-disease associated intronless
genes using UniGene section in Genecards. Although, the
averages of range of tissue expression did not show any sig-
nificant difference between disease and non-disease dataset,
however it was found that the proportion of disease associated
genes expressed in either one or two tissues was higher than in
non-disease genes (40% vs 34%) (Supplementary Fig. 1). This
observation that the expression pattern of a substantial chunk
of human intronless disease associated genes is localized is in
accordance with our previous sequence conservation pattern
(2) because earlier it has been suggested that domain specific
proteins have increased probability of exhibiting tissue specif-
icity (14). This signifies that majority of human intronless dis-
ease genes have homology limited to eukaryotic domain and
exhibit narrow range of tissue expression.

We next asked if the trend observed was influenced by the
domain composition of disease associated intronless genes.
Since domain is the basic unit of protein that is self stabilizing
and can exist as an independent functional feature, the Pfam
database was used to assign the domains present in the disease
associated proteins. The results presented in Table 2 showed
that Ko/K; is significantly affected by protein functions with his-
tone and ion transporter associated disease genes being most
slowly and cadherin domain containing disease proteins being
the fastest evolving proteins. Thus the data suggests that histo-
nes and ion transporters are under negative selection which
implies that high proportion of amino acids are constrained in
these genes as it is expected for histones which is one of the
most conserved protein family in nature (15) while trans-
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Table 2. Functional class evolutionary rate variation in disease asso-
ciated HIG

PFAM  Number of

S.No. Pfam family : Mean K, (SE)
accession sequences
1 7 transmembrane receptor PFO0001 79 0.082 (0.006)
2 Histone PFO0125 9 0.011 (0.004)
3 Helix-loop-Helix domain ~ PFO0010 9 0.052 (0.019)
(HLH)
4 Cadherin domain PF00028 8 0.130 (0.004)
5 Connexin PF00029 7 0.065 (0.019)
6 lon transporter PF00520 7 0.025 (0.008)

SE: standard error

membrane receptor and Cadherin domain containing proteins
are under positive selection as shown previously (10).
Moreover the 56 disease associated genes classified using mor-
bid map were categorized into one of the 22 disorder classes
described by Goh et al. (16). We observed that genes asso-
ciated with four disorder classes namely cardiovascular, endo-
crine, immunological and neurological comprised nearly 50%
of the total set. Further significant differences between the
K+/K; ratio for these pathological system was observed. It was
noted that genes involved in cardiovascular, endocrine and
neurological disorder displayed on an average lower Ki/K; ra-
tio (0.083, 0.094 and 0.085 respectively) while genes asso-
ciated with immunological disorder (N = 8, K, = 0.112, K =
0.732 and K/Ks = 0.153) have on average higher KJ/K; ratio
and thus have undergone less intense purifying selection. Thus
we conclude that different classes of disease related genes
have experienced different selective pressures than genes that
are not involved in causing diseases.

Furthermore gene ontology enrichment analysis was applied
to understand the categories that are preferentially associated
with disease set. The 334 disease gene dataset was categorized
into 925 gene ontology terms. The Fischer exact test was then
applied on 334 genes considering the total set of genes (586
genes) as background set. This revealed that most of the dis-
ease associated intronless genes were linked to mainly 14
gene ontology terms (Bonferroni corrected P-value at 5% cut-
off) that correspond to plasma membrane, signal transduction,
receptors and ion channels. Additional enrichment analysis of
56 morbid map classified gene set within 334 disease set sug-
gested that two gene ontology categories 'sensory perception
of sound' and 'embryonic heart tube development' are over-
represented (Bonferroni corrected P-value at 5% cutoff). Thus
we observe that intronless disease genes are enriched for high-
er level functionality that is essential for developmental proc-
esses in complex organisms.

CONCLUSIONS

From the study we conclude that disease genes are evolving at
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lower nonsynonymous/synonymous (Ki/Ks) substitution rate
and selection appears to have significantly discriminated be-
tween the two groups. It also confirms in line with some of the
previous works that disease associated genes have significantly
lower K, and Ky/Ks; however, for disease associated intronless
genes the K; is not significantly different validating the peculiar
and distinct properties of human intronless genes. Further we
demonstrate that majority of human intronless disease genes
have homology limited to eukaryotic domain, exhibit narrow
range of tissue expression and show varying evolutionary rate
depending upon the functional category and pathological
system.

MATERIALS AND METHODS

In the present study initial dataset of 1970 human intronless
genes was considered (2). The presence/absence of homolo-
gous mouse protein sequence was then detected using
Homologene (12). As few of intronless genes exhibit homol-
ogy to intron containing genes, we have considered only those
genes for analysis that have intronless gene structure in both
humans and mouse. This is important as many human diseases
are studied by experimenting on model organisms (such as
mouse) because of the related closeness of these genomes and
therefore it becomes necessary that the gene structures of ho-
mologous sequences are conserved. Further, to prevent con-
tamination with paralogous sequences, genes that had more
than one homologous sequence in mouse genome were
eliminated. Thereafter, for each pair, the number of non-
synonymous substitutions per nonsynonymous site (K,) and the
number of synonymous substitutions per synonymous site (Ks)
were extracted from the HomoloGene database. Pairs with
high substitution rates (K, > 1 and/or K, > 1) were then
discarded. Subsequently, the tissue expression breadth of these
genes i.e. in how many out of the 12 tissues (bone marrow,
spleen, thymus, brain, spinal cord, heart, skeletal muscle, liv-
er, pancreas, prostate, kidney, lung) the gene is expressed, was
investigated using UniGene section in Genecards (17). Further,
genes containing expression information were selected and
classified as disease or non-disease associated using OMIM (7).
We have used both morbid map and gene map to identify dis-
ease association of a gene. This resulted in classification of
334 genes as disease associated (56 using morbid map and
278 using gene map) while 252 as non-disease genes. Finally,
to test the statistical significance of the difference of K,, K and
K+/Ks distributions, Mann-Whitney U test was performed. Also
functional category to which each of the protein belongs was
predicted by using protein family database (PFAM) (18) and in
order to assess over representation of any of the Gene ontol-
ogy terms between disease and non-disease associated intron-
less genes Fisher's exact test was employed (19).
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