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Abstract Indels in evolutionary studies are rapidly decayed obeying a power law. The
present study analyzed the length distribution of small insertions and deletions associated
with human diseases and confirmed that the decay pattern of these small mutations is
similar to that of indels when the mutation datasets are large enough. The describable decay
pattern of somatic mutations may have application in the evaluation of varied penetrance of
different mutations and in association study of gene mutation with carcinogenesis.

Keywords Indels . Cancer . Length distribution

Introduction

Mutations are the substrates of evolution as well as of genetic diseases and cancers [1–
5]. Single nucleotide substitution is the leading type of genetic variation [6–8]. As
compared to single nucleotide substitution, insertion mutation, deletion mutation, and
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some mutations colocalize, the inserted and deleted sequences are less frequent but may
have more pathological implications particularly when they are in the coding regions [9–
11]. In evolutionary studies, insertion, deletion, and mutations containing both inserted
and deleted sequences are generally termed as “indel.” In germline and somatic studies,
however, indel usually means the type of mutations colocalize both inserted and deleted
sequences [12–14].

For indels between aligning orthologous sequences, a power law or modified power law
was described, with the power parameter varying from 1.5 to 2.3 [15–18]. This length
distribution, together with the estimated mutation rate, provides new algorithm in the
determination of the role of natural selection in molecular evolution and in many
bioinformatic applications such as phylogenetic tree reconstruction and gene discovery [19–
26]. Interestingly, Zhang and Gerstein reported that indels in human pseudogenes and
introns rapidly decays by the power law [27] similar to the length distribution pattern in
indels between orthologous sequences comparison between species, which prompted us to
examine whether there is a describable decay pattern of small insertions and deletions
associated with human diseases [28, 29].

To address (1) whether there is a describable decay pattern of insertions and deletions
linked with human diseases, and (2) whether the length distribution of inheritable mutations
and somatic mutations is different, the present study performed two independent assays
using relatively large mutation sets were chosen in. The first assay analyzed the length
distribution of all the small insertion and small deletion collections deposited in the Human
Genome Mutation Database (HGMD). The second assay analyzed the length distribution of
the small insertion and deletions in a hypermutable gene of TP53.

Materials and Methods

Databases Retrieved

The HGMD (www.hgmd.org, July 2006) and IARC TP53 Mutation Database (www.p53.
iarc.fr, February 2007) (IARC, International Agency for Research on Cancer) were chosen
based on their large depository items. The size distribution of the small insertions and
deletions in the HGMD was directly obtained from the database. The number of small
mutations in the IARC TP53 mutation database was calculated using Microsoft Excel.

Approximation of the Power Coefficients of the Fitting Curves

The trends of the distributions were fit with all available ways by Excel in order to
approach the best fitting curves. Three types of regressions were performed whenever
applicable: (1) single regression over the original data up the size of 20 nucleotides; (2)
consecutive regression from the size of one to six nucleotides to sizes of one to 20 of the
genetic variants; and (3) in-frame mutation excluded regression. In the case of consecutive
regressions, their exponents were further analyzed with a linear regression.

Results and Discussion

The present study analyzed two of the largest humanmutation databases and revealed that small
insertion and deletion mutations rapidly decay with the square of number of nucleotides
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inserted or deleted. The decay pattern can be expressed asM i=dð ÞN ¼ M i=dð Þ1 � N�2. Here, the
M represents the number of mutations, i/d represents insertion or deletion, respectively, and 1
or N represents the length of nucleotide(s) inserted/deleted. Thus, small insertions/deletions
within a limited range of sizes (M(i/d)N) can be well estimated using the events of one base
insertion or deletion (M(i/d)1) that are the most frequent among insertion and deletion
mutations. The events of small insertions/deletions are negatively related to the size of the
mutated fragments in power decay with exponent of 2.

Length Distribution of the Small Insertions and Deletions Deposited in HGMD

Regression analysis showed that a power decay fits better than all other possible decay
patterns for the small insertions and small deletions covering the size from one to 20
nucleotides directly retrieved from the HGMD among the decay patterns tested. A
similarity in the power coefficients of the decay curves of small insertions/deletions is
found between the small insertions and small deletions in the germline mutation database
from a collection of more than 1,000 genes (Fig. 1). The incidence of deletions are more
frequent than insertions in these small pathological mutations, which is consistent with
what observed in revolutionary studies from neutral indels, and may suggest that there are
some common quantitative features between the neutral indels in revolutionary studies and
the pathological mutations analyzed in the present study.

Two interesting observations were obtained by comparing the observed and the
simulated incidences of the indels. First, the most significant difference is between the
three nucleotide deletions and insertions. The simulated and the observed incidences
of the three nucleotide deletions were about the same; whereas the three nucleotide
insertions observed were significantly less than the estimated (106 observed vs 246
estimated, p<0.0001). The second interesting observation is the generally higher
incidences of the observed indels longer than ten as compared to the simulated, which
imply that the decay curves fit better for smaller indels. Based on the second observation,
a consecutive regression was then performed for small insertions/deletions from one to
four to one to 20 stepwise. The exponents from these consecutive regressions were
further analyzed by linear regression (Fig. 1b), which confirmed the hypothesis that the
shorter indels fit the decay curves better than the longer ones.

Although the net effect of naturally occurred indels is to reduce genome size, the effect
on genome size from insertion and deletion mutation is different for the noncoding region
and coding region. In noncoding regions, the deletions are about three to four times more
than insertions, while the insertions are even more than the deletions in the coding region in
mammalian genome [30]. Whether there is a relationship between the less harmful effect of
adding one amino acid to a protein and the protein expansion during evolution is to be
elucidated. It is possible that some proteins expanded through the genetic code tinkering by
adding one amino acid gradually. A randomness testing of indels might be used in the
evaluation of positive or negative selection during evolution among genetic alignment
among species.

Length Distribution of the Small Insertions and Deletions Deposited in IARC TP53
Mutation Database

When the insertions/deletions deposited in the IARC TP53 database were plotted,
simple regression of the observed density of small insertions/deletions against their size
confirmed that the number of small mutations rapidly decayed with the increase of the
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sizes of the mutations (Fig. 2). As the decay patterns varied upon to the size of the
mutations, a double-regression algorithm by consecutive regression of their size
distributions of these mutations allowed the approximation of the value of the exponents
of being 2. The double-regression assay revealed some additional interesting results after
differentiating mutations with and without in-frame insertions/deletions. Both the small
insertions and deletions decay faster for frameshift mutations as compared to those of
in-frame mutations. It is possible that frameshift mutations and the in-frame mutations
possess different carcinogenic ability. The output from double-regression, exponents of
being 2, explicates the limitation of length distribution pattern from the quantitative
analysis of somatic mutations: the power decay may be different for in-frame mutations
and frameshift mutations; and may be different for relatively shorter mutations and
relatively longer mutations.
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Fig. 1 Size distribution of small insertions and deletions deposited in HGMD. a Size distribution of the
small mutations observed and those simulated according to the fitting formula with an exponent near 2 for
both insertions and deletions. When the size distribution curves were compared with simulated decay curves,
a prominent discrepancy was identified at the insert/delete three nucleotides. Whereas inserted three
nucleotides matches closely to the simulated, the number of three nucleotide deletions observed is
significantly less than the simulated, indicating that the addition of an amino acid to a protein is less
deleterious as compared to deleting an amino acid from a protein. b The double regression of the primary
exponents of the decay patterns. The exponents approach 2 as the mutation size decreases which suggests
that the decay pattern is more accurate for small mutations
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Fig. 2 Size distribution of small insertions and deletions of human TP53 somatic mutation. a, b Direct
plotting of the density of the small mutations against the nucleotide inserted or deleted at the sizes up to 31
nucleotides and up to 7 nucleotides, respectively. The exponents were close to 2 for both the insertions and
deletions when the regressing region shortened from 31 to 7 nucleotides. This is even more significant when
in-frame mutations were excluded. c, d Linear regression of the primary exponents from the consecutive
power regressions for the observed small insertions and deletions
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The TP53 gene is hypermutable, with mutations reported nearly in every triplet code but
the penetrance of the p53 mutant is smaller than one as evidenced by the different ages of
developing cancer in members of the3 Li–Fraumeni family [31]. At the molecular
mechanism level, a single mutation in one allele of the TP53 gene is not sufficient enough
to initiate the carcinogenesis. A TP53 mutation is neither crucial nor sufficient for
carcinogenesis which is in agreement with the facts that about 50% of human cancers are
p53+/+ and that the p53−/− knockout mice do survive [32, 33]. The randomness pattern of
TP53 mutations may be attributed to their penetrance of less than one and the hypermutable
property of the gene itself. A gene possessing mutations with a random pattern in cancer
tissue is to be confirmed by linkage analysis.

Although TP53 and some other inherited gene abnormalities such as the APC, BRCA1,
and BRAC2 are associated with the increased lifetime risk in developing a cancer, most of
cancers are associated with the accumulation of somatic mutations. The Catalogue of
Somatic Mutations in Cancer database based on large-scale resequencing of human genes
identified an average of ten to 100 somatic mutations in each individual tumor. In breast
and colorectal cancers, Sjöblom et al. identified 189 genes (average of 11 per tumor) that
were mutated at significant frequency [34]. Whether a gene harboring somatic mutations is
associated with the carcinogenesis or development of a cancer in specific tissue is difficult
to address and usually with no clear answer about the genotype–phenotype relationship as
compared to inherited genetic abnormalities including cancers elucidated by means of
linkage analysis such as the case of Li–Fraumeni syndrome. The present study suggest a
determination of randomness of mutagenesis of individual gene according to the decay
pattern of small mutations: If the mutations of a specific gene identified in a specific cancer
tissue occur nonrandomly, a direct association between the gene and the particular cancer
could be suggested. However, some restrictions may apply to the randomness testing: (1)
the mutations are in sufficient numbers, and (2) the bases inserted or deleted are relatively
short. One point must be kept in mind is that if the mutations of a specific gene identified in
a specific cancer tissue occur randomly, randomness testing cannot be applied to reject its
association with carcinogenesis.
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