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Research 

Interlocus gene conversion events introduce 
deleterious mutations into at least 1% of human 
genes associated with inherited disease 
Claudio Casola,1,4 Ugne Zekonyte, 1 Andrew D. Phillips, 2 David N. Cooper, 2 

and Matthew W. Hahn1,3 

1Department of Biology, Indiana University, Bloomington, Indiana 47405, USA; 2Institute of Medical Genetics, School of Medicine, 
Cardiff University, Heath Park, Cardiff CF14 4XN, United Kingdom; 3School of Informatics and Computing, Indiana University, 
Bloomington, Indiana 47405, USA 

Establishing the molecular basis of DNA mutations that cause inherited disease is of fundamental importance to un-
derstanding the origin, nature, and clinical sequelae of genetic disorders in humans. The majority of disease-associated 
mutations constitute single-base substitutions and short deletions and/or insertions resulting from DNA replication errors 
and the repair of damaged bases. However, pathological mutations can also be introduced by nonreciprocal recombination 
events between paralogous sequences, a phenomenon known as interlocus gene conversion (IGC). IGC events have thus far 
been linked to pathology in more than 20 human genes. However, the large number of duplicated gene sequences in the 
human genome implies that many more disease-associated mutations could originate via IGC. Here, we have used a genome-
wide computational approach to identify disease-associated mutations derived from IGC events. Our approach revealed 
hundreds of known pathological mutations that could have been caused by IGC. Further, we identified several dozen high-
confidence cases of inherited disease mutations resulting from IGC in ~1% of all genes analyzed. About half of the donor 
sequences associated with such mutations are functional paralogous genes, suggesting that epistatic interactions or dif-
ferential expression patterns will determine the impact upon fitness of specific substitutions between duplicated genes. In 
addition, we identified thousands of hitherto undescribed and potentially deleterious mutations that could arise via IGC. 
Our findings reveal the extent of the impact of interlocus gene conversion upon the spectrum of human inherited disease. 

[Supplemental material is available for this article.] 

The number of mutations responsible for—or associated with— 
human inherited disease has grown significantly over the past 
three decades, and now exceeds 117,000 different DNA lesions 
in >4300 genes (Stenson et al. 2009b; Cooper et al. 2010). Studying 
the molecular processes responsible for introducing pathological 
mutations into the human genome is of primary importance with 
respect to improving our understanding of the nature, onset, and 
course of mendelian disease. DNA sequence analysis has demon-

strated that most of the known pathological mutations are small-

scale lesions involving single nucleotides or short (#20 bp) deletions/ 
insertions of DNA within coding regions, regulatory sequences, or 
splice sites, suggesting that DNA replication and DNA repair are the 
main pathways acting in the genesis of pathological mutations 
(Kondrashov and Rogozin 2004; Ball et al. 2005; Cooper et al. 
2010, 2011). In addition, though they are often much harder to 
detect, mutational processes including nonhomologous end-

joining (NHEJ), fork stalling and template switching (FoSTeS), 
nonallelic homologous recombination, and retrotransposon in-

sertion are responsible for gross genomic rearrangements events 
that have been linked to human inherited disease (Cooper et al. 
2011). For example, NHEJ is responsible for the most common type 
of Robertsonian translocation between chromosomes 11 and 22 
(Kurahashi et al. 2010); FoSTeS has been implicated in the onset of 

the Pelizaeus-Merzbacher disease, an X-linked dysmyelinating 
disorder (Lee et al. 2007); nonallelic homologous recombination 
is known to cause several disease-associated mutations, such as 
microdeletions in the gene NF1 that lead to neurofibromatosis 
type 1 (Lopez-Correa et al. 2001); finally, insertions of L1, Alu, and 
SVA retrotransposons have been implicated in mendelian disease 
since the discovery of a de novo L1 element integration causing 
Hemophilia A in 1988 (Kazazian et al. 1988). Single-nucleotide 
mutations can originate through the action of several processes, 
including the incorporation of a noncomplementary nucleotide 
during DNA replication or the chemical modification of a base that 
serves to increase the rate of mutation, for instance, methylation of 
cytosine in a CpG dinucleotide leading to a C-to-T transition 
(Cooper and Krawczak 1993). Interestingly, most pathological 
microinsertions and microdeletions involve, respectively, the du-

plication and deletion of short DNA repeats, implicating DNA 
replication slippage as the main mechanism responsible for these 
lesions (Kondrashov and Rogozin 2004; Ball et al. 2005). 

Pathogenic mutations can also be introduced by interlocus 
gene conversion (IGC) between disease-associated genes and their 
paralogous sequences. In these recombination events, genetic in-

formation is transferred from a donor locus to an acceptor locus 
(Arnheim et al. 1980; Miyata et al. 1980; Scherer and Davis 1980). 
When the acceptor sequence is a functional gene, IGC can introduce 
deleterious nucleotide changes into the new context. Recent litera-

ture surveys have identified a total of 30 unique, nonoverlapping 
mutations in 23 genes associated with human inherited disease that 
were caused by IGC (Chen et al. 2007; Chuzhanova et al. 2009). 
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These disease mutations were templated by donor sequences that 
were either putatively nonfunctional gene copies (pseudogenes) or 
functional paralogous genes (Chen et al. 2007; Chuzhanova et al. 
2009). Given that a significant proportion of the >21,000 anno-

tated protein-coding genes in the human genome have multiple 
homologous sequences, either evolutionarily related protein-coding 
genes or nonfunctional pseudogenes (Torrents et al. 2003; Zhang 
and Gerstein 2004; Clamp et al. 2007), we reasoned that IGC could 
be responsible for a much higher number of disease-associated 
mutations than has hitherto been appreciated. In this study, we 
analyzed 60,488 different disease mutations in 3196 genes repor-

ted in the Human Gene Mutation Database (HGMD, Professional 
release 2010.3) (Stenson et al. 2009a) to disclose instances of IGC-

derived disease alleles. Our findings indicate that IGC introduces 
disease-associated mutations in ;1% of analyzed human genes. In 
addition, we predict thousands of potential IGC-mediated amino 
acid replacements with deleterious effects in almost 900 different 
human genes, 158 of which have already been implicated in hu-

man disease. 

Results and Discussion 

Pathological mutations derived from interlocus 
gene conversion 

We first determined the proportion of genes with disease muta-

tions listed in HGMD that have paralogous sequences capable, in 
principle, of mediating IGC. We found that a total of 441 genes 
with mutations reported in the HGMD database (hereafter termed 
HGMD genes) have at least one paralogous sequence elsewhere in 
the genome sharing $92% sequence identity over a $200-bp 
stretch. This level of sequence identity is thought to be needed to 
mediate interlocus gene conversion events (Waldman and Liskay 
1988). The proportion of HGMD genes with paralogs (14%) is 
comparable to the proportion (17%) exhibited by 16,181 genes not 
present in the HGMD database (hereafter termed non-HGMD 
genes) with potential paralogous donor sequences. Of the 441 
HGMD genes with at least one paralog, 60 have paralogs that 
would introduce known disease alleles (n = 168 unique mutations 
in HGMD) (Supplemental Table 1). These paralogous sequences 
harbor a large pool of potential disease alleles that could in prin-

ciple be introduced into functional genes by IGC (cf. Bischof et al. 
2006). 

We then attempted to identify specific instances of inherited 
human gene mutations introduced by IGC. We initially identified 
243 paralogous sequences that could act as donors of the above-

mentioned 168 unique mutations found in HGMD. We consider 
these sequences to be ‘‘candidate’’ donors involved in the gene 
conversion events leading to the observed disease mutations in the 
acceptor genes (Table 1). Because the same allelic state could appear 
in parallel in both the disease gene and its paralog, strong evidence 
for the role of IGC requires the co-occurrence of multiple muta-

tions in the disease allele, all perfectly matching the paralogous 
(donor) sequence (Chen et al. 2007). Therefore, to identify such 
‘‘high-confidence candidates,’’ we required the known disease al-

lele sequence to match perfectly the possible donor sequence at the 
site of the putative pathological mutation and, minimally, at one 
additional noncontiguous site that differed between the disease 
and nondisease alleles (Supplemental Fig. 1). We found 22 instances 
of disease alleles in 16 genes that were supported by co-occurring 
substitutions, nine of which had not previously been described in 
surveys of IGC events responsible for pathological mutations 

(Supplemental Tables 2, 3). We then combined our results with 
those from recent literature surveys that applied the same criteria to 
define high-confidence IGC events (Chen et al. 2007; Chuzhanova 
et al. 2009), and found that interlocus gene conversion is able to 
account for at least 41 disease alleles in 30 genes, corresponding to 
;1% of the 3196 human disease genes analyzed here (Table 1; 
Supplemental Table 4). Most of the gene lesions in these disease 
alleles are reported as disease-causing mutations in HGMD, al-

though several have been classified as disease-associated or func-

tional polymorphisms (Supplemental Table 4). 
It is possible that some of these disease alleles could have 

originated from multiple mutations occurring independently, 
instead of via a recombination event. However, several lines of 
evidence strongly support interlocus gene conversion as the mech-

anism responsible for introducing the observed pathological muta-

tions. First, the probability by chance alone of multiple mutations 
occurring not only at the specific sites that serve to distinguish the 
proposed donor and acceptor sequences, but also for these muta-

tions to correspond to the exact same bases present in the donor 
sequences, is infinitesimally low. Although we required that at 
least two nucleotide substitutions should match between the dis-

ease allele and the donor sequence (without any mismatches), in 
practice, the majority of our high-confidence disease alleles (29/ 
41) harbored between 3 and 22 nucleotide differences with respect 
to the wild-type allele (Supplemental Tables 2, 3; Chuzhanova et al. 
2009), thereby further lowering the probability that such a disease 
allele could have arisen via independent mutations at multiple 
sites. Second, we found evidence of gene conversion between the 
donor and acceptor sequences in 37/41 cases of the high-confi-

dence data set using GENECONV, a program specifically developed 
to detect gene conversion tracts in sequence alignments (Sawyer 
1989). All four cases that GENECONV failed to detect comprised 
two mutations, while three were characterized by very short (38– 
56 bp) maximal conversion tracts. Statistically based methods such 
as the tests implemented in GENECONV have insufficient power 
to identify short conversion tracts that harbor few mutations. 
Third, the DNA sequences involved in 27 of the 41 high-confi-

dence IGC events were enriched in recombination-inducing 
motifs and alternative non-B DNA conformations, both of which 
are known to promote gene conversion events (Chuzhanova et al. 
2009). Fourth, at least 10 examples of high-confidence IGC have 
been described in family-based studies, where the disease allele 
has arisen de novo in a single generation, events which would be 
extremely unlikely to originate through multiple independent 
mutations. Fifth, although multiple mutations can arise inde-

pendently through mechanisms other than gene conversion (Chen 
et al. 2009; Schrider et al. 2011), the component mutations of such 
complex lesions tend to be clustered along the chromosome with 

Table 1. Summary of data sets and results 

Donor sequences Disease alleles HGMD genes 

Total data set - 60,488 3196 
Candidate 243 68 55 
High-confidence 41 41 30 

HGMD data set and alleles with disease-associated mutations retrieved by 
our search with paralogous sequences sharing $200 bp with $92% se-
quence identity to the query sequence. Candidate and high-confidence 
donor sequences are described in the text. The high-confidence results 
combine the new events described here with previously known cases 
reported in Chen et al. (2007) and Chuzhanova et al. (2009). 

430 Genome Research 
www.genome.org 

Casola  et  al.  

Cold Spring Harbor Laboratory Press  on March 2, 2012 - Published by genome.cshlp.org Downloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com
https://www.genome.org


the majority occurring within 4 bp of one another (Schrider et al. 
2011). Only four of the minimum observed tract lengths among 
our high-confidence set of disease alleles were <10 bp in length, 
providing further evidence to support our contention that gene 
conversion is the source of these disease mutations. 

Donor sequences of IGC-derived pathological mutations 

Of our high-confidence candidate donor sequences that appear 
capable of introducing disease alleles, approximately half are paral-

ogous pseudogenes (Table 2). When acting as donor sequences in 
IGC events, pseudogenes generally introduce either missense or 
nonsense mutations, or indels that give rise to frameshifts. The 
vast majority of the pseudogene donor sequences were found to be 
nonprocessed copies, i.e., they were derived from a genomic DNA-

mediated duplication of the acceptor gene ( Jun et al. 2009). 
However, we also found evidence supporting the occurrence of 
IGC from a processed pseudogene to the functional gene GJA1, 
encoding the gap junction protein connexin 43, which was asso-

ciated with hypoplastic left heart syndrome (Dasgupta et al. 2001). 
Processed pseudogenes originate when mRNA is reverse-transcribed 
into cDNA that is then subsequently integrated into the nuclear 
genome (Podlaha and Zhang 2009). We noted that multiple dis-

ease mutations in the GJA1 gene were introduced via gene con-

version from a processed GJA1 pseudogene. Indeed, we detected 
two different regions within GJA1 disease alleles harboring two or 
more missense mutations that appear identical to the sequence of 
the GJA1 processed pseudogene, GJA1P1, which shares ;96% nu-

cleotide identity with GJA1 (Fig. 1). Two previous studies (Dasgupta 
et al. 2001; Chen et al. 2005) have reported disease states associated 
with these missense mutations, together with several silent mu-

tations within the coding region of GJA1, all of which match the 
pseudogene sequence. The recent identification of many short 
processed pseudogenes in the human genome (Terai et al. 2010) 
suggests that pseudogenes may be even more common than pre-

viously thought. If such paralogous sequences were also capable of 
acting as templates for IGC events, then the impact of this phe-

nomenon would almost certainly be greater than has previously 
been appreciated, particularly as those IGC events donating rela-

tively short sequences are likely to be much less frequently rec-

ognized (i.e., they will almost invariably be considered to be single 
base-pair substitutions). 

Almost half of the donor sequences found to have introduced 
disease alleles were themselves functional genes (Table 2). Evi-

dence for a functional effect in the majority of these cases (13/15) 
has been supported by experimental data, including reporter 
gene assays, in vitro assays of enzymatic activity, and analysis of 
gene expression variation due to changes in the regulatory re-

gions of acceptor genes (Supplemental Table 5). In the case of 

coding sequence changes, it may be inferred that the amino acid 
changes that compromise the function of the protein encoded by 
the acceptor gene are not deleterious with respect to the function 
of the protein encoded by the donor gene. Further, these results 
imply that the donor gene proteins may have accumulated addi-

tional amino acid changes elsewhere within their sequences, 
which compensate for the presence of these conditionally dele-

terious mutations (Kondrashov et al. 2002). Alternatively, the 
protein encoded by the acceptor gene might be involved in spe-

cific protein–protein interactions that are negatively affected by 
the disease-related amino acid change; the protein encoded by the 
donor gene would not share these interactions if, for example, the 
two paralogous genes were to have different spatial or temporal 
expression patterns. 

Ninety percent of documented IGC events were found to 
involve donor and acceptor sequences on the same chromosome, 
considerably higher than the proportions of HGMD genes (43%) 
and non-HGMD genes (52%) that have intrachromosomal paral-

ogous sequences (Fig. 2; Supplemental Table 6). We also found that 
almost 70% of the intrachromosomal donor/acceptor IGC pairs are 
closely linked, indeed, <100 kb apart (Fig. 3). It has become ap-

parent from previous genome-wide studies of paralogous genes 
(Ezawa et al. 2006; McGrath et al. 2009; Hsu et al. 2010) that both 
chromosomal distribution and physical linkage play a major role 
in IGC; the results presented here, derived from disease gene data, 
imply that chromosomal location also plays an important role in 
the likelihood of acquiring deleterious mutations via IGC. 

Our observations may help to explain the low rate of IGC 
between functional genes and processed pseudogenes, since the 
latter integrate virtually at random into the genome—and hence, 
are often found on a different chromosome from the parental 
gene. Because processed pseudogenes generally lack introns, se-

quence homology with their parent genes is limited to individual 
exons, which represents another factor that would militate against 
recombination involving this type of pseudogene. Consistent with 
this idea, both the coding sequence and 39UTR of the GJA1 gene 
lack introns and, hence, would align across almost the entire se-

quence of GJA1P1; this unusual gene architecture may well have 
facilitated the IGC events we detected (Fig. 1). The importance of 
the chromosomal distribution and genomic architecture of paral-

ogous gene/pseudogene sequences in IGC events is also illustrated 
by the over-representation of nonprocessed pseudogenes among 
donor sequences in our data set (Table 2), despite being about 

Table 2. IGC donor sequences involved in high-confidence IGC 
events 

Number of 
genes 

Number of 
mutations 

Same chromosome 27 35 
Different chromosome 3 6 
Functional paralogs 14 15 
Nonprocessed pseudogene 15 24 
Processed pseudogene 1 2 

Figure 1. Interlocus gene conversion (IGC) from the human processed 
pseudogene GJA1P1 to its functional paralog, GJA1. The chromosomal 
locations of GJA1 and GJA1P1 are 6q22.31 and 5q21.3, respectively. The 
filled black box in GJA1 represents the coding sequence, whereas the 
empty boxes denote the 59UTR and 39UTR. The light-gray shadings con-
nect regions of similarity between the two sequences and serve to high-
light the absence of intron 1 in the pseudogene. Regions representing the 
minimal conversion tract are connected by dark gray shading. The se-
quence in these regions is identical between the GJA1 disease allele and 
GJA1P1. A second, independent IGC event between the two paralogous 
sequences is not shown here. 
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sixfold less abundant than processed pseudogenes. Indeed, 51% 
of nonprocessed pseudogenes are on the same chromosome as 
their parental genes, as compared with 13% of processed pseu-

dogenes, and in most cases they share their parental genes’ exon/ 
intron structure. 

Deleterious mutations potentially introduced by IGC 

It has been proposed that known pathological mutations represent 
only a small fraction of all possible deleterious mutations in our 
species (Cooper et al. 2010). Under some circumstances, the effect 
of a specific mutation upon fitness can be evaluated given the 
possible structural and/or functional consequences for the affected 
gene and protein. For example, the potentially deleterious effect of 
an amino acid replacement can be predicted by taking advantage 
of data pertaining to the protein’s secondary structure, the evo-

lutionary conservation of orthologous protein sequences, and 
other structural features (Ramensky et al. 2002; Ng and Henikoff 
2003). 

Given the high number of paralogous gene sequences found 
in our own and previous studies, we reasoned that many yet-

undescribed deleterious mutations responsible for nonsynonymous 
changes in functional genes could be mediated by IGC events. To 
ascertain the scale of this potential source of deleterious amino 
acid replacements, we first retrieved every protein site that could be 
changed by an IGC event templated by a donor sequence, in-

cluding mutations leading to premature stop codons in the coding 
sequence of a gene. Second, we inferred the severity of such amino 
acid replacements using the PolyPhen-2 software package, which 
uses 11 features in order to predict the fitness impact of a given 
change in a protein’s primary sequence and displays higher levels of 
accuracy and specificity than other available methods (Adzhubei 
et al. 2010). 

By BLASTing ;19,500 human genes against the human ge-

nome, we identified more than 55,000 amino acid replacements 
classified by PolyPhen-2 as probably damaging, together with 
;8000 premature stop codons that could be introduced by IGC 
events (Supplemental Table 7). When we restricted our data set to 
probably damaging mutations from donor sequences sharing $92% 
identity with the acceptor sequence (Waldman and Liskay 1988; 
Chen et al. 2007; Wolf et al. 2009) over a stretch of $200 bp, we still 
obtained 2461 deleterious amino acid changes in 767 genes, and 
450 premature stop codons in 301 genes (Table 3). A total of 19% of 

these mutations are potentially damaging to 158 HGMD genes (i.e., 
genes known to cause human disease when disrupted). In both 
HGMD and non-HGMD gene data sets, ;80% of the possible donor 
sequences of such mutations are pseudogenes (Supplemental Table 
8), a higher proportion than that evident with all possible paralo-

gous sequences (Supplemental Table 6). This enrichment of pseu-

dogenes as donor sequences of predicted deleterious mutations is 
likely to reflect the lack of selective pressure operating on non-

functional coding sequences to remove harmful amino acid re-

placements. Consistent with this postulate, the 450 predicted 
premature stop codon mutations were found to be derived mainly 
from pseudogene donor sequences. However, we also detected 31 
premature stop codons where the donor sequence was a func-

tional gene, pointing to the dynamic evolution of the 39UTR and 
exon structure between these paralogous genes (Fig. 4; Supple-

mental Table 9). 
Some of the ;3000 potential IGC-mediated deleterious mu-

tations would affect genes that are known to experience patho-

logical mutations due to IGC events (Supplemental Table 10). For 
example, seven amino acid changes, originating via IGC, are 
known to be responsible for autosomal dominant polycystic kidney 
disease type 1 through alteration of the sequence of the PKD1 gene; 
we identified 30 new and potentially deleterious amino acid re-

placements that could in principle be introduced by IGC be-

tween PKD1 and any one of its six nonprocessed pseudogenes on 
chromosome 16. 

In addition, we identified hundreds of deleterious mutations 
that could potentially be introduced by IGC in disease-associated 
(HGMD) genes where gene conversion—at least to our knowl-

edge—has not yet been implicated as a mechanism causing dis-

ease-associated lesions (Supplemental Table 11). In many such 
instances, the possible donor and acceptor sequences lie within a 
few million bases of each other (Supplemental Table 11), a config-

uration that facilitates gene conversion between paralogous se-

quences (Ezawa et al. 2006; Benovoy and Drouin 2009; McGrath 
et al. 2009). The RANBP2 gene is a striking example in this regard, 
with its seven paralogous genes on chromosome 2 separated by 
only ;1–22 Mb. PolyPhen-2 predicted 24 deleterious mutations in 
RANBP2 that could originate from IGC events involving these 
paralogs as donor sequences. 

Conclusions 
The structural and functional redundancy of the human genome, 
and in particular its duplicated gene copies, provide the fuel for 

Figure 2. Excess of interlocus gene conversion (IGC) between intra-
chromosomal paralogous sequences. HGMD genes with IGC: 30 genes 
with deleterious mutations introduced by IGC. All HGMD genes: 3196 
genes from the HGMD database. 

Figure 3. Distance in kilobases (kb) between donor and acceptor 
sequences for the 25 intrachromosomal IGC pairs with assigned donor 
sequences. 
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homologous recombination events that can cause inherited dis-

ease and cancer (Chen et al. 2010; Cooper et al. 2011). We have 
shown that interlocus gene conversion, a common consequence of 
homologous recombination, is responsible for at least 41 distinct 
disease alleles, but could also introduce many hundreds of other 
mutations that cause human inherited disease. Finally, we identi-

fied thousands of potentially deleterious amino acid replacements 
and premature stop codons in human genes that could, in prin-

ciple, be introduced by IGC events, including 535 sites in 158 
HGMD genes, suggesting that the role of interlocus gene conver-

sion as a source of human pathological mutations could be much 
greater than hitherto appreciated. 

Methods 

Databases 
Mutation data were retrieved from the HGMD Professional release 
2010.3 (September 2010). Microlesions in the following categories 
were used for further analysis: missense/nonsense, indels, and 
regulatory single base-pair substitutions (Supplemental Table 4). 
Mutations due to microdeletions and microinsertions (#20 bp) 
were not included, because such lesions could be due to other 
common mutational mechanisms, including slippage of the DNA 
polymerase during DNA replication (Kondrashov and Rogozin 
2004; Ball et al. 2005). Indeed, in the case of 70% of micro-
deletions and 89% of microinsertions reported in HGMD, the 
exact position of the lesion cannot be unequivocally determined 
due to the repetitive nature of these microlesion sites. A total of 
60,488 different pathological mutations were therefore used in 
this analysis. 

Some known disease-related mutations due to IGC were not 
detected by our approach. In general, this was because they rep-
resented multiple base changes, which are recorded singly in 
HGMD as ‘‘complex lesions’’ rather than as their individual 
component missense/nonsense substitutions. In addition, and in 
accord with the inclusion criteria adopted in a previous survey 
(Chuzhanova et al. 2009), 23 IGC events from nine genes were 
excluded from our final data set because their maximal conversion 
tracts overlapped with other events reported here. The genome 
coordinates of those pseudogenes used to infer the proportion of 
nonprocessed and processed intrachromosomal pseudogene– 
gene pairs were retrieved from the human pseudogene database 
(www.pseudogene.org). 

Sequence similarity searches 

To retrieve all possible donor sequences of the documented IGC 
events, we performed sequence similarity searches using BLAST 
(Altschul et al. 1990), and used different stretches of 200 bp around 
each mutation reported in HGMD as query sequences (see below). 
From the paralogous sequences retrieved using this approach, we 
selected those sequences that shared $92% sequence identity 
(Waldman and Liskay 1988; Chen et al. 2007; Wolf et al. 2009) 
with the acceptor sequence over a stretch of $200 bp and which 
also contained the same mutation as the disease allele, for further 
investigation. Genome coordinates and sequence information 
available for each HGMD mutation were used to obtain three sets 
of genome sequences that we termed ‘‘around,’’ ‘‘upstream,’’ and 
‘‘downstream’’; these contained, respectively, 200 bp centered on 
the mutation; 191 bp upstream of and 10 bp downstream from the 
mutation; 11 bp upstream of and 190 bp downstream from the 
mutation. These sequences were retrieved from the human hg18 
genome assembly using the UCSC Genome Browser (http:// 
genome.ucsc.edu/) and used as queries in BLAST searches against 
the masked hg18 genome sequence (BLAST criteria: -F F –b 500 –v 
500 –e 13104). The overlap of BLAST hits with functional genes 
was obtained using the Galaxy online tool (http://main.g2.bx.psu. 
edu/) (Goecks et al. 2010). 

Detection of gene conversion tracts using GENECONV 

Acceptor and donor sequences of the 41 high-confidence IGC 
events were retrieved from the UCSC Genome Browser (http:// 
genome.ucsc.edu/). Disease allele sequences were built by replac-
ing the wild-type sites in the acceptor sequences with the corre-
sponding sites from the donor sequence. The software package 
GENECONV v.1.81 (Sawyer 1989) was used to identify gene con-
version events in multialignments of the acceptor donor and dis-
ease allele sequences. DNA stretches of identical nucleotides are 
recognized as conversion tracts by GENECONV by comparison to 
the length of identical tracts generated via permutation of the 
observed alignments. The program assigns a P-value to all possible 
identical DNA stretches by comparing them to all possible iden-
tical stretches in the alignment (global P-value) and each pair of 
sequences (pairwise P-value). These P-values are corrected for se-
quence length and also for the number of sequences in the case of 
global comparison. Of the 41 high-confidence IGC-derived disease 
alleles, 37 had significant (P-value < 0.05) pairwise tracts and 
36 had significant (P-value < 0.05) global tracts that included 

Table 3. Deleterious mutations potentially introduced by IGC 

AA replacements Genes 

HGMD genes PolyPhen 465 140 
HGMD genes stop 70 53 
Non-HGMD genes PolyPhen 1996 627 
Non-HGMD genes stop 380 248 
All genes PolyPhen 2461 767 
All genes stop 450 301 
All genes deleterious 2913 880 

(AA) Amino acid; (PolyPhen) probably damaging mutation according to 
PolyPhen; (Stop) stop codon. Only events with donor sequences shar-
ing $92% sequence identity over $200 bp within the gene region of the 
replaced amino acid are reported. (Deleterious) PolyPhen-predicted 
damaging mutations and stop codons. Because many genes showed both 
probably damaging mutations and stop codons, the total number of 
genes is smaller than the total number of genes with probably damaging 
mutations and stop codons. See also Supplemental Table 7. 

Figure 4. Interlocus gene conversion from FCGR3B to FCGR3A. The  
FCGR3A gene encodes a receptor for the Fc portion of immunoglobulin G, 
which is involved in the removal of antigen–antibody complexes from the 
circulation. The highly similar paralog, FCGR3B, which resides only 73 kb 
downstream from FCGR3A, encodes a shorter protein due to differences in 
the positions of both the start and stop codons. Coding exons are shown 
as filled boxes, UTRs as empty boxes. Introns are represented as lines and 
are not drawn to scale. The black asterisks indicate the normal stop codons 
of the FCGR3A and FCGR3B genes; the gray asterisk identifies the pre-
mature stop codon in the FCGR3A gene that is introduced by an IGC event 
with FCGR3B. 
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the pathological mutations. We ran GENECONV using default 
settings. 

Prediction of the deleterious nature of mutations potentially 
introduced by IGC 

The protein sequences of 19,476 human RefSeq genes (3295 HGMD 
genes and 16,181 non-HGMD genes) were retrieved from the UCSC 
Genome Browser and used as BLAST queries against the human 
hg18 masked assembly. All amino acid sites in the query se-
quence with a different amino acid or stop codon in any subject 
(paralogous) sequence were collected. We termed these amino 
acids in the query protein ‘‘discordant sites.’’ Because many 
paralogous sequences can accumulate frameshifts that are re-
sponsible for stretches of low similarity in the BLAST alignments, 
we retained only discordant sites flanked by at least two non-
discordant amino acids in the three sites immediately upstream 
and downstream. In addition, we required the 10 amino acids 
flanking the discordant site either upstream or downstream to 
share no fewer than six identical sites with the paralogous se-
quence. Discordant sites that passed our filtering step, and which 
harbored a stop codon in the corresponding paralogous se-
quence, were considered to be deleterious; in addition, the po-
tentially deleterious effects of the discordant sites with amino 
acid replacement were evaluated with PolyPhen-2, which pre-
dicts damaging missense mutations using 11 sequence- and 
structure-based features of proteins and protein alignments 
(Adzhubei et al. 2010). 
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conversion: mechanisms, evolution and human disease. Nat Rev Genet 
8: 762–775. 

Chen JM, Ferec C, Cooper DN. 2009. Closely spaced multiple mutations as 
potential signatures of transient hypermutability in human genes. Hum 
Mutat 30: 1435–1448. 
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