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Abstract

In recent years different types of structural variants (SVs) have been discovered in the human genome and their functional
impact has become increasingly clear. Inversions, however, are poorly characterized and more difficult to study, especially
those mediated by inverted repeats or segmental duplications. Here, we describe the results of a simple and fast inverse
PCR (iPCR) protocol for high-throughput genotyping of a wide variety of inversions using a small amount of DNA. In
particular, we analyzed 22 inversions predicted in humans ranging from 5.1 kb to 226 kb and mediated by inverted repeat
sequences of 1.6-24 kb. First, we validated 17 of the 22 inversions in a panel of nine HapMap individuals from different
populations, and we genotyped them in 68 additional individuals of European origin, with correct genetic transmission in
~12 mother-father-child trios. Global inversion minor allele frequency varied between 1% and 49% and inversion genotypes
were consistent with Hardy-Weinberg equilibrium. By analyzing the nucleotide variation and the haplotypes in these
regions, we found that only four inversions have linked tag-SNPs and that in many cases there are multiple shared SNPs
between standard and inverted chromosomes, suggesting an unexpected high degree of inversion recurrence during
human evolution. iPCR was also used to check 16 of these inversions in four chimpanzees and two gorillas, and 10 showed
both orientations either within or between species, providing additional support for their multiple origin. Finally, we have
identified several inversions that include genes in the inverted or breakpoint regions, and at least one disrupts a potential
coding gene. Thus, these results represent a significant advance in our understanding of inversion polymorphism in human
populations and challenge the common view of a single origin of inversions, with important implications for inversion
analysis in SNP-based studies.
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olfactory receptor-gene cluster translocation [11], and microdele-
tion syndromes such as those in 3929 and 17q21.31 [12,13].
Finally, human inversions could also have important evolutionary

Introduction

Different types of structural variants (SVs), including deletions,

duplications, insertions, inversions, and translocations, have been
recently discovered in the human genome and there is growing
evidence of their importance in human diseases, complex traits,
and evolution [1—4]. Specifically, inversions, that involve a change
of orientation of DNA, have been a model in evolutionary biology
for almost 90 years and were shown to have adaptive effects in the
genus Drosophila and other organisms [5,6]. In humans, inversions
have been associated to genetic diseases, such as Hemophilia A
[7], and complex disorders, like asthma [8]. In addition, inversions
could confer susceptibility to other rearrangements with negative
phenotypic consequences, like the emerin gene deletion [9,10],
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consequences, as in the case of the 17q21.31 region that has been
related to increased female fertility and positive selection [14].
The majority of SV studies have been based on microarrays,
which are very powerful to identify unbalanced changes like copy
number variants (CNVs). Inversions, on the other hand, are very
difficult to study because they do not usually result in gain or loss
of DNA. Therefore, the knowledge of human inversions has
lagged behind. This is reflected in the fact that although several
hundred inversions have been reported in humans [4], few (<15)
inversions have been characterized in greater detail [4,11,12,14—
22]. These and other studies [23-25] have shown that inversions
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Author Summary

Inversions have been an evolutionary biology model for
almost a century, and recently the discovery of a high
amount of structural variation in multiple organisms,
including humans, has renewed the interest in them.
Since early on, it was shown that they were adaptive and
that they were involved in human diseases. However, in
humans, the study of inversions has lagged behind due to
important limitations in the experimental methods to
analyze them. Here, we have optimized a technique for
high-throughput validation and genotyping of inversions
mediated by inverted repeats. By genotyping 17 of these
inversions in a diverse sample of human individuals,
including many of European origin and several non-
human primates, we have carried out the most complete
genotyping effort of human inversions to date. The results
of our study indicate that a high proportion of these
inversions are recurrent and have occurred multiple times
during evolution. This represents an example of the
plasticity of the genome and opens a new paradigm in
the study of inversions, challenging the common view that
inversions have a unique origin.

are generated by two main processes: breaks in relatively simple
regions that are joined in opposite orientation by non-homologous
mechanisms or non-allelic homologous recombination (NAHR)
between inverted repeats (IRs) (either repetitive elements or
segmental duplications (SDs)). However, very little is known about
the frequency and distribution of the inversions in human
populations, with most studies limited to a handful of individuals.
The main exceptions are the 17q21.31 inversion, in which the
global distribution has been estimated by linkage with SNPs [14],
six large inversions studied by FISH in 27 individuals of three
populations [12], the worldwide genotyping of the 8p23 inversion
distribution based on SNP data and genetic substructure [21], and
the recent analysis of eight simple inversions in 42 human samples
of diverse origins, including one inversion genotyped in 57
populations [20].

Traditional methods for inversion analysis include G-banding
karyotyping [26], FISH [11,12], Southern blot hybridization [9],
or pulsed-field gel electrophoresis [19]. With the development of
sequencing techniques, it has been possible to identify inversions at
a genome-wide level by sequence comparison [18,27,28] or
paired-end sequencing and mapping (PEM) [20,23,25,29-32].
However, these techniques have important limitations. In most
cases the presence of IRs at the inversion breakpoints hinders their
detection using single reads or paired-end sequencing of short
fragments, and PEM has a very high rate of false positives in
inversion prediction [33,34]. Moreover, all the above methods
have a low throughput and can be applied only to a few
individuals, providing just a partial picture of the distribution of
the inversions. As an alternative, computational algorithms have
been developed to take advantage of available nucleotide variation
data in multiple individuals to predict inversions and estimate
inversion genotypes [21,35-37], although it is unclear how
accurate these predictions are across populations. In addition,
these algorithms work only for relatively large and frequent
mversions. Thus, it is always necessary to validate inversion
predictions using independent techniques and genotype them in a
large number of individuals.

PCR amplification offers more possibilities for high-throughput
analysis and different PCR-based techniques have been used to
validate inversions. Regular or long-range PCR [20,25,27,38,39]
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are limited by the size of the fragments to amplify and work poorly
for fragments above 10 kb. Therefore, their applicability is
reduced to inversions generated by simple breaks or small IRs at
their breakpoints. Haplotype-fusion PCR is a very promising
technique to study inversions caused by duplicated sequences of
almost any kind [40,41], although it has not yet been used
extensively and reproducibly to genotype inversions. Inverse PCR
(iPCR) [42] is based on creating circular molecules of DNA by
restriction enzyme digestion and self-ligation, followed by ampli-
fication across a self-ligated site (Figure 1). Thus, with iPCR there
is no need to amplify across the breakpoints and it is possible to
analyze inversions mediated by medium-long IRs. iPCR has been
used to sequence the flanking regions of known sequences [43],
sequence breakpoints of translocations [44,45], or generate long
msert pairs [46]. In addition, an iPCR assay has been applied to
genotype inversions mediated by 9.5 kb SDs causing hemophilia A
in multiple patients [47-50] and in prenatal diagnosis [51].
However, iPCR limits for different types of inversions have not yet
been tested. Therefore, optimization of the iPCR technique could
open the possibility of high-throughput validation and genotyping
of inversions in a simple manner.

Here, we have tested different reagents and conditions to
optimize the iPCR method and developed a high-throughput
iPCR protocol that allows us to genotype a wide-variety of
inversions mediated by IRs in a large number of individuals in just
one day. As an example of the potential use of this method, we
have analyzed 22 inversions predicted in the human genome by
PEM and determined the frequency and genetic transmission of
17 of them in 70 CEU individuals. In addition, we have checked
the association between inversions and nucleotide variation using
the HapMap [52] and 1000 Genomes Project (1000GP) [53] SNP
data, the putative ancestral orientation, and the possible gene
effects of the validated inversions. All this information has been
deposited in the new InvFEST human polymorphic inversion
database [54].

Results

Selection of candidate polymorphic inversions

Inversion validation was based on the analysis of PEM data
from fosmids of nine different individuals [23] with our inversion
prediction algorithm GRIAL to confirm the presence of an
inversion signature and refine the breakpoint locations [54]. For
simplicity, we always refer to the orientation matching the
NCBI36 (HG18) human reference genome as standard ($td) and
the opposite orientation as inverted ([ny) arrangement. We
selected 31 inversion candidates present in at least one of the
nine individuals with =2 fosmids supporting both the Std and Inv
orientations, and IRs of <40 kb in the predicted ranges of the
two breakpoints. The next step was finding restriction enzymes
that cut at both sides of the inversion breakpoints, but not within
the IRs, and that generate fragments of less than ~70 kb. This
way we identified 22 potential inversions for iPCR analysis
distributed in 11 chromosomes and with a size of 5.1-226 kb
(Table 1 and Table S1). For 13 inversions, the region of sequence
exchange could be defined more precisely from at least one
completely sequenced BAC or fosmid showing the inverted
conformation [23,24]. In all cases the refined breakpoints were
located either within or at the ends of the IRs in a region of high
sequence identity between them [54]. Finally, we compared the
selected regions in HG18 with those in the GRCh37 (HG19)
assembly or additional genome patches [55] and in three cases we
found important changes between them, which were analyzed in
more detail (see below).
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Figure 1. Diagram of iPCR validation of inversions mediated by inverted repeats (IRs). Standard and inverted arrangements are
represented by unique regions A, B, C and D, which are separated by IR1 and IR2 at each inversion breakpoint (BP). The iPCR involves three steps:
digestion at the restriction enzyme target sites (RE), circularization of the digested fragments by self-ligation, and PCR amplification with primers
(small arrows) flanking the restriction site to generate products of different size depending on the orientation of the segment between both repeats.

doi:10.1371/journal.pgen.1004208.g001

iPCR optimization

Figure 1 shows the general iPCR design for inversions mediated
by IRs between regions A and B (breakpoint 1, BP1) and C and D
(breakpoint 2, BP2). Previous studies had shown that iPCR could
be used to validate inversions mediated by IRs with self-ligating
circular fragments of up to 21.5 kb [47]. Therefore, to apply this
technique to the largest range of inversions possible, we first tested
the optimal DNA concentration and the effects of different
reagents in the circularization efficiency of long DNA fragments.
The analysis was based on the previous work of Wo et al. [56], and
we selected two inversions, HsInv0340 and HsInv0286, which
generate circular molecules of approximately 30-40 kb in the two
orientations when cut with the staggered-end enzyme BamHI or
the blunt-end enzyme Swal.

Consistent with previous observations [56], for the inversion
analyzed with a staggered-end enzyme (HsInv0340), we found a
continuous increase in iPCR amplification with DNA dilution
during ligation, with the most diluted DNA (0.31 ng/ul) showing a
6.5-8.2-fold improvement in circularization efficiency for both
sizes of DNA circles (Figure 2A). For the inversion analyzed by
iPCR with blunt ends (HsInv0286), we observed a similar trend for
the two fragment sizes, although amplification was too low for
accurate quantification. Next, using one of the optimal DNA
dilutions (0.62 ng/ul), we found that the addition of different
reagents did not produce an improvement in the self-ligation step
of staggered-end fragments. In blunt-end fragments there was an
increase in amplification when PEG, glycerol and glycogen were
used (Figure 2B). In particular, glycogen showed a 6.4-15.7-fold
increase in the self-ligation of 33 kb and 41 kb fragments. Also, we
quantified the possibility that the iPCR target region is produced
by ligation between two different fragments using as a control the
AD product, which could be generated only by the formation of
concatamers. However, AD amplification was nonexistent from
blunt-end fragments and very low and constant throughout the
dilutions and the reagents tested for staggered-end fragments

(Figure 2).

Validation of predicted inversions by iPCR

Based on the results obtained in the optimization experiments,
we developed iPCR assays to validate the two breakpoints of the
previously selected inversions, except for the three regions not
correctly assembled in the HG18 sequence. For the remaining 19
inversions, the restriction enzyme target site and the primers were
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selected outside of the refined breakpoint regions involved in the
inversion (Table S1), although in three cases (HsInv0124,
HsInv0397, and HsInv0272) one of the primers and restriction
sites were located in a divergent region between the two IRs.
Overall, we used seven different enzymes and the size of the self-
ligation fragments varied between 2.3 and 73 kb (Table 1 and
Table S1). As a first validation step, for all inversions we did
multiplex iPCRs of both potential orientations of the two
breakpoints (AB or CD fragments and AC or BD fragments) in
the nine individuals of diverse origins used to predict the inversions
by PEM [23]. Figure 3 shows the amplification results of two
inversions as an example. We did not observe the expected bands
in undigested or unligated genomic DNA controls in any
inversion. For many of the iPCR assays we also tested the
amplification of the AD fragment concatamer, and no or very little
amplification was found.

The 1PCR genotypes from both breakpoints were the same in
16 of the 19 inversions (Table S2), but in the other three there
were some discrepancies. In HsInv1051 there is no BD
amplification in the only individual heterozygous for the inversion
according to the fosmids and the AC iIPCR (NA19240; Table S2),
although this case is particularly challenging because it corre-
sponds to the largest self-annealing circle we have tried to amplify
(73 kb). Similarly, in HsInv0397 there is one individual (NA12156)
with different genotype for BP1 (Std/Inv) and BP2 (Std/Std).
However, according to the fosmid information the individual
should be heterozygous for the inversion (Table S2). In HsInv0241
three samples appear as Std/Inv in BP1 and Inv/Inv in BP2, and the
same results were found with a new set of primers for the CD
region. By genotyping known SNPs within the HsInv0241 inverted
region through sequencing and restriction enzyme digestion, we
showed that an allele 1s missing in BP2 in some of the supposedly
Inv homozygous individuals (data not shown). Therefore, for the
last two inversions it is likely that there is an unknown structural
variant or restriction site polymorphism (either a new restriction
site or the elimination of the restriction site used in the iPCR) that
prevents BP2 amplification in one orientation, and that the assay
showing the two chromosome arrangements represents the correct
genotype. Furthermore, to assess the reproducibility of this
technique, for inversions HsInv0344 and HsInv0389 we showed
that the same iPCR results were obtained with two different
restriction enzymes (BamHI or EcoRI for HsInv0344 and Nsil or
Bglll for HsInv0389). Thus, with a good design and the
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Figure 2. Quantification of self-ligation efficiency in iPCR with
different DNA dilutions and different reagents. A. Effect of DNA
dilution during ligation on iPCR amplification of staggered-end
fragments from HsInv0340 of 32 kb (AB) and 40 kb (BD) and the A-D
concatamer. B. Effect of different reagent concentrations during
ligation on iPCR amplification of blunt-end fragments from HsInv0286
of 33 kb (BD) and 41 kb (AB). The A-D fragment with 10 ng/ul of DNA
and the 41 kb fragment with no additional reagent were selected as
reference to calculate the relative amplification in A and B, respectively.
NA18517 DNA that is heterozygous for both inversions was used in the
analysis.

doi:10.1371/journal.pgen.1004208.9002

appropriate controls, inversion genotyping by iPCR is quite
robust.

With regard to the inversion validation, in 17 of the 19
inversions the two genomic orientations were found in the panel of
nine humans, but in four of them the /nv arrangement was present
only in one of the original Yoruban (YRI) individuals used to
predict the inversion (Table S2). In the remaining two inversions
(HsInv0272 and HsInv0526), iPCR of both breakpoints only
identified the Std arrangement in all individuals and are likely false
positives in the PEM analysis. To check the validity of iPCR
results, we compared them with those of the fosmid PEM [23]. To
do this, for each individual we considered only the fosmids whose
ends map uniquely and outside the IRs at the breakpoints, and
those mapping within the IRs were discarded since they are often
not informative. For the 17 validated inversions, the genotypes
obtained with iPCR and the fosmid PEM data are consistent for
all individuals (Table S2). The false positive inversion predictions
HsInv0272 and HsInv0526 were supported just by a few fosmids
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B HsInv0209
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ABi
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Figure 3. Multiplex iPCR results of two validated inversions in
nine human samples. A. Hsinv0403 ABD and ACD iPCRs. Band sizes
are: AB, 364 bp; BD, 239 bp; AC, 350 bp; CD, 225 bp; and AD, 265 bp. B.
HsInv0209 ABC and BCD iPCRs. Band sizes are AB, 435 bp; AC, 243 bp;
BD, 543 bp; CD, 351 bp; and BC, 470 bp. For both panels the genomic
DNA samples are: 1, negative control; 2, NA12156; 3, NA12878; 4,
NA15510; 5, NA18507; 6, NA18517; 7, NA18555; 8, NA18956; 9,
NA19129; 10, NA19240; 11, DNA without restriction enzyme; 12, DNA
without T4 DNA ligase; and L, 100 bp DNA Ladder (Invitrogen).
doi:10.1371/journal.pgen.1004208.g003

and all of them have one read mapping in a particular region
within the inverted SDs. Sequence analysis has shown that in both
cases the incorrect fosmid mappings are caused by variation across
individuals in the nucleotide divergence between the two SD
copies.

Analysis of inversion predictions in complex genomic
regions

For three of the selected candidates in HG18, HsInv0306,
HsInv0414, and HsInv0710, the genomic regions show a different
and more complex organization in subsequent releases of the
human genome sequence. Therefore, we re-evaluated the inver-
sion predictions taking into account the new data and the
preliminary iPCR results. In HsInv0414, the whole region was
duplicated in the HG19 assembly and a 50-kb gap was created,
which makes the design and the interpretation of iPCRs very
difficult and the region was not analyzed any further.

HsInv0710 and HsInv0306 are two overlapping inversion
predictions of different length supported by many discordant
fosmids. This region has been updated with a new sequence patch
(GL949743.1), which has 75 kb of extra sequence that transforms
the 15-kb inverted SDs found in HG18 and HG19 into two SD
blocks of 109 kb and 95 kb (Figure S1). To determine if the two
inversion candidates are still valid in this context, we re-mapped a
set of 1725 concordant and discordant fosmid paired-end reads
with mappings spanning the region of interest +/—50 kb (see
Materials and Methods). We obtained a total of 20 discordant
paired-end reads, and most of the fosmids originally supporting the
inversion predictions mapped in highly identical regions within the
new SD blocks and were not informative. For HsInv0710, only
one of the 53 fosmids still supports the inversion, although it maps
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within the inverted SDs with just slightly higher score in the
discordant than the concordant orientation. For HsInv0306, 19 of
the 65 fosmids continue to map as discordant in orientation in the
HG19 patch (Figure S1). However, a similar amount of fosmids
from all the individuals also support the reference orientation and
the 19 apparently discordant fosmids are explained by a ~16 kb
polymorphic deletion of part of SD2 (Figure S1). Thus, there is not
reliable PEM evidence that these inversions exist. Due to the size
of the new SDs it was not possible to interrogate the presence of
the inversion by iPCR. Nevertheless, we designed several iPCR
primers to confirm the organization of the genomic region (Figure
S1). For HsInv0710, six of the nine individuals are heterozygous
for AB and BD (the other three being homozygous for AB) and the
fragments AC and CD were never amplified. Similarly, for
HsInv0306, the nine individuals showed AB and AC amplifica-
tion. These results support the existence of big SDs and indicate
that the sequence of the new patch is probably correct.

Genotyping of validated inversions in multiple
individuals

In order to genotype inversions in multiple individuals, we set
up the iPCR protocol in a plate format. For each of the 17 true
polymorphic inversions, we analyzed one breakpoint in 77
individuals, including 68 additional CEPH samples with ancestry
from northern and western Europe (CEU) and 12 father-mother-
child trios. The genotyping worked very well, with on average
more than 98% valid genotypes for iPCRs with staggered-end
enzymes (Table S3). For six inversions, we repeated 40-100% of
the individuals in independent iPCRs testing the other breakpoint
and in all cases the results were the same. The only exception was
inversion HsInv0241, in which both breakpoints were tested for all
individuals, and as in the previous experiments, 23 individuals
(30%) showed different results in BP1 (Std/Std or Std/Inv) and BP2
(nothing or [Inv/Inv). As mentioned before, these results are
consistent with a missing St allele in the iPCR of BP2 in these
individuals and we considered only the genotypes obtained from
AB and BD amplifications. In addition, for inversion HsInv0286,
which involved blunt ends, there was no clear amplification in
some DNAs and we could obtain reliable genotypes for 48 CEU
individuals (Table S3).

Inversion frequency and heterozygosity on the CEU population
varied considerably (Table 2). Of the 17 inversions, two
(HsInv0832 and HsInv1051) were not present in any of the
CEU individuals, three (HsInv0209, HsInv0340, and HsInv0341)
showed very low frequency (<5%), and the rest had a minor allele
frequency (MAF) between 10-47% (Table 2). Likewise, the
observed heterozygosities (H) ranged from 0 to 0.55, and all
polymorphic inversions were in Hardy-Weinberg equilibrium
(Table 2). As a control, we also analyzed the genetic transmission
of the Std and Inv allele in the available family trios, and in all cases
it fits perfectly the expected inheritance pattern (Table 2). For
mversions HsInv0209, HsInv0340, HsInv0341, HsInv0832 and
HsInv1051 we could not analyze the inheritance for the Inv allele
in the CEU population. Thus, we checked the families of the YRI
individuals with the inversion and in all of them the /nv allele was
correctly transmitted (Table S3), showing that the inversion
genotypes obtained by iPCR behave as a normal genetic variant.

Association of inversions and nucleotide variation
Inversions are known to inhibit recombination and generate
genetic substructure with high linkage disequilibrium (LD) of the
SNPs within the inverted region [5,6]. Therefore, we examined
the patterns of nucleotide variation within the inverted region and
in the 10 kb flanking the 14 inversions with at least two inverted
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alleles in the genotyped CEU individuals using the SNP data from
HapMap (46 unrelated individuals) [52] and 1000GP (28
unrelated individuals) [53]. The HapMap data revealed perfect
LD (= 1) between the inversion HsInv0286 and HsInv0347 and
several SNPs (Table 3 and Table S4). In addition, inversion
HsInv0396 presented very high LD values (*=0.9), with three
SNPs. The 1000GP data allowed us to detect more SNPs with
perfect LD for the three inversions mentioned above and
HsInv0114 (Table 3 and Table S4). As expected, most of these
tag SNPs were located inside the inverted region, although some of
them were located outside as well (Table 3).

Genotype data were also used to calculate the minimum
number of shared SNPs between the two arrangements without
phase estimation. To minimize the effect of SNP genotyping
errors, for the 1000GP data we performed these calculations using
all genotypes and only the most reliable ones based on the
genotype likelihoods. Surprisingly, for six inversions (HsInv0124,
HsInv0341, HsInv0344, HsInv0389, HsInv0393, HsInv0403) a
high proportion of the HapMap and 1000GP SNPs located within
the inversion were shared between the two arrangements (Table 3).
That is, according to the genotype information, these nucleotide
variants were polymorphic both in St and fnv chromosomes, and
the shared SNPs were distributed over the whole inverted region.
In contrast, a much lower proportion of shared SNPs between
arrangements was observed for the four inversions (HsInv0114,
HsInv0286, HsInv0347, HsInv0396) for which SNPs in high LD
were identified (Table 3). The remaining inversions did not present
such a clear pattern, mainly due to either a very low frequency of
the inversion (HsInv0278, HsInv0209) or a low number of SNPs
within the region (HsInv0241, HsInv0397). Very similar results
were observed when using only the filtered most-reliable 1000GP
SNP genotypes (Table S5).

Next, by inferring haplotypes using the PHASE program
[57,58], we were able to calculate the nucleotide diversity () in Std
and /nv chromosomes using the 1000GP data. For most inversions,
n values were similar in both arrangements, although for
HsInv0278 and HsInv0396, © of Inv chromosomes was more than
five times lower (Table 3). In addition, we used Fst to measure
genetic differentiation between arrangements (Table 3). In general,
the most significant Fst values were observed for the inversions
with tag SNPs. An exception was HsInv0389, in which the
differentiation is due to the fact that there were two sets of very
different haplotypes, that were mainly Std or Inv, although some
haplotypes were shared between arrangements. On the contrary,
Fst values of the inversions with shared SNPs tended to be low or
even zero, consistent with the absence or very small differentiation
between orientations. Figure 4 shows the distribution of fixed and
shared SNPs along the inverted region.

Evolutionary history of the inversions

To illustrate the relationship between phased haplotypes within
the inverted region, Median-Joining networks and Neighbor-
Joining trees based on HapMap and 1000GP SNPs were
constructed for all inversions (Figure 5 and Figure S2). The 14
inversions could be classified into three main groups. For the four
inversions with fixed SNPs between arrangements (HsInv0114,
HsInv0286, HsInv0347, HsInv0396), the networks and trees
showed that the Std and Inv haplotypes formed separate clusters
(Figure 5A and 5B), suggesting that the inversion arose from a
unique event. In the case of HsInv0124, the haplotype network
derived from the 1000GP data shows many recombination events,
including possible gene conversion between arrangements. How-
ever, the network of the inverted and flanking regions (+/—10 kb)
from the HapMap data (not shown) has two clearly separated

March 2014 | Volume 10 | Issue 3 | 1004208



Analysis of Human Inversions by Inverse PCR

2008027001 usbd"[eUINOl/L£E 10 L:10P
'97810VE¥AZANG PU ‘LILINVA ‘0LMXES “TOLNILL ‘SE0X04 ‘G98ZINZ ‘87 1IgL 318 UOISIdAUL 343 UM papnpul Aj23a]dwod sausp,

‘UOI3RIUSLIO PIMBAUL By} Ul dUB

gt 1DdDD 243 Jo uondnisip 3y) pue swousb dszuedwiyd 3y} UO PISE( S| D1L3S [RI1SADUR 33 ‘| GO LAUISH 404 "928JP|Og Ul UMOYS DB YD d! Y} WOy s}Nsal 3y} Moddns pue aAizewIO Ul S8 $3343 d13duabojAyd ay3 ydsiym i sased asoy |

"e||uob pue dazuedwiy> 10} s}Nsa1 YOd! Y} UO Ajulew paseq SI UONLIUSLIO [e1}SDUR BY) JO UORWIST

"PauUIWLIBIBP 10U ‘AN ‘[6S] ‘[ 39 S21938D) JO sisAjeue [euaWILIAAXD DY} YIM JUS)SISUOD S| saazuedwiyd woiy elep ydd! ‘68E0AUISH 104

HISHRISe Ue Y)m paxew aue (€100106 10 yoijued) swouab sadads 3y3 JO UOIRRIUSHO JUSLIND Y3 Yum Bulpidulod Jou 3soyy pue se|jliob om) pue saazuedwiyd Inoj Jo sisAleue ay3 WOl SALSP s)Ns3I Yddl,
*A11s06Az013313Y 3y} 3)e[NDJED 0} PASN SSeWd} Ul SAWOSOWOIYD S} 0} JSGUINU PUODIS B} PUR UOISIdAUI 3Y) Jo Aduanbaly 8y} 31e|Nd[ed 0} PAsN SIWOSOWOIYD Y} O} SIDJDJ ISQUINU ISIly Y3 ‘X “4YD UO PIeDO| SUOISIdAUI 104
*S|ENPIAIPUI P31R[3IUN WO SSWOSOWOIY JO Jaquinu ‘N,

pis aN an ,SoUudb /£ gry1D>ddD 6/6 0 0 98 JARER) LSO LAUISH
umouun 1289 AUl ou ou L/L 0 0 14 AMYd> CEBOAUISH
umouyun AUl/pIS AUl/PIS ou ou 14%4" 0€0 9z0 9Y/69 X4> €070NUISH
AUl *AU| AUl/pIS ou ou €L/EL S€0 810 9Y/89 Xays L6EOAUISH

pis 123 AUl/pIS ou gz112dgvd 'vZ112dgvd 4% 4" [44V] 91’0 9Y/69 XYs 96E0AUISH

Ad| Auj AUl/pIS ou IXOWHY eL/eL SS90 9€'0 Y1/99 Xay3 €6E0NUISH

AUl #AU| AUl awi ‘'vyN1d ou 14%4" L10 L10 9t/69 Xays 68E0AUISH

pIs AUl/PIS pis ou ou (4,4} SLo oLo 6 vLYd LY EOAUISH
umouyun anN AUl/PIS ou 9XNS (4544} 870 650 6 1Yd Y E0AUISH
pPis 1259 AUl/PIS ou ou [4vz4t L00 €00 6 €LY> LE0AUISH

AUl AUl AUI/PIS  $92/¥9D07 'd9513LH0 ou LL/LL 200 10’0 06 €LyYd 0E0AUISH

pis 123 1239 ou ou €/€ 050 L¥'0 (44 yAUR] 98C0AUISH

Adf *AU| Auf ou NaT VYNYL ‘TPA”YNYL [4v4% 0zo oLo 6 SIYd 8/LCOAUISH

pis AUl/PIS pis ou gz1dov 'vZ1dov [4vi4t 870 910 6 ays LyCOAUISH

pis 129 pis ou L1-SdV1Y) 01-SdV.L8) [4%,4} 00 00 06 LLY> 60C0AUISH

pis 129 pis LWLIHI S€L07008 [4¥,4} €v'o 6€°0 6 LLYyd VCLOAUISH

AUl *AU| AUl ou ou (4,4} 0S50 90 6 644> 1 LOAUISH

ejj1i0n duwiyd uoibai pajianu| sjulodyealg
guonejusuio LSHNS31 HDd! pa1eye sausn saljiwey pijep AysobAzoimdy  baayauyy N ayd uoisianu|

jesysaduy

paA13sqo

‘swouab uewny sy ui suoisiaaul diydiowAjod pajepiea /| sy 1o K101siy A1euonnjoad pue ‘13349 ausb ‘sjenpiaipul N3D ul buidAiouab sy jo uonewlogul Alewwns g a|qel

March 2014 | Volume 10 | Issue 3 | e1004208

PLOS Genetics | www.plosgenetics.org



Analysis of Human Inversions by Inverse PCR

€00¥'80Z001"udbd"[euInol/LZE 101 10p

"I Yoe3 3pISINO gy QL 03 spuodsa.iod uolbal bupjuey ayL,

"UOISISAUL B} PIIeIPaW 3Ry} SY| dY3 ulyim uolbal ayl sapnjoul uolbal pauaAul 3yl
'S0°0>d «

"sadAjojdey pausjul pis pue Auj ay3 buledwod palendjed 1am sanjea isd,
"pazAjeue sjenpiaipul pajejaiun Jo Jaquinu ‘N,

90000 S¥#000°0 88000°0 %*C9°0 0000 8l 0 8% 8¢ 0 0 6 14 €00AUISH
€0000°0 800000 800000 *CC'0 0000 L 0 Sl LT L 0 L 14 L6EOAUISH
010000 £€000°0 6%000°0 %09'0 86661 L L [44 8¢ 0 0 ol St 96£0AUISH
70000 TT000°0 6£000°0 *91°0 9666 L oL 0 [43 x4 L 0 €l 34 €6E0AUISH
870000 610000 LE0000 %0S°0 0000C 44 0 143 8¢ Ll 0 6L 94 68€0AUISH
€€000°0 200000 020000 %S6°0 66661 [4 oL [43 8T 0 S 4! ot LYE0AUISH
690000 #9000°0 180000 %0€°0 L6661 S€ 0 €L 8T oL 0 L ot PYE0AUISH
£0100°0 001000 660000 000 26661 9l 0 19 8¢ oL 0 €C Sy LE0AUISH
8€000°0 $6000°0 80000 *6€°0 £8661 4 L Lzl 4 0 L Ll 133 98C0AUISH
20000 611000 LZ1000 *vT°0 £6661L L 0 S6 8¢ 6 0 Ll 14 8/COAUISH
9€000°0 660000 860000 %*SC'0 66661 L 0 09 8¢ € 0 4! Si4 LYTOAUISH
- €9100°0 ¥9100°0 910 86661 0 0 901 214 0 0 144 94 60C0AUISH
LZ1000 801000 L¥1000 *CE0 66661 134 0 oLl 8¢ 6 0 9l i4 ¥CLOAUISH
0£000°0 €5000°0 1L£000°0 %C9°0 6661 4] C 08 8T 4 0 4! ot ¥LLOAUISH
yuolbai bupjuoj4

6£000°0 950000 050000 *vT°0 96/T S 0 S 8C L 0 L ot €0V0AUISH
000000 100000 100000 000 9068 0 0 € LT 0 0 0 14 L6EOAUISH
0000°0 090000 180000 *99°0 9061/ S 4% 6l 8¢ 0 0 6C 14 96E0AUISH
§2000°0 10000 0€000°0 %6S°0 66€£6 14 0 9l LT € 0 € 144 €6E0NUISH
¥€000°0 S1L000°0 0€000°0 %040 oLoLe 13 0 09 8¢ 14 0 9L 14 68E0AUISH
9€000°0 110000 520000 %C8'0 £¥SS 0 4 L 8C 0 4 € Si4 L¥EONUISH
980000 690000 S6000°0 *L€E0 89¢€/ 114 0 9¢ 214 L 0 € ot YYEOAUISH
TT1L000 101000 101000 000 18891 8¢ 0 SS 8¢ 4] 0 6L 94 LYE0AUISH
S€000°0 £8000°0 ££000°0 *St°0 [44374 6 S €6€ 1z € L LS €€ 98C0AUISH
€5000°0 SST00°0 857000 *CE°0 LLze 0 0 Ll 8C [4 0 [4 ot 8/TOAUISH
€9000°0 €6000°0 860000 *8C°0 :74%3 0 0 oL 8¢ 0 0 € 14 LyCOAUISH
- €6000°0 $6000°0 L0 9061 0 0 L1 8¢ L 0 9 14 60C0AUISH
6€000°0 §9000°0 990000 *LE0 6019 9 0 8l 8¢ L 0 [4 14 VZLOAUISH
020000 190000 90000 +€9°0 [430% 4 C 134 8¢ L 0 9l Si4 71 LOAUISH
cuolbai pajianu|

gt Psu %y 2354 sas paieys paxid SdNS N paieys paxid SdNS N uoisiaau|

sadfjojdey dooooL

sadfjouab doo00L

sadAjouab depdeH

‘uonejndod N3 SY1 Ul SSWOSOWOIYD PIMSAUL Z< YUm suolisiaaul diydiowAod | 104 (dH000L) 123014 sswousn 0p0L pue depydeH wolj eyep uoilelieA apiosPPNN € jqel

March 2014 | Volume 10 | Issue 3 | e1004208

PLOS Genetics | www.plosgenetics.org



HsInv0114
petn NI

=

Hslnv0124
HemOT24 0 T |

HsInv0209 |
(38769 bp)

I e——— 1 |

—

HslInv0241
sl NN S llk TN

[l |

HslInv0278 I |
(27279 bp)

-

il |
HslInv0286 |(_|
(126104 bp) | |
HsInv0341
4§8§5bp| TR TN e [ MY BT T s NN T |

=4 EREER

HsInv0344
4%8X4bp| I VI {0 0T 0000 I |

HsInv0347
s IS

|

HsInv0389
8%8;3bp| 00—l e

HslInv0393 |
(38354 bp)

Ik—— i |

| — w1

HsInv0396
(109812 bp)

|

HslInv0397| | 1
(71335 bp)

|00 O0ARE0 ||||<—|||||||

k |
I |

HS|I’1V0403| ||"| " |
30162 bp)

Al — |

SNPs in one arrangement | Shared SNPs
| Fixed SNPs | IR limits
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(indicated by black arrows) are represented. Polymorphic SNPs in the
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doi:10.1371/journal.pgen.1004208.g004

clusters of Std and Inv haplotypes. Similarly, in HsInv0209,
HsInv0278 or HsInv0397 there were few individuals or a limited
number of SNPs in the inverted region to draw reliable
conclusions, but a unique origin of the inversion could not be
discarded according to existing evidence. In HsInv0278, there are
only two close HapMap SNPs within the inverted region giving
rise to three haplotypes shared between Std and Inv. However, in
the 1000GP data, the analyzed Inv chromosomes correspond to
the same HapMap haplotype and cluster together, which indicates
that we are only observing part of the variation.

On the other hand, Std and Inv haplotypes of four inver-
sions (HsInv0341, HsInv0344, HsInv0389, HsInv0393) were
dispersed on the trees and networks (Figure 5C and 5D). This is
consistent with the high number of shared SNPs found between
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arrangements for all these inversions and suggests that at least
some of them have appeared recurrently several times. For
example, in HsInv0341 there are three inverted chromosomes
included in two highly divergent haplotype clusters of Std
chromosomes (Figure 5C), suggesting that the inversion has
occurred independently twice. Something similar could have
happened in HsInv0393, in which we observed two main
HapMap haplotypes that include mostly chromosomes of one
orientation and a few of the other one, although in the 1000GP
data Inv haplotypes clustered with St/ ones are missed due to the
lack of individuals. In HsInv0389, which was previously found to
be recurrent across mammals [59], there are two highly divergent
Std and Inv haplotype clusters, probably derived from an initial
inversion event. Within each of these groups, a few haplotypes are
found with the opposite conformation suggesting two additional
mversion and re-inversion events (Figure 5D). Similar complex
networks with divergent clusters of mixed S$td and Inv haplotypes
could be observed in HsInv0344, which are compatible with two
or three inversions and re-inversions. Lastly, HsInv0241 and
HsInv0403 are small inversions that present few HapMap SNPs
within the inversion. For the 1000GP set, there were two different
haplotypes shared between Std and Inv chromosomes. However,
these two haplotypes are just defined by a small number of SNPs
separated by 1-2 kb and could be explained either by inversion
recurrence or a long gene conversion tract.

Orientation of the inversions in other species

The iPCR technique is especially sensitive to the loss and
generation of additional restriction sites, and given the low quality
of most non-human primate reference genome sequences, it is not
easy to transfer the assays to other species. However, we examined
the orientation of the 17 human polymorphic inversions in non-
human primates by iPCR. In most cases, the human iPCR assay
could be applied to the other species, but for five regions we had to
develop a completely new assay or modify the existing one (Table
S1 and Table S6). Using DNAs from four chimpanzees and two
gorillas (including a father-son pair in each species), we obtained
reliable results from at least one breakpoint in one species for 16
inversions (Table 2 and Figure S3), and there was information
from both breakpoints for 11 inversions in chimpanzees and five
inversions in gorillas. Of those 16 inversions, nine (56.3%) were
polymorphic in at least one of the non-human primate species,
including HsInv0403 that was polymorphic in the three species
analyzed (Table 2). In addition, HsInv0832 showed different
orientations in chimpanzees and gorillas. Thus, this provides
further support for the existence of several independent origins for
these inversions.

To complement the above results, we checked the orientation of
these regions in current primate genome sequences by dot plot and
Blast. Chimpanzee genome orientation agreed perfectly with that
obtained in the iPCR, whereas in gorilla there were several
discrepancies that could be due to the quality of the current
assembly and the difficulty of assembling regions flanked by IRs
(Table 2). By combining the iPCR information with the position of
the Denisovan, chimpanzee and rhesus sequences in the haplotype
trees (Iigure S2), we could estimate the ancestral orientation for 14
of the human polymorphic inversions (Table 2). In general, there
was a good correspondence between the seemingly oldest
arrangement and a higher frequency and increased levels of
nucleotide variation in the CEU population. However, there were
some interesting exceptions to be studied in more detail. For
example, in HsInv0114 the [nv orientation was found in both
outgroups and showed a >60% frequency in CEU populations,
although both the haplotype tree and the nucleotide variation
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Figure 5. Haplotype network of four human polymorphic inversions from phased HapMap SNP data showing unique or recurrent
origins. A. Hsinv0114. B. HsInv0286. C. HsInv0341. D. Hslnv0389. Circles correspond to the different haplotypes found for the region of the inversion
and circle sizes are proportional to the frequency of each haplotype. Std and Inv haplotypes are represented in yellow and blue, respectively. Small
red circles represent hypothetical haplotypes. Nucleotide changes between haplotypes are indicated as red numbers.

doi:10.1371/journal.pgen.1004208.g005

values suggest that the St orientation might be ancestral.
Similarly, in HsInv0278 the supposedly ancestral Inv orientation
showed a lower frequency and less nucleotide diversity than Std
chromosomes. Finally, for HsInv0340 the /nv orientation is missing
in the CEU population, although it is ancestral according to the
gorilla iIPCR results.

Functional effects of inversions

To investigate the possible functional consequences of the
inversions we also analyzed their association with genes annotated
in the HG18 and HG19 genomes (RefSeq and UCSC genes,
http://genome.ucsc.edu), especially those genes located within the
inverted sequence or spanning the predicted breakpoints (Table 2).
In total, seven inversions do not contain genes in the inverted or
breakpoint regions, and two just change the orientation of genes
within the inversion. One of these (HsInv0389) inverts the FLNA
and EMD genes and has been associated to a deletion causing
Emery-Dreifuss muscular dystrophy [9,10]. Here, we provide an
easy method to identify the inversion carriers. In the other eight
mversions, the predicted breakpoint regions overlap with de-
scribed genes (Table 2), although the expected consequences on
the genes are variable.

PLOS Genetics | www.plosgenetics.org

In three cases (HsInv0124, HsInv0344, and HsInv0393), the
exonic sequences of genes located within the breakpoint region are
100% identical in the two SDs implicated in the inversion.
Therefore, if there is an exchange between the SDs, the sequence
of the mRINA should not be affected. In four inversions, the SDs
contain entirely or in part two genes of the same family. These
include two copies of tRNA-Val and tRNA-Leu in HsInv0278 and
the AQPI124 and AQPI12B genes in HsInv0241, in which as before
the exchange between them should not affect the genes. For
example, HsInv0241 exchanges the first exon of AQPI/24 and
AQPI12B, where all the differences between the two copies are
located, and apparently just alters the relative position of the
genes. For HsInv0209, there are two inverted SDs of 7 kb and
94% average identity that include completely the ARTAP5-10 and
KRTAP5-11 genes (85% identity). Due to the lack of Inw
arrangement sequence data, the inversion breakpoints have not
been refined within the duplications. However, the most likely
location of the breakpoints is a 782 bp region with 99.9% identity
between SDs, which is >2.4 kb away from the 3’ ends of both
genes. Finally, for HsInv0396, almost the entire PABPCIL2B and
PABPCIL24 genes are included within the possible breakpoints
and contain three single nucleotide variants, although they do not
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produce an amino acid change and appear to be polymorphic
between different copies of the same duplication. Thus, again the
inversion will just change the relative orientation of the two gene
copies by exchanging the last part of the 3'UTR, which is the most
divergent between them.

The best example of a gene disruption caused by an inversion is
that of CCDC144B, which spans BP1 of HsInv1051. This gene
spreads over 87.8 kb, with several coding exons at both sides of the
SD implicated in the inversion, and the inversion moves the two
first exons 200 kb away from the rest. CCDC144B is part of a
family with two other members, CCDC1444 and CCDC144C, with
>99.1% identity and very similar exon-intron structure. Never-
theless, whereas CCDCI144A4 encodes a protein of 1365 amino
acids, CCDCI144B and CCDCI144C have different frameshift
changes that reduce their coding capacity to 725 and 647 amino
acids, respectively. The possible function of these proteins is not
clear and it has been considered that both genes could be
pseudogenes, although the expression of CCDCI44B is supported
by multiple mRNAs and ESTs. Interestingly, the HsInv1051
inversion is not present in the CEU population and so far has been
found in a single YRI family, which suggests that it has a relatively
low frequency maybe related to its effect on the gene. When we
looked in detail to the effect of the breakpoints of all the inversions
in other mRNAs, spliced ESTs and ENCODE/GENCODE
(version 14) gene annotations, there are several non-coding RINAs
that could be affected. One clear case is that of HsInv0340, that
truncates the putative LINC00395 RNA supported by three spliced
ESTs. However, further work is needed to explore the possible
functionality of this RNA.

Discussion

Information on human inversions has been typically scarce due
to the technical difficulties in their experimental validation and
genotyping. Here, we describe an optimized protocol to genotype
a big fraction of inversions in a fast and high-throughput fashion.
Although the iPCR method had been used before to study
individual inversions [47], we have demonstrated that it can be
scaled easily to a large number of inversions with high
reproducibility, with just minor problems in a few of the assays.
In addition, the elimination of intermediate purification steps
allowed us to use much smaller amounts of DNA per sample
(<100 ng in front of 1 pg [47]). Finally, through the optimization
process we have shown that with appropriate high-molecular
weight DNA, iPCR can be used for large DNA fragments of more
than 64 kb, which is three times bigger than in previous studies
[47]. This makes it possible to analyze inversions mediated by long
IRs (up to ~25 kb in our case), which are very difficult to genotype
by other methods. Therefore, the iPCR fills a gap in the study of
mversions and increases considerably the range of inversions that
can be genotyped. Moreover, iPCR could also be useful in the
analysis of other structural variants, like translocations, or complex
genomic regions in which the exact organization is not clear.

One of the main limitations of the iPCR is the availability of
restriction sites in the regions of interest that generate fragments
of a size that can be efficiently recircularized (<70 kb). In the case
of inversions mediated by IRs, this means having restriction sites
exclusively outside the repeats and within the inverted region,
which could be quite difficult when the inversion is small or has
large SDs. In particular, we have seen that the iPCR protocol
works very consistently for restriction enzymes with staggered
ends, but the efficiency decreases considerably for blunt-end
enzymes. Thus, in order to increase the number of inversions that
can be analyzed, future improvements of the technique should be
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directed to increase the efficiency of the recircularization,
especially for big fragments and fragments with blunt ends, and
the possibility of making directed cuts in the regions of interest. In
addition, the iPCR design relies on a good sequence assembly, and
compared with other genotyping techniques, it is more sensitive to
changes on the overall organization of the region. For example,
the iPCR amplification could be affected by indels or structural
variants, which could create new restriction sites or modify the size
of the resulting fragments, or other types of restriction site
polymorphisms. Therefore, for complex and highly-variable
regions it might be difficult to interpret the results, and it is
important to check the consistency between the two breakpoints.
We have observed differences between the results of the two
breakpoints in a few individuals for three of the 17 validated
inversions, although in all cases we were able to deduce that an
allele was missing in one of the assays.

Thanks to the iPCR, we have confirmed the organization of a
complex region that was incorrectly assembled in the human
genome and invalidated two inversion predictions caused by
sequence differences between SDs. Moreover, we have validated
17 polymorphic inversions, showed that all of them behave as
normal genetic variants, and obtained a first estimate of their
frequency in the CEU population. This represents one of the
biggest studies of human inversions both in the number of
inversions and individuals analyzed. Only one of these inversions,
HsInv0389, had been previously detected at a frequency of 18% in
a sample of 108 chromosomes from individuals of European
descent [9], which is very similar to the frequency we obtained
(17.6%). Interestingly, two inversions (HsInv0832 and HsInv1051)
were not found in CEU individuals and their frequency could
differ between populations, as it has been shown previously by
SNP inference for the inversions in 17q21.31 [14] or in 8p23 [21].
Future studies of more individuals from other populations would
provide a clearer picture of the worldwide distribution of these
inversions.

Traditionally, especially from studies in Drosophila, it has been
assumed that inversions have a unique origin and are monophy-
letic [60]. Consistent with this, our analysis of the association
between the inversion and SNP genotypes has shown that several
of them have probably a unique origin and are labeled by tag
SNPs, at least in the CEU sample. However, for four other
mversions the same region appears to have gone through several
mversion and re-inversion events in the human lineage. These
inversions are characterized by: 1) the absence of fixed SNPs and a
very high amount of shared SNPs between arrangements, reaching
in some case the totality of the SNPs present in the Imw
arrangement (Figure 4); and ii) Std and Inv haplotypes spread on
the networks and trees with sometimes more than one shared
haplotype (Figure 5). There are two additional inversions that
show this same pattern, but the number of SNPs affected is too
small to reach any conclusion. To make sure that these results are
not affected by genotyping errors, all the individuals indicating
inversion recurrence were genotyped at least twice for both
breakpoints, especially when recurrence was based only on a few
individuals, and their identity was confirmed by microsatellites. In
addition, for the four inversions showing the highest number of
shared SNPs in the 1000GP data, ~20% of them were re-
sequenced and confirmed. Finally, it is worth mentioning that, in
most cases, inversion recurrence was based on independent SNP
data from HapMap and 1000GP, and it was supported by both
simple genotype data and haplotype (phased) data. In particular,
the HapMap haplotypes were inferred using trio information,
which minimizes phase errors, and were consistent with those

obtained for the 1000GP data.
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Assuming that the occurrence of identical independent muta-
tions across several positions is very unlikely, the only other
mechanism besides inversion recurrence that could explain the
level of genetic flux observed between arrangements is recombi-
nation (either gene conversion or double crossovers). Current
recombination estimate in humans is ~23 crossovers per cell
(approximately one per chromosome arm) [61], which given the
size of the inversions and the phenomenon of crossover
interference [62] makes the possibility of double crossovers within
the inverted region very small. In addition, gene conversion tracts
in mammals are usually short, extending for only a few hundred
base pairs, and are rarely longer than 1 kb [63] (although some
studies suggest the existence of gene conversion events up to 22 or
53 kb; see [61,64]). Similarly, a recent high-resolution recombi-
nation map in Drosophila melanogaster found an average gene
conversion tract length of 518 bp, with a 95% confidence interval
in most chromosomes of less than 800 bp [65]. In fact, there is
evidence of small gene conversion tracts that explain the limited
number of shared SNPs between arrangements in some of the
monophyletic inversions in this and other studies [21,64].
However, the existence of many shared SNPs and identical
haplotype blocks in Std and fnv chromosomes along the whole
mverted region (Figure 4), with sizes between 5.6 and 37.6 kb,
contrasts with the pattern observed in inversions mediated by
non-homologous mechanisms (David Vicente and Mario Caceres,
unpublished data) and strongly suggests the recurrence of the
inversions. Unfortunately, it is not possible to check if the
breakpoints of the diverse inversion events are different since they
all occur in regions of high sequence identity.

Moreover, when a few chimpanzees and gorillas were analyzed,
we found that nine inversions were polymorphic in at least
one species and another one showed different orientations
between them, suggesting that they have occurred indepen-
dently in these lineages. An alternative possibility is that these
inversions were shared polymorphisms from the common ances-
tor. However, preliminary estimates of the age of the inversions
in humans indicate that they are less than 350,000 years old,
and the more than 6 million years of divergence between these
three species makes this explanation unlikely. Together with the
mammal recurrent inversion HsInv0389 [59], human inversions
with multiple origins in primates include the six inversions
showing a high number of shared SNPs between arrangements
in humans, plus five that seemed unique or were not polymorphic
in the CEU population. Therefore, this brings the total number
of inversions showing signs of recurrence within humans or
between different species to 11 of the 16 that could be analyzed
(69%).

Previously, recurrence of SVs was known for those causing
genomic disorders, like the inversion causing hemophilia [66]. FFor
polymorphic inversions found in natural populations, the recur-
rence of inversions mediated by NAHR between SDs had already
been postulated by comparison of different lineages in mammals
[59] or primates [21,67], and there was some evidence that it
could occur in humans as well [12,68]. In addition, experimentally
it was suggested that some inversions could appear repeatedly
in human cells [69,70], although these results should be confirmed
with independent techniques. Nevertheless, inversion recurrence
had never been demonstrated to the extent shown here, with in
some cases signs of several inversion and re-inversion events of
the same region both within and between species. Interestingly,
the possible recurrent inversions are a representative sample of all
the analyzed inversions in terms of size and breakpoint features.
Thus, high levels of recurrence could be a characteristic of
inversions mediated by large IRs, and it would be interesting to see
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if even more inversions will show a polyphyletic origin when
additional human populations or individuals of other species are
analyzed.

The observed high incidence of inversion recurrence has two
important consequences. First, for many of the inversions
mediated by IRs, which are probably a large fraction, genotypes
could not be inferred from SNP information but must be resolved
experimentally. Second, genome-wide association studies based on
SNP genotyping would miss the phenotypic effects of most
inversions. In general, according to our bioinformatic predictions,
the functional consequences of the studied inversions on the
flanking genes is expected to be small, with 41% in which there is
not any gene around the breakpoints and many others that do not
affect the gene mRNA. However, there are two inversions that
disrupt a possible coding gene and a long non-coding RNA, and
additional experiments are needed to analyze the effects on the
expression of these genes across multiple tissues. Also, it would be
interesting to check other possible effects of the inversions on more
remote genes. The availability of reliable assays to genotype
inversions would allow us to make associations of inversions and
gene-expression levels. In addition, it makes possible to genotype
groups of human samples with particular phenotypes. Therefore,
this study not only gives us a better idea of the distribution and
evolutionary history of inversions in human populations, but opens
the possibility to determine their functional consequences in the
near future.

Materials and Methods

Human samples and DNA extraction

We used a total of 83 human samples from the HapMap project
[52] (with the exception of NAI15510), including 70 CEPH
individuals with ancestry from northern and western Europe
(CEU), 10 Yoruban individuals (YRI), and two individuals from
China (CHB) and Japan (JPT) (Table S3). The 70 CEU samples
corresponded to 46 independent individuals, with 12 parent-child
pairs, and 12 complete trios. Genomic DNA was obtained from
Epstein-Barr virus-transformed B-lymphoblastoid cell lines of each
individual (Coriell Cell Repository, Camden, NJ, USA). DNA was
extracted from a 40-ml cell culture grown according to the
recommended procedures using standard phenol-chloroform
extraction protocol with modifications to obtain high molecular
weight DNA [71]. Identity of all the DNAs extracted was
confirmed using the MSK microsatellite kit (Coriell Cell Repos-
itory, Camden, NJ, USA). In addition, DNA samples from
four chimpanzees and two gorillas were also used. DNAs from
both gorillas and chimpanzee N457/03 were isolated from
frontal cortex brain tissue obtained from the Banc de Teixits
Animals de Catalunya (BTAC, Bellaterra, Barcelona, Spain). The
remaining chimpanzee DNAs were extracted from Epstein-Barr
virus-transformed B-lymphoblastoid cell lines generated from
blood of three individuals from the Barcelona Zoo. All procedures
involving the use of human and non-human primate samples
were approved by the Animal and Human Experimentation
Ethics Committee (CEEAH) of the Universitat Autonoma de
Barcelona.

Inversion selection and breakpoint definition

Inversions to test were selected from the analysis of the fosmid
PEM data from Kidd et al. [23] using our own inversion
predicting algorithm GRIAL, as described in the InvFEST
database [54]. To identify and refine the IRs possibly involved
in the rearrangement, the sequence of the predicted inversion in
the HG18 genome version was self-aligned with BLAST at the
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NCBI website [72]. In addition, whenever possible, the position of
the breakpoint regions was delimited by multiple sequence
alignment of the IRs from the Inv and Std arrangement using
available human genome and whole fosmid sequences [54]. The
breakpoint boundaries were defined by three or more contiguous
paralogous sequence variants (PSVs) that get exchanged between
the two copies of the IRs in the individuals with the inversion.

When necessary, re-mapping of the fosmid paired-end reads to
HG18, HG19 or individual genome patches was carried out using
the SMALT v.0.6.1 program (http://www.sanger.ac.uk/
resources/software/smalt/). Reads were mapped independently
and for each one we kept track of the top 10 mappings with >90%
identity, Smith-Waterman scores above 300, and differing <5%
from the hit with highest score. Fosmids with two mapped reads
were classified into three categories: concordant, discordant in
orientation, and ambiguous. Concordant pairs map with the
expected orientation (+/—). Discordant pairs are candidates to
target an inversion breakpoint and one of the reads shows the
opposite orientation (+/+ or —/—). We consider a pair to be
ambiguous when one or both reads map to a copy of a highly-
identical IR region (defined using MEGABLAST as sequences
spanning =1 kb and =97% identity) and it has both concordant
and discordant alternative mappings.

Inverse PCR (iPCR) design and optimization

For the iPCR assays, we selected restriction enzymes with target
sites outside the IRs and at each side of the inversion breakpoints
that create fragments between 2.3-73 kb using NEBcutter [73]
(Table 1 and Table S1). Then, for each inversion, at least four
primers (Table S6) pointing outwards close to the restriction site at
cach side of the fragment were designed with Primer3plus [74] to
amplify the AB and CD fragments (St orientation) and the AC
and BD fragments (/v orientation) (Figure 1). Both primers and
restriction sites were checked against NCBI dbSNP Build 137 to
avoid differences in the assay due to genetic variation between
individuals. In addition, to ensure PCR specificity, no more than
one primer in each pair was located in repetitive regions and no
reliable amplification was predicted in the human genome by the
NCBI Primer-BLAST tool [72].

To optimize the iPCR process, 2600 ng of NA18517 genomic
DNA were digested overnight in a 130-pul volume reaction
containing 40 U of BamHI (Roche) or Swal (New England Biolabs)
at 37°C and 25°C, respectively, followed by heat inactivation of
the enzymes at 65°C for 15 min. Digested DNA was self-ligated
for 3.5 hours at 25°C in six reactions (400 ng each) using 400 U of
T4 DNA ligase (New England Biolabs) in different final volumes to
obtain DNA concentrations of 10, 5, 2.5, 1.25, 0.62 and 0.31 ng/
ul. The ligase was inactivated at 65°C for 10 min, and the final
volume of all reactions was standardized to 1280 pl with 1x
ligation buffer. Then, DNA was purified once with phenol-
chloroform and chloroform-isoamyl alcohol, precipitated with 2.5
volumes of ethanol and 0.1 volumes of sodium acetate 3M pH 5.2,
and resuspended in 50 pl of water. To assay the effect of different
chemical reagents, the process was the same, with the exception
that 640 ul ligation reactions containing 0.62 ng/pl of DNA
were carried out with 2% polyethylene glycol (PEG), 10% glycerol,
1 ug/ml glycogen or 1 pg/ml bovine serum albumin (BSA).
Two ligation reactions without any added reagent were used as
control.

Quantitative real-time PCR

Self-ligation efficiency at different DNA concentrations or
chemical reagents tested during iPCR optimization was compared
by quantitative real-time PCR using the iTaq SYBR Green
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Supermix with Rox (BioRad) in an ABI Prism 7500 Real-Time
PCR System (Applied Biosystems). NA18507 circularized DNA in
each ligation was amplified with iPCR primers specific for the two
inversion arrangements, using the CLIP? gene as a reference to
control for DNA differences (Table S6). Amplification conditions
were an initial denaturation step of 2 min 45 s at 95°C, followed
by 40 cycles of 95°C for 15 s and 60°C for 50 s, and a final
dissociation step. For each condition, PCR amplifications were
done in triplicate from approximately 13 ng of purified DNA.
Real-time PCR results were analyzed using the Sequence Detector
and Dissociation Curve programs (Applied Biosystems). Relative
ratio quantification was calculated by the Pfaffl method [75] using
the Ct values and efficiency of each primer obtained from the
standard curve.

High-throughput inversion genotyping by iPCR

For high-throughput iPCR, reactions were performed in a 96-
well plate with slightly different conditions for fragments with
staggered and blunt ends. Typically, 100-150 ng of genomic DNA
were digested under conditions recommended by the manufac-
turer overnight in a 25 pl reaction with 3 U of staggered-end
restriction enzymes (EcoRI, HindIIl, Sacl, BamHI, Roche; Nsil,
Bglll, New England Biolabs). Alternatively, 500 ng of genomic
DNA were digested overnight in a 25 ul reaction with 10 U of the
blunt-end enzyme Swal (New England Biolabs). Enzymes were
inactivated at 65°C for 15-20 min (for Bgl/I 20 min at 85°C). Self-
ligation of 20 ul of digested DNA was performed for 3 hours at
25°C in a total volume of 175 ul with 120 U of T4 DNA ligase
(New England Biolabs). For blunt ends, self-ligation was done in
100 pl with 1 pg/ml of glycogen and 400 U of T4 DNA ligase
(New England Biolabs). Ligation reactions were inactivated for
10 min at 65°C.

Circular DNA molecules were amplified directly without
any further purification in 25 pl PCR reactions with 10 pl (~5—
7 ng and 40 ng of DNA for staggered- and blunt-ends, respec-
tively) of the digestion and ligation mix (after vigorous vortexing
20-30 s to 3500 rpm), 1.5 U of Taq DNA polymerase (Biotherm),
0.4 uM of each primer (for multiplex PCR, 0.8 uyM common
primer and 0.4 uM unique primers), 0.2 mM dNTPs, and 1 x Taq
DNA polymerase buffer without MgCl,. Amplification was carried
out by 5 min at 95-98°C, 33-35 cycles at 95°C for 30 s, 55-61°C
for 30 s, and 72°C for 30s, and a final extension at 72°C
for 5 min. PCR products were analyzed by electrophoresis on
ethidium bromide-stained 1.5-2% agarose gels. It is important to
note that other Taq DNA polymerases failed to amplify the
unpurified ligation products, probably due to buffer incompatibil-
ities.

Population genetics and nucleotide variation analysis
Inversion allele frequency, heterozygosity, and Hardy-Weinberg
(HW) equilibrium were calculated for the CEU population sample
considering only unrelated individuals with Arlequin v3.1 [76].
For chr. X inversions, HW equilibrium and heterorozygosity were
calculated from female genotypes. To explore the nucleotide
variation associated to the inversions, SNP data in a region from —
10 kb to +10 kb from the IRs (excluding all SNPs within the IRs)
were retrieved from HapMap [52] and 1000GP phase 1 [53].
These two databases were complementary since for the 1000GP
fewer CEU individuals were available than for HapMap, although
with more polymorphisms. Given the low sequence coverage of
the 1000GP data, we performed two separate analyses with all or
with only the most reliable SNP genotypes. To obtain a high
quality 1000GP genotype set, we compared the likelihood of the
given and the next most likely genotype, and discarded the
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genotypes in which it was not at least 10 times larger. Pairwise LD
between polymorphisms was quantified by the #° statistic using
Haploview v4.1 [77]. To avoid phasing errors, shared polymor-
phisms between Inv and Std chromosomes from genotype data
were conservatively estimated based on the presence of polymor-
phic SNPs in Std/Std and Inv/Inv homozygotes or Std/Inv
heterozygotes homozygous for both alleles of a SNP or for an
allele polymorphic in one orientation and not in the other one.

Inference of the haplotype phase from HapMap and the
1000GP SNP data was carried out with PHASE v2.1 [57,58]
adding the inversion genotypes at the locations of the two
breakpoints and using the available trio information when
possible. We considered the inferred Std and Inv haplotypes as
two sub-populations and differences between them were evaluated
by means of Fst values with Arlequin v3.1. To investigate the
relationships between haplotypes, we generated Median-Joining
networks with Network 4.611 [78]. Neighbor-Joining trees were
built with the Phylip v3.69 package [79] using the available
alignments from the chimpanzee and rhesus genomes (Ensembl
Release 66) or Denisova hominin genome [80] as outgroups.
Measures of nucleotide diversity (m) were calculated with DnaSP
version 5.10.1 [81].

Supporting Information

Figure S1 Schematic representation of the HsInv0306 and
HsInv0710 inversion prediction region in HG18 (bottom) and
GL949743.1 patch (top). Collinear blocks between the two
sequences are depicted on a purple background. The new inverted
duplication in the patch is indicated by solid lines and regions with
more than 97% identity between the duplications are labeled as u,
v, W, X, y, and z (SD1) and u’, v/, w’, X', y’, and z’ (SD2). An
additional 15.8 kb region that is deleted in SD2 between z’ and y'
in some individuals is represented on top of the diagram. Unique
discordant-in-orientation and concordant paired reads from the
remapping of the fosmid data in the patch are linked by dashed
lines, with reads mapping to the negative strand as yellow boxes
(concordant paired reads, below) and reads mapping to the
positive strand as red boxes (discordant-in-orientation paired
reads, above). HsInv0306 inversion corresponds to original
GRIAL predictions HsInv0306 and HsInv0312, whereas
HsInv0710 imversion corresponds to original GRIAL predictions
HsInv0710 and HsInv0311 [54]. In the remapping analysis,
inversion HsInv0306 is supported by 19 unambiguously discor-
dant fosmid paired-end reads, but this mapping profile is
compatible with the polymorphic deletion of a genomic fragment
between duplications z’ and y’, which causes that the end reads
that should map concordantly within this region map within SD1
instead. The existence of this polymorphic indel was confirmed by
the analysis of the mapping distance of the fosmid ends across this
region (with only three individuals having fosmids consistent with
the deleted form of SD2) and additional available human BAC
sequences (AC245519 and AC245187, both including the SD2
extra sequence). According to this scenario, the presence of
HsInv0306 and HsInv0710 1s not supported anymore on the basis
of the paired-end mapping data.

(TTF)

Figure S2 Median-Joining networks and Neighbor-Joining
trees in CEU individuals for the 14 polymorphic inversions using
the 1000 Genomes Project (A and C) and HapMap (B) SNP data.
Haplotypes having the standard or inverted orientation are
indicated in yellow and blue, respectively. In networks (A and
B), circles represent the different haplotypes found for the region
of the inversion and circle sizes are proportional to the frequency
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of each haplotype. Nucleotide changes between haplotypes
are indicated as red numbers and red nodes correspond to
hypothetical haplotypes. In trees (C), all sequences analyzed are
represented in a different branch and black labels indicate the
Denisovan sequences used as an outgroup. Bootstrap values
>50 are shown based on 100 replications. Note that the two
Denisovan sequences are not phased and do not represent real
haplotypes. Alignments with chimpanzee (Pan troglodytes) and
rhesus macaque (Macaca mulatta) have similar tree topology
and location of the outgroup branch, although for many inver-
sions the length of the sequence compared is much smaller. Trees
were depicted with FigTree (http://tree.bio.ed.ac.uk/software/
figtree/).

(PDF)

Figure 83 iPCR results for three human polymorphic inversions
in non-human primate species. HsInv0393 shows both orienta-
tions in chimpanzees (CD and AC), but gorillas are inverted (AC).
HsInv0403 shows both orientations (CD and BD) and is
polymorphic in humans, chimpanzees and gorillas. HsInv0347 is
polymorphic in gorillas (AB and BD), but the four chimpanzees
are Sid homozygotes (AB). Human samples are not included in
HsInv0347 iPCR because a primer in region A specific for non-
human primates was used.

(TIF)

Table S1 Summary information on the design of iPCR
experiments to validate 21 inversion predictions in the human
genome.

(XLSX)

Table S2 Consistency between the genotypes obtained by iPCR
and the fosmid paired-end mapping (PEM) results in nine human
individuals for 19 inversion predictions.

(XLSX)

Table 83 iPCR genotypes for 17 validated inversions in 83
human samples from CEU, YRI, CHB and JPT populations, four
chimpanzees and two gorillas.

(XLSX)

Table S4 Tag SNPs in perfect linkage disequilibrium (*=1)
with four human polymorphic inversions using data from
HapMap and the 1000 Genomes Project (1000GP).

(XLSX)

Table S5 Nucleotide variation data from the 1000 Genomes
Project (1000GP) for 14 polymorphic inversions with >2 inverted
chromosomes in the CEU population after filtering the SNP
genotypes based on the genotype likelihoods.

(XLSX)

Table S6 Primers and primer sequences used in the analysis of
inversions.

(XLSX)
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