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Abstract

Over 900 genes have been annotated within duplicated regions of the human genome, yet their
functions and potential roles in disease remain largely unknown. One major obstacle has been our
inability to accurately and comprehensively assay genetic variation for these genes in a high-
throughput manner. We developed a sequencing-based method for rapid and high-throughput
genotyping of duplicated genes using molecular inversion probes designed to unique paralogous
sequence variants. We apply this method to genotype all members of two gene families, SRGAP2
and RH, among a diversity panel of 1,056 humans. The approach can accurately distinguish copy
number in paralogs having up to ~99.6% sequence identity, identify small gene-disruptive
deletions, detect single nucleotide variants, define breakpoints of unequal crossover, and discover
regions of interlocus gene conversion. Our analysis of SRGAP2 suggests that nonreciprocal
genetic exchange akin to interlocus gene conversion can occur over long distances (> 80 Mbp)
between paralogs. The ability to rapidly and accurately genotype multiple gene families in
thousands of individuals at low cost enables the development of genome-wide gene conversion
maps and unlocks many duplicated genes for association with human traits.
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Introduction

Results

Duplicated genes are important contributors to genetic variationl-4, evolutionary
adaptation®8, and human disease9-12. Despite this, most individual duplicated genes remain
poorly characterized at the genetic levell3 due to high sequence identity3-14, extensive copy
number polymorphism!-4, missing sequencing datal3, and low correlation with flanking
single nucleotide polymorphisms? 1516 As a result, these genes and regions have often
been excluded from genetic analyses'’-18, or contradictory associations with disease have
been reported19-20,

Several different technologies have been applied to assay copy number for such genes?L.
Both gqPCR and the paralog ratio test?2, which utilizes PCR product specificity to distinguish
copies, are labor-intensive, requiring the design and testing of multiple primers. Multiplex
ligation-dependent probe amplification (MLPA)23 and multiplex amplification and probe
hybridization (MAPH)24 allow for copy number analysis at up to 50 loci simultaneously, but
cannot be applied to genotype many gene families at high spatial resolution in a single
reaction. Array comparative genomic hybridization (CGH) lacks paralog-specificity and can
only access a fraction of duplicated genes, typically where the number of duplicated copies
is low? 16, Finally, mapping whole-genome sequence (WGS) data to singly unique
nucleotide (SUN) identifiers that tag a particular paralog and analyzing read-depthl: 25 has
yielded genome-wide paralog-specific copy number estimates. The sensitivity of this
approach depends on high genome sequencing coverage—still a costly proposition that
cannot be applied to thousands of samples in a laboratory setting.

Here we report a new approach for genotyping duplicated genes using molecular inversion
probes (MIPs), short oligonucleotides designed to capture targeted genomic regions26-29,
together with massively parallel DNA sequencing. We evaluate this method by examining
SRGAP2 and RH genetic variation in 1,056 individuals and explore its potential application
to the discovery of novel interlocus gene conversion events in humans. The method scales
well to thousands of samples and yields accurate, paralog-specific sequence and copy
number genotypes at a very low cost.

Genotyping strategy

Our approach leverages SUN variants, fixed paralogous sequence variants that uniquely tag
a specific paralog, distinguishing it from all other copies!. We systematically design MIP
assays targeting SUNSs across the length of the duplicated segment (Fig. 1a and M ethods)
and additional MIP assays targeting exons. We designed MIPs to hybridize to sequence that
is identical between paralogs (Fig. 1b), such that the probability of an individual MIP
capturing sequence (Fig. 1c) from a particular paralog is a function of its copy number
relative to the copy number of related paralogs. Massively parallel sequencing of amplified
capture products allows simultaneous quantification of sequences derived from each paralog
(Fig. 1d) and detection of sequence-level genetic variation. We selected two gene families to
demonstrate proof-of-principle of our approach and to assess its power to discover novel
genetic variation in duplicated regions: SRGAP213—a highly identical (> 99%) human-
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specific gene family and RH—a clinically relevant blood antigen gene family that has been
extensively characterized for common copy number polymorphism3°, rearrangement
breakpoints3!, and interlocus gene conversion32 in the human population.

Copy number and sequence genotyping

For SRGAP2, we designed a total of 142 MIPs to sites corresponding to potential SUNs
(Supplementary Tables 1 and 2, Methods) that could reliably differentiate SRGAP2
paralogs. Forty of these MIP targets harbor nucleotide differences that distinguish all four
SRGAP2 paralogs from one another, 28 distinguish two SRGAP2 paralogs from the other
two paralogs, and the remaining 74 distinguish a single SRGAP2 paralog from the remaining
three. We initially employed these MIPs to genotype 48 individuals where orthogonal
SRGAP2 copy number data were generated or were available from WGS data (1000
Genomes Project (1KG)), array CGH, and/or fluorescent in situ hybridization (FISH). All
captured sequences from a given DNA sample were barcoded, pooled with those from other
samples, and sequenced using lllumina HiSeq or MiSeq to an approximate coverage of 350
reads per MIP per individual. For each individual, paralog-specific read counts served as a
proxy for copy number for each SRGAP2 gene. We developed a maximum-likelihood
approach using paralog-specific read count data to generate SRGAP2 paralog-specific copy
number calls across the spatial extent of duplicated SRGAP2 sequence (M ethods,
Softwar €). Figure 2 shows MIP data for 90 high-performing copy number MIPs (M ethods
and Supplementary Figs. 1 and 2) alongside FISH data for three representative individuals,
highlighting the precision with which MIP genotyping detected known duplications and
deletions of SRGAP2B and SRGAP2D.

We found that 97.2% (35/36) of copy number calls were concordant with FISH, 8/8 were
consistent with array CGH data and 91.5% (150/164) agreed with estimates made from
WGS data (Supplementary Table 3). All inconsistencies involved genotyping results for the
SRGAP2D pseudogene. This paralog is the shortest and most recently duplicated segment
having ~99.6% identity to SRGAP2B. Low WGS coverage from the 1KG together with the
paucity of SRGAP2D SUN's likely confounded sequencing-based copy number estimates for
SRGAP2D. To explore this possibility, we generated aggregate SRGAP2 copy number
estimates from WGS data. These aggregate estimates are more accurate than corresponding
paralog-specific estimates! because all reads mapping to SRGAP2 (rather than just those
mapping to SUN identifiers) inform this analysis. Strikingly, 13/14 aggregate SRGAP2 copy
number estimates were consistent with MIP-based paralog-specific estimates rather than
corresponding WGS-based estimates in cases where these results disagreed. We extended
our analysis to include 1,056 HapMap individuals, 73 of which we genotyped more than
once using MIPs to examine the reproducibility of our approach. We found 99.5% (390/392)
of replicate SRGAP2 paralog-specific copy number genotypes were concordant with initial
genotypes (Supplementary Table 4).

Our data allowed us to estimate allele frequencies for SRGAP2 duplications and deletions in
nine human populations (Supplementary Table 5). As expected based on a previous analysis
of WGS data from the 1KG13, SRGAP2B and SRGAP2D showed evidence of complete loss
or gain, ranging in copy number from 0-4 in the human population. In contrast, complete
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duplication or deletion of SRGAP2A or SRGAP2C was not observed, consistent with the
notion that these two paralogs are functional copies. Interestingly, our analysis of SRGAP2B
and SRGAP2D copy number variation suggests population stratification. Deletion of
SRGAP2B, for example, is more common in populations of African descent in contrast to
deletions of SRGAP2D, which have risen in frequency in several Out-of-Africa populations.

Unlike most other copy number genotyping assays, MIPs also provide information on the
sequence content of targeted regions28-2% 33, We reasoned that in some cases, linkage of
discovered single nucleotide variants (SNVs) to a nearby paralog-distinguishing SUN would
allow inference of paralog-of-origin. We evaluated whether our method could accurately
genotype such SNVs by comparing MIP sequence data (M ethods) with fosmid clone end-
sequence data34 and WGS data for NA18507, an individual previously sequenced to high
coverage3®. The WGS data validated 93.8% (15/16) of our genotype calls (Supplementary
Table 6), including a heterozygous nonsynonymous variant. Fosmid end-sequence data
including a putative variant site were only available in three cases, but each validated the
SNV identified from MIP data. Thus, our method can successfully detect SNVs within
highly identical duplicated sequence and in some cases accurately assign them to specific
paralogs.

Internal SRGAP2 deletion and duplication discovery

We applied our MIP-based method to two individuals having array CGH profiles showing
complex structural variation in SRGAP213, MIP genotyping (Fig. 3) correctly identified
large SRGAP2C and SRGAP2A events discovered via array CGH and resolved the internal
deletions as specifically affecting SRGAP2C, removing exon 2 and inducing a frameshift.
MIP-based genotyping of 1,056 HapMap individuals indicates this deletion is segregating at
low frequency (< 3%) exclusively in populations with some European ancestry. In addition
to this SRGAP2C deletion, we identified seven other additional internal deletion and
duplication events in HapMap individuals ranging in size from 1.5 kbp to 144 kbp and
assigned them to specific SRGAP2 paralogs (Supplementary Table 5, Supplementary Fig. 3).
These structural variants include three distinct exon-overlapping events in SRGAP2B and an
intronic duplication in SRGAP2A.

RH gene conversion, copy number, and NAHR breakpoint resolution

To assess the applicability of our method to assaying interlocus gene conversion and
resolving breakpoints associated with non-allelic homologous recombination (NAHR), we
applied our MIP genotyping method to RHD and RHCE—sites of known gene conversion
and unequal crossover with clinical relevance for Rh antigen presentation. We reasoned that
these two forms of mutation would generate characteristic sequence signatures with respect
to SUN copy number. In the case of gene conversion, we would expect to observe a
reciprocal copy number shift at a pocket of homology with no difference in copy number of
flanking regions. Gains would correspond to donors and losses to acceptors of gene
conversion, allowing inference of the directionality of the event. In contrast, at a site of
unequal crossover, a reciprocal SUN copy number transition should be observed around the
NAHR breakpoint.
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We designed 39 MIPs targeting RH paralogs and flanking regions (Fig. 4a) and included
them in the same capture reactions as SRGAP2 MIPs, allowing us to simultaneously
genotype the same individuals described above for RH. Searching for reciprocal copy
number shifts, we observed 7 distinct putative RH gene conversion events, ranging in length
from 1709 bp to ~39 kbp (Supplementary Table 5, Supplementary Fig. 4). Although we
denote these events as gene conversions, other mutational mechanisms36-3¢ may be
responsible for the signatures we observed. Four events involved a transfer of genetic
information from RHCE to RHD, four corresponded to polymorphic variants reported in the
Blood Group Antigen Gene Mutation Database (dbRBC at NCBI), and four were supported
by at least one observed instance of transmission from parent to child. The most common
involved sequence transfer from RHD to RHCE at a known gene conversion site including
RHD exon 239 and was confirmed by whole-genome and fosmid clone sequencing datal
from an individual predicted from MIP data to be homozygous for this event (Fig. 4b).

Using our copy number genotyping strategy, we identified known deletions and duplications
in RHD associated with unequal crossover between flanking segmental duplications (Fig.
5a). We found 97.6% (80/82) of our RH paralog-specific copy humber estimates agreed with
those from WGS data (Supplementary Table 3). Reproducibility was lower for RH copy
number genotyping than for SRGAP2 genotyping (Supplementary Table 4), as only 91.8%
(180/196) of replicate MIP-based RH paralog-specific copy number genotypes were
concordant with initial genotypes. We calculated logarithm of odds confidence scores for
each of these genotypes (M ethods) and observed that discordancies' scores fell at the low
end of the score distribution (Supplementary Table 7, Supplementary Fig. 5), suggesting
potential errors can be readily distinguished from high-confidence genotype calls. To
attempt to refine NAHR-associated breakpoints, we looked for instances of a reciprocal
paralog-specific copy number transition within the segmental duplications flanking RHD.
This approach allowed us to narrow breakpoint locations to within ~6 kbp windows (Fig.
5b), regions previously found to contain RHD deletion breakpoints based on Sanger
sequencing of spanning PCR products3L,

Discovery of novel sites of interlocus gene conversion in SRGAP2

Given the > 99% sequence identity between SRGAP2 paralogs, we reasoned that interlocus
gene conversion or other mechanisms of nonreciprocal sequence transfer may have occurred
at these loci and left signatures detectable using our MIP genotyping method. Analysis of
the 1,056 HapMap individuals revealed 10 such events ranging in size from 416 bp to 23
kbp (Supplementary Table 5, Supplementary Fig. 6), collectively involving all four SRGAP2
paralogs (Fig. 6a). All paralogs except SRGAP2C were observed as putative gene
conversion donors. Unlike RHD/CE, these putative conversion events appear to have
occurred over large genetic distances. For example, two distinct nonreciprocal exchanges of
genetic information occur across the centromere between SRGAP2A and SRGAP2C—
paralogs over 80 Mbp apart on chromosome 113 (Fig. 6b, Supplementary Fig. 6).

To corroborate these findings, we examined inheritance for putative gene conversion events
detected in members of HapMap trios. We observed at least one instance of transmission
from parent to child for six distinct putative gene conversions, and no such events were
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inferred as de novo. We also validated one putative conversion using paralog-specific g°PCR
and array CGH. MIP data suggested a complete SRGAP2D duplication and a gene
conversion resulting in replacement of SRGAP2C sequence with paralogous sequence in a
patient with intellectual disability (Supplementary Fig. 7). If the MIP genotyping were
accurate, SRGAP2C-specific gPCR using primers in the putative conversion region would
be expected to signal a loss in SRGAP2C copy number, but array CGH would be expected to
signal a slight gain in aggregate SRGAP2 copy number over SRGAP2 sequence shared with
SRGAP2D. Performing the gPCR and array CGH experiments yielded precisely these
results, providing additional support for the accuracy of our method and its applicability to
detect novel signatures of interlocus gene conversion.

Discussion

We developed a method for genotyping duplicated genes that is well-suited for large-scale
studies of genetic variation. Hallmarks of our approach include: (i) extreme scalability—
2,400 MIPs can be combined in a single reaction to simultaneously assay many genes, and
reactions for several hundred individuals can be performed within a week, with DNA input
requirements as low as 100 ng per sample and a cost of potentially less than $1 per gene per
individual33(M ethods); (ii) broad scope—a single experiment yields copy number and
sequence information, allowing several forms of genetic variation to be studied
simultaneously; (iii) high accuracy—uwith spatial resolution to delineate structural variation
breakpoints; and (iv) paralog-specificity—with a demonstrated ability to distinguish genes
having up to ~99.6% sequence identity.

What would be required to obtain the same volume of genotype information for an arbitrary
gene family comparable to SRGAP2 or RH using existing approaches? Whole-genome
sequencing offers great potential given its comprehensive naturel: 25 but remains
prohibitively expensive for genotyping projects of even moderate size, especially given that
accuracy demands high coverage. More scalable available targeted methods, on the other
hand, provide limited genotyping power. PCR-based strategies for copy number genotyping
query, at most, a few sites per reaction because PCR multiplexes poorly#%-41, MLPA and
MAPH allow for the simultaneous analysis of up to 50 loci, but even this greater scale of
multiplexing cannot match the ability of our method to assay many gene families each at
high spatial resolution. None of the targeted methods above provide exonic sequence
information, and none have been successfully applied in large-scale studies of gene
conversion. As our analyses demonstrate, genetic variation in duplicated genes exhibits
considerable complexity. Any method for genotyping such genes should be developed with
this consideration in mind.

Although we focused on SRGAP2 and RH, our method will be useful for studying other
duplicated genes that have proven very difficult to genotype accurately, including
CCL3L119-20, heta-defensins*243, and C4* (M ethods). We provide programs to obtain
genotypes with confidence scores from MIP-sequence data and to assist in the identification
of informative sites from aligned sequences (Softwar €). We also provide a complete list of
~3.8 million SUNSs based on the current human reference genome (GRCb37) for use with
other duplicated regions and gene families (M ethods, Supplementary Table 8). While higher
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copy number and more polymorphic gene families will pose additional challenges,
generating high coverage sequence data precisely over the most informative sites promises
to significantly improve our understanding of genetic variation of these complex regions of
the genome.

Successful application of our method to a particular gene family of interest depends on
several factors, including availability of accurate sequence, the number of paralogs, their
sequence identity, their G+C content31-32, their copy number ranges, and their sizes. First,
optimal MIP design requires high-quality reference sequences for all family members, so
gene families lacking complete sequence characterization (M ethods, Supplementary Table
9) will be at least partially inaccessible using MIP-based genotyping. Second, some genetic
variation must distinguish different paralogs from one another—our method cannot
determine copy number if copies are identical at the genomic level (< 1% of all paralogous
sequences). Third, gene families with high numbers of paralogs, or with paralogs at high
copy numbers showing a range of copy number variation, pose several challenges for MIP-
based genotyping. In general, as the number of distinct paralogs increases, fewer potential
target regions will contain SUNs allowing discrimination of all paralogs, and thus, more
MIPs will need to be designed for copy humber genotyping. Furthermore, paralog-specific
read count frequencies become more difficult to confidently distinguish as aggregate copy
number for a gene family increases. This particular issue could be mitigated somewhat via
the use of single molecule MIPs to quantify individual capture events*®. Accurate sequence
genotyping also becomes more difficult as aggregate copy number increases and the number
of possible assignments of sequences to paralog copies grows.

Our method will facilitate efforts to map NAHR-associated structural variation breakpoints,
which often occur in complex regions of segmental duplication. Identifying SUNs which
discriminate the high-identity paralogs followed by MIP genotyping will provide sequence-
level precision to determine the effect of such rearrangements on the genes embedded within
such complex regions*6. We anticipate MIP-based genotyping will also be very valuable for
studies of interlocus gene conversion, providing an experimental platform for surveying the
most highly identical paralogs where this mechanism frequently operates#’. In this study, we
provide evidence of conversion-like events between paralogs separated by more than 80
Mbp—a somewhat surprising finding given that conversion is thought to occur most
frequently between high-identity segments in close proximity*8-50. Most significantly, our
MIP-based method will encourage the inclusion of many previously intractable duplicated
genes in future genetic analyses of human phenotypes. With accurate, scalable genotyping,
we will be well-positioned to assess the impacts of hundreds of these genes on human traits
and disease.

Online Methods

MIP design

SRGAP?2 exon-targeting MIPs were designed as previously described33. MIPs employed for
paralog-specific copy number inference were designed in a similar fashion, with the
following additional considerations. Careful selection of paralogous regions to target for
MIP capture is critical for applying our copy number genotyping method to any particular
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gene family of interest. Suitable target regions contain genetic variation between paralogs
that has fixed in the human species. Obtaining paralog-specific read counts from a targeted
region requires that the region contain genetic variation such that at least one paralog can be
distinguished from all others. Ensuring that these counts reflect underlying relative paralog-
specific copy numbers demands that variants used for distinguishing paralogs have very low
levels of polymorphism.

To identify regions containing paralog-distinguishing variation, we aligned SRGAP2
sequences3, RH sequences (GRCb37/hg19, chr1:25594516-25655519 and
chrl:25688914-25751819), and RHD flanking segmental duplications (GRCb37/hg19,
chr1:25585374-25594516 and chr1:25655517-25664845) using Clustal 2.1°1. Regions of the
alignments where sequences identical between all paralogs (20 bp each side) flanked a 112
bp region where at least a single paralog had a distinct sequence were selected as potential
targets and input to the MIP design pipeline33. This pipeline attempted to design MIPs to
capture each of these potential target regions, outputting MIP oligonucleotides, information
about their corresponding arm hybridization sequences and their capture targets, and scores
corresponding to their predicted capture performances. We eliminated from consideration
any MIPs determined to have arm hybridization sequences with copy counts in the genome
(GRCh37 augmented with SRGAP2contig sequences) > 8 to avoid capturing repeat
sequences and restrict MIP hybridization to SRGAP2 and RH loci. We also ensured that all
MIP arm hybridization sequences were complementary to sequences identical between all
paralogs of interest—any MIPs not meeting this criterion were eliminated from further
consideration. Finally, we eliminated from consideration all MIPs with the lowest design
score (-1) and most MIPs having a target region with < 35% or > 55% G+C content.

For remaining MIPs under consideration for design, we analyzed polymorphism at potential
SUNs within the corresponding capture target regions. Briefly, potential SUNs
distinguishing each paralog were extracted from the alignment and scored with regard to
likely fixation status via analysis of 12 high-coverage genomes (Supplementary Table 1).
For each SRGAP2 and RHparalog, we computed all 30-mer sequences found within that
paralog and absent from the rest of the genome (singly-unique nucleotide k-mers!
(SUNKS)). We then mapped 12 unrelated high-coverage genomes to SRGAP2 and
RHparalog sequences (masked using RepeatMasker®2 and Tandem Repeats Finder>3) using
mrsFAST>4 and parsed mapping output to assess the presence of each SUNK in each
genome analyzed. A SUNK was considered present if observed in at least a single read
mapped with no mismatches. Using only high-coverage genomes for this analysis minimizes
the possibility of simply not having sequenced SUNKSs that are truly present in a genome.
Because each potential SUN typically contributes to (as a single base in the sequence of)
many 30-mer SUNKS, the presence or absence of such SUNKSs can serve as a proxy for the
presence or absence of each potential SUN. Thus, a score from 0-12 was calculated for each
potential SUN corresponding to the average number of high-coverage genomes supporting a
potential SUN's presence (Supplementary Fig. 8). For example, if a particular potential SUN
contributed to four different 30-mer SUNKSs, and these SUNKSs were determined to be
presentin 11, 9, 11, and 12 high-coverage genomes, respectively, the score for that potential
SUN would be 10.75 ((11+9+11+12)/4). True SUNs are paralog-distinguishing single
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nucleotide variants that have fixed in the human population. We defined potential SUNs
having scores greater than or equal to 11 (for SRGAP2A, SRGAP2B, and SRGAP2C) or 8
(for SRGAP2D, RHD, and RHCE) as true SUNSs. (The threshold is lower for these latter
paralogs due to a paucity of higher-scoring potential SUNs for these paralogs across the
spatial extent of duplicated sequence, reflecting in part heterozygous SRGAP2D and RHD
deletions in some of the individuals sequenced to high coverage). Biologically, these defined
true SUNSs are most likely to be fixed in a particular paralog in the human species and thus
most useful for copy number genotyping. Given the observation that the majority (84.8%) of
putative autosomal SUNs genome-wide were present in 12/12 high-coverage genomes
previously analyzed!, however, SUN scoring, though useful, is not necessary for successful
application of our method.

MIPs used for copy number genotyping were selected from remaining MIPs under
consideration based on the paralog-specificity, SUN content, and relative genic location of
their corresponding target regions. SRGAP2A and SRGAP2C were prioritized in the
SRGAP2 copy number genotyping MIP design based on the likely pseudogenicity of
SRGAP2B and SRGAP2D13, All MIPs were ordered from Integrated DNA Technologies as
previously described33. Supplementary Table 2 provides specific details regarding MIPs
designed for this study and their pooling.

MIP pooling, 5 phosphorylation, and multiplex capture of targeted sequences

MIPs were pooled (Supplementary Table 2), phosphorylated, and used to capture targeted
sequences as previously described33, with the following modifications. Initial capture
reactions used in the 48-individual experiment were performed with genomic DNA input
levels of 50 ng and 100 ng, with subsequent reactions involving HapMap samples using 200
ng DNA input and the reaction involving sample Troina2665 using 100 ng DNA input.
MIPs were added to capture reactions at a ratio of 800 MIP copies per haploid genome copy.
Incubation of capture reactions at 60°C was performed for 23-24 h, and incubation of
exonuclease reactions at 37°C was performed for 45 min. Supplementary Table 10
summarizes MIP capture experiments performed for this study and details sample sets
assayed.

Amplification, barcoding, pooling, cleanup, and sequencing of captured sequences

Captured sequences were amplified, barcoded, pooled, and purified as previously
described33, with the following specifications. PCR was performed in a 25 L reaction.
Libraries with excessive off-target captures were not observed, and thus, the standard
Agencourt purification protocol was followed. Final library DNA concentrations were
quantified using the QubitdsDNA HS assay (Life Technologies). Sequencing pools of
capture reactions was performed using either a MiSeq or a HiSeq 2000, depending on the
number of individual capture reactions included in the pool for sequencing and the number
of MIPs used in each individual capture reaction. Supplementary Table 10 provides specific
details regarding sequencing performed for different MIP capture experiments in this study.
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Paralog-specific copy number genotyping

Initial 151 bp reads (MiSeq) or 101 bp reads (HiSeq 2000) were trimmed from their 3’ ends
to 76 bp to eliminate low quality data from the ends of reads while ensuring coverage of
each targeted base in nearly all cases. All MIPs are designed such that a 152 bp region
(target sequence plus hybridization arms) is sequenced. With 151 bp reads, all bases except
the first and last base in this 152 bp region are sequenced during both the forward and
reverse reads. Thus, retaining only the first 76 bp from each read eliminates low quality data
from the ends of reads while ensuring coverage of each targeted base in all cases except
those in which there is a net insertion. Trimmed reads were mapped to SRGAP2 and
RHparalog sequences using mrFAST 2.5%° in paired-end mode with the maximum allowed
edit distance set to 4 and the minimum and maximum inferred distances allowed between
paired-end sequences set to 144 and 160, respectively.

Mapping output was parsed to yield counts of reads mapping to each paralog for each MIP
for each individual. The following stringent filters were applied to ensure accuracy: the
mapping location of a read pair was required to be within 4 bp of the expected mapping
location, the strandedness of reads had to be consistent with expectation based on MIP
design, the inferred insert size had to be within 2 bp of its expected value (152 bp), any
bases covered by forward and reverse trimmed reads had to have the same base call, the
quality scores at all base positions showing variation between paralogs (base positions that
affect mapping paralog-specificity) had to be at least Q30, no mismatches could occur at
likely fixed true SUN positions, and reported barcode sequences had to perfectly match a
known barcode sequence. Read pairs violating any of these filters were not included in final
counts. For SRGAP2paralog-specific copy number analysis, final counts served as input to a
genotyping program which generated SRGAP2paralog-specific copy number calls for each
individual across the spatial extent of duplicated SRGAP2 sequences. For RHparalog-
specific copy number analysis, genotyping calls were made in a similar automated fashion,
except no copy number state transitions were allowed. Thus, all internal RH gene conversion
events were called based on manual visual inspection of paralog-specific count frequency
plots.

The SRGAP2 genotyping program generates paralog-specific copy number calls using a
maximum likelihood approach together with dynamic programming. For each individual,
log-likelihoods of observing the paralog-specific read count data for each MIP are calculated
under 400 different possible hidden underlying SRGAP2paralog-specific copy number
states, where SRGAP2A and SRGAP2C can have copy numbers from 0-3 and SRGAP2B and
SRGAP2D can have copy numbers from 0-4 (4*5*4*5 = 400 combinations)3. For each
paralog-specific copy number state, log-likelihoods were calculated as logarithms of
multinomial probabilities. Specifically, for each paralog-specific copy humber state, a
multinomial probability of the observed data was computed for each MIP, with the number
of trials equal to the total number of mapped reads for that MIP and the vector of outcome
probabilities equal to the copy numbers of specific paralogs over the aggregate copy number
for the gene family given the paralog-specific copy number state. (An outcome in this case
is observing a read coming from a particular paralog.) The SRGAP2D internal deletion is
built into the log-likelihood calculations: all copy number states for MIPs in this region have
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SRGAP2D copy number set to 0. Log-likelihood values below -30 are set to -30 to limit the
ability of count data from a single MIP to potentially single-handedly invalidate a particular
SRGAP2paralog-specific copy number state as possibly underlying the count data.

Next, for each individual, log-likelihoods are used to construct a weighted directed acyclic
graph, with prior probabilities based on observed SRGAP2 copy number genotype data from
previous experiments'3 incorporated into the log-likelihoods for the first (most 5" with
respect to SRGAP2) MIP. The graph is constructed by iteratively considering log-likelihoods
for the next MIP and tracking the highest scoring paths ending at each copy number state
allowing 0, 1, and 2 transitions between copy number states as well as the values of the
corresponding log-likelihoods of these paths until the graph spans all MIPs. Allowed
transitions between copy number states are restricted to copy number gains or losses
affecting a single paralog or cases where the copy numbers of two paralogs change, but the
total number of SRGAP2 copies remains constant. All transitions meeting these criteria and
transition probabilities associated with remaining in the same state have probability 1; all
other transitions have probability 0. Three highest-scoring paths through the likelihood
graph are calculated: one for 0 allowed total transitions between copy number states, one for
1 allowed transition between copy number states, and one for 2 allowed transitions between
copy number states. Restricting the nature of allowed copy number state transitions reflects
the fact that true biological events should fall into one of two categories (single-paralog-
affecting duplication/deletion or interlocus gene conversion). Restricting the number of
transitions reflects the fact that a single individual is most likely to have, at most, a single
duplication, deletion, or interlocus gene conversion restricted to within SRGAP2. If an
individual were to have multiple events restricted to within SRGAP2, the program would
still flag this individual as having a complex SRGAP2paralog-specific copy number
genotype, and the second internal event would be apparent upon subsequent visual
inspection of paralog-specific count frequency plots.The program ultimately identifies the
highest-scoring paths through the likelihood graph (most likely paralog-specific copy
number states across the spatial extent of duplicated SRGAP2 sequence) allowing 0, 1, and 2
transitions and their corresponding log-likelihood scores. Heuristics (Supplementary Table
11) are used to assess increases in likelihood of the 1-transition and 2-transition paths
compared to the O-transition path and determine whether they signal an event within
SRGAP2 and warrant calling the paralog-specific copy number genotype for an individual as
complex. In most cases, the scores of the 1-transition and 2-transition paths will not be
substantially higher than that of the O-transition path, and the genotype for an individual will
be called as simple (a single copy humber state across the entirety of duplicated SRGAP2
sequence).

The program also calculates a logarithm of odds confidence score associated with the simple
(O-transition) genotype call for each individual. Specifically, this score is equal to the log-
likelihood of the chosen O-transition path minus the highest log-likelihood for a O-transition
path having a distinct set of associated multinomial probabilities. For example, if an
individual was called as having two copies of each SRGAP2paralog, the confidence score
would be the log-likelihood of the O-transition path for this copy number state minus the
highest log-likelihood of a O-transition path among all other copy number states except those
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having equal copy numbers for each SRGAP2paralog. The logic behind this requirement is
that likelihoods of O-transition paths with the same set of associated multinomial
probabilities will differ only because they have distinct prior probabilities—that is, the
paralog-specific read count frequency data, independent of any prior knowledge, support
each such path equally well. Confidence scores should be interpreted relative to confidence
scores for other individuals genotyped for the same gene family using the same set of MIPs
(Supplementary Table 7, Supplementary Fig. 5) rather than in an absolute sense.

The RH genotyping program works the same way as the SRGAP2 genotyping program,
except that there are 25 different possible RHparalog-specific copy number states (each of
RHD and RHCE is allowed to vary in copy number from 0-4), prior probabilities used were
based on our estimates of RHparalog-specific copy number from the 1KG, and no transitions
between copy number states were allowed, such that all RH genotypes are called as simple
(a single copy number state across the entirety of duplicated RH sequence).

Fluorescent in situ hybridization

Metaphase spreads were obtained from lymphoblast and fibroblast cell lines from human
HapMap individuals NA19700, NA19703, NA19901, NA20127, NA20334, NA19005,
NA19190, NA19201, and NA12878 (Coriell Cell Repository, Camden, NJ). FISH
experiments were performed using fosmid clones (WIBR2-2926C23 G248P88292B12 and
WIBR2-3738J10_G248P802587E5)13 directly labeled by nick-translation with Cy3-dUTP
(Perkin-Elmer), Cy5-dUTP (Perkin-Elmer), and fluorescein-dUTP (Enzo) as described
previously®® with minor modifications. Briefly: 300 ng of labeled probe were used for the
FISH experiments; hybridization was performed at 37°C in 2xSSC, 50% (v/v) formamide,
10% (wi/v) dextran sulphate, and 3 pgsonicated salmon sperm DNA, in a volume of 10 pL.
Posthybridization washing was at 60°C in 0.1xSSC (three times, high stringency). Nuclei
were simultaneously DAPI stained. Digital images were obtained using a Leica DMRXA2
epifluorescence microscope equipped with a cooled CCD camera (Princeton Instruments).
DAPI, Cy3, Cy5 and fluorescein fluorescence signals, detected with specific filters, were
recorded separately as gray-scale images. Pseudocoloring and merging of images were
performed using Adobe Photoshop software.

Other orthogonal validations

Array CGH data, gPCR data, and whole-genome shotgun sequence data from the 1000
Genomes Project used for validation purposes were collected and processed as previously
described!:13,

Paralog-specific SNV genotyping

Initial reads were trimmed from their 3’ ends to 100 bp to eliminate some low quality data
from the ends of reads while ensuring coverage of each targeted base. Trimmed reads were
mapped separately to individual SRGAP2paralog sequences using the Burrows-Wheeler
Aligner>” (version 0.5.9, paired-end mapping) with the following options: -e 50 -1 17 -q 20 -
d 5 -i 5 -1. Mapping output, combined with each individual's SRGAP2paralog-specific copy
number genotype determined as described above, was parsed to yield sequence genotypes
for each copy of each paralog for each MIP for each individual. The Hungarian method®®

Nat Methods. Author manuscript; available in PMC 2014 April 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nuttle et al.

Page 13

was employed to optimally assign distinct sequences to copies of different SRGAP2paralogs
based on observed counts of distinct sequences, treating paralog-specific mapping edit
distances as the costs of sequence assignments to copies of different paralogs. In cases
where equally optimal but biologically distinct sets of assignments could be made, each
assignment set and its corresponding paralog-specific sequence genotypes was reported and
flagged as having some ambiguity. All detected single nucleotide variants were annotated
with regard to location and likely functional impact. Reported single nucleotide variants in
Supplementary Table 6 have the following properties: (i) they were called based on MIP
sequence data from NA18507, (ii) they occur at alignment positions where all paralogs share
the same nucleotide, (iii) they occur in close proximity to a SUN or on a paralog-
distinguishing haplotype such that their paralog-of origin can be accurately inferred, (iv)
they were unambiguously assigned to a particular paralog, and (v) all copies of the paralog
they were assigned to have no ambiguity in sequence at the variant site.

Preparation of final SRGAP2 MIP pool

Data from the 48-individual genotyping experiment revealed that most MIPs in the initial
pool captured their corresponding targets well (Supplementary Fig. 9). Considering only the
capture reactions using 100 ng DNA input, the mean and median mapped read counts per
MIP were 18,447 and 15,809, respectively. On average, this translates to approximately 350
mapped reads per MIP per individual. To optimize our MIP pool before extending our
genotyping efforts to thousands of samples, we rebalanced exon-targeting MIPs that failed
to efficiently capture their corresponding targets and removed SRGAP2 copy humber
genotyping MIPs that did not meet a high performance standard.

Specifically, we increased the amount of any exon-targeting MIPs having a total mapped
read count fewer than 2,500 times the number of paralogs that include the targeted exon. For
example, if a MIP targeted exon 1, shared between all four SRGAP2paralogs, but had fewer
than 10,000 reads from the initial capture reactions using 100 ng DNA input, we rebalanced
it. Rebalancing was performed such that this count threshold would be achieved if mapped
read count per MIP increases proportionally with the amount of MIP added to the pool, that
is, for example, if doubling the amount of MIP added to the pool results in twice the number
of corresponding mapped reads. We thus added 7 exon-targeting MIPs to be at a relative
amount of 2x in the final pool and another 5 such MIPs to be at a relative amount of 5x.
Eleven MIPs, however, would still fail to meet the count threshold even if their
corresponding mapped read counts increased fivefold. These worst-performing exonic MIPs
were added to be at a relative amount of 50x in the final MIP pool to maximize their
chances for successful capture.

To evaluate the performance of SRGAP2 copy number genotyping MIPs, we compared
observed paralog-specific count frequencies for each MIP with corresponding expected
frequencies for 31 genomes from the 48-individual experiment (Supplementary Table 3).
These genomes were selected because we had very high confidence in their true paralog-
specific copy number genotypes—genotyping results were concordant between all methods
used for 30 of these genomes, and FISH results supported MIP results in the remaining case.
For each SRGAP2 copy number genotyping MIP, we calculated the mean and standard
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deviation of per-genome error in paralog-specific count frequencies (Supplementary Fig. 1).
We removed MIPs having mean per-genome errors = 0.125 or corresponding standard
deviations = 0.25 from our final set, with a few exceptions. For example, we retained some
MIPs in the SRGAP2C deletion region having mean errors or standard deviations slightly
above these values because we wanted to maximize our power to genotype this event.
Reducing the number of MIPs used for genotyping SRGAP2 in our final pool in this manner
increases our capacity to assay additional genes of interest and larger numbers of individuals
in the same experiment while ensuring SRGAP2 genotyping remains highly
accurate.Selection of a high-performing final MIP set from all initial MIPs tested, though
useful for increasing multiplexing potential, is not necessary for successful application of
our method (Supplementary Fig. 2).

Cost estimation

The approximate cost per gene per individual associated with using MIPs can be estimated
as follows. Each MIP is 70 bp, and each synthesized base costs $0.09. Thus, each MIP costs
$6.30. We usually multiplex ~2000 MIPs in a single MIP pool, so the cost of generating a
typical MIP pool is $12,600. Because a very small amount of the MIP pool is used in each
capture reaction, a single order of oligos can be used to assay tens of thousands of samples,
and thus we assume this cost is effectively fixed (i.e. independent of the number of samples
tested). The oligo cost per sample thus depends on the number of samples tested—assuming
we assay 4000 samples, for example, the per sample oligo cost is $3.15. The cost of reagents
associated with the experimental protocol is $2.57 per sample. The cost of a lane of
sequencing using the HiSeq is $1,388. We have found that up to 192 samples can be
multiplexed per lane to obtain high coverage per MIP per sample assuming the MIP pool
used in capture experiments contained 2000 MIPs. Thus, the sequencing cost per sample is
approximately $7.23. Adding these results, we obtain a cost of $12.95 per sample. Assuming
each gene can be effectively assayed by 50 MIPs, on average, each MIP pool covers 40
genes. Thus, the final cost per gene per sample in this scenario is ~$0.32. If we eventually
assay 10,000 samples using this same MIP pool, the final cost per gene per sample works
out to $0.28. Even if we were to only assay 1000 samples, the final cost per gene per sample
would still be less than $1 (~$0.56).

Internal SRGAP2 deletion and duplication genotyping using WGS data

We leveraged data from the 1KG to evaluate WGS-based discovery of novel structural
variation within duplicated genes and compare these results with our MIP data. Specifically,
we genotyped SRGAP2B copy number in an individual genotyped by MIPs as having two
copies of SRGAP2B with an 83 kbp internal SRGAP2B duplication and SRGAP2C copy
number in seven individuals genotyped by MIPs as having two copies of SRGAP2C, one
harboring the 38 kbp internal deletion. All WGS-based paralog-specific copy number
estimates? for these individuals were 2; however, specifying the regions affected by these
events prior to genotyping allowed for successful identification of the internal events in 7/8
cases (Supplementary Table 12). These data provide additional support for the internal
duplications and deletions called by our MIP-based method and suggest that naive paralog-
specific copy number genotyping using low-coverage WGS data cannot reliably discover
them.
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Application of our method to other gene families of interest

To use our method to study a gene family of interest other than SRGAP2 or RH, one would
first need to obtain accurate genomic sequences for as many paralogs as possible. Having
reliable sequence data for all paralogs allows MIP design to be optimized to achieve
complete paralog-specificity and maximize genotyping power. Second, one would align
paralogous sequences and identify SUN-containing regions to guide MIP design. We
provide a program (Softwar €) to identify such regions from aligned sequences. Third, one
would attempt to design MIPs to all such regions as well as exons using the publicly
available MIP design software33, select a final set of MIPs based on criteria detailed above,
and order them from a commercial oligo provider. Fourth, one would perform the MIP
experiments and analyses described (Softwar €) to obtain genotypes for each duplicated
segment. If possible, we recommend testing every new MIP set on a panel of genomes
having known paralog-specific copy numbers to ensure accuracy and reproducibility.

Interestingly, we found RH more difficult to genotype for copy number than SRGAP2 using
our approach. Two factors likely contribute to this observation. First, RHparalog-specific
copy number genotyping included data from only 35 MIPs, while that for SRGAP2
incorporated data from either 90 or 142 MIPs. Second, fewer independent MIP capture
events occur per genome for RH than SRGAP2 because there are fewer total genomic copies
of RH than SRGAP2. Thus, there are effectively fewer experimental trials for RH than
SRGAP2, resulting in increased sampling error in RHparalog-specific read count data.
Designing more MIPs targeting RH and increasing DNA input would mitigate these issues
and improve future RH genotyping performance. These issues warrant consideration in
applying our method to other gene families of interest.

CCL3L119-20.59-60 peta-defensins?2-43, and C4** present a few novel challenges for our
method: (i) CCL3L1 and beta-defensins are much smaller than SRGAP2 and RH, such that
only a few MIPs may be able to interrogate SUN-containing regions within them; (ii) unlike
SRGAP2 and RH, beta-defensins and C4 have no obvious family member fixed or nearly
fixed at diploid copy number two in the human population, making copy number
determination based on relative counts more ambiguous. For these gene families, it will be
necessary to perform absolute in addition to relative read depth analysis, perhaps via
singular value decomposition analysis as has been done to normalize exome capture
variability from a large number of samples®. Another possible strategy would be to use
some MIPs as MLPA probes (Supplementary Fig. 10) targeting genes of interest and regions
of known invariant diploid copy humber to calibrate aggregate or paralog-specific copy
number estimates based on absolute read depth data. In addition, genotyping copy number of
the blocks of duplicated sequence containing CCL3L1 and beta-defensins should provide
accurate copy number genotypes for these genes, as common copy number variation at these
loci occurs at the level of such blocks rather than affecting individual genes within them#’.
This approach leverages the much larger sample of SUNs these blocks contain compared to
the genes themselves.
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Identification of missing paralogous sequences in GRCb37

We genotyped regions in GRCbh37 that had been previously described as missing paralogous
sequence in GRCh36to identify regionsof the reference genome still lackingcomplete
sequence characterization. We successfully lifted over 326 of the original 333 regions from
GRCb36 to GRCbh37 and calculated paralog-specific copy numbers for each region with 885
individuals from the 1KG. A region was considered "missing" from GRCb37 if the paralog-
specific copy number for that region was greater than 2 for at least 90% of the individuals
we genotyped. Based on this definition, we found 21 regions that are still missing
paralogous sequence in GRCh37. Comparing these regions with public NCBI patches to
GRCDb37 reveals that 7 of the 21 regions are completely covered by a fix patch and will
likely be resolved in GRCh38.

Identification of SUNs from GRCb37

We used previously calculated SUNKSs and segmental duplications for GRCh37 to calculate
the set of all SUNs that uniquely identify individual segmental duplications. For each pair of
segmental duplications, we globally aligned the corresponding sequences and identified all
mismatches, insertions, and deletions. We identified the diagnostic differences between
related duplications by intersecting the coordinates of all differences with coordinates for
SUNKSs across GRCh37. With this approach we identified ~4 million SUNs. After filtering
out any of these SUNs that were within 36 bp of repeats identified by RepeatMasker>2 or
TandemRepeats Finder>3, we identified ~3.8 million SUNs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MIP copy number genotyping assay for duplicated genes
a) 112 nt regions (black arrows) containing sequence variants which uniquely distinguish

one paralog (potential SUNs) are identified based on alignment of genomic sequence. b) 70
nt MIPs used for copy number genotyping have 16-24 nt hybridization arms complementary
to sequence flanking SUN-containing regions. Several such MIPs are designed collectively
spanning the spatial extent of duplicated genic sequence. ¢) DNA polymerase extension and
ligation incorporates SUN-containing sequences into covalently closed circular molecules,
which are then barcoded, pooled, and sequenced. d) Reads are mapped to reference
sequences for each paralog and paralog-specific read counts for each MIP quantified. A
genotyping program is used to infer paralog-specific copy number from these counts. The
schematic shows counts consistent with a deletion of paralog 2 (red). Incorporating data
from all MIPs overwhelms noisy signals from individual poorly performing MIPs. The
dynamic range response and sequence specificity of this method result in accurate copy
number genotyping for each paralog with high spatial resolution.
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Figure 2. Accuracy of paralog-specific copy number genotyping
142 MIPs and FISH were used for genotyping SRGAP2 copy number in the HapMap

individuals NA20334, NA19700, and NA19005. SRGAP2 exons 1-9 are shared between
SRGAP2A, B, C, and D, with the exception of exons 2-3, which are deleted from SRGAP2D
(gray box indicates region deleted in SRGAP2D). SRGAP2 paralogs exhibit > 99% sequence
identity. Exon locations are plotted relative to the FISH probes (cyan and yellow rectangles)
and MIP data below. Paralog-specific copy number estimates are shown for 90 high-
performing MIPs across ~240 kbp of aligned SRGAP2 genomic sequence. Each point
indicates a paralog-specific copy number estimate, calculated as the product of the paralog-
specific read count frequency for a particular MIP and the aggregate estimated SRGAP2
copy number at the corresponding locus. Analysis of the MIP data using an automated
paralog-specific copy number caller successfully identified known homozygous and
heterozygous deletions and a duplication of SRGAP2B (red) and duplications and a
homozygous deletion of SRGAP2D (gray). FISH validates the MIP-based genotypes for
these individuals. The FISH data for NA20334 and NA19700 are somewhat ambiguous
regarding SRGAP2D, consistent with either two or three diploid copies of this paralog in
these individuals. Array CGH data for NA19700 supports the MIP-based genotype for
SRGAP2D. All HapMap genotypes were independently confirmed by WGS data.
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Figure 3. Resolution of complex structural variation in SRGAP2
a) The array CGH profile for SRGAP2 loci predicts a gain and an interstitial loss for a

patient with autism but cannot distinguish which paralogs the variation affects. The MIP
copy humber assay predicts copy number two for A, B, and D (not shown), but duplication
of a copy of C having an ~38 kbp internal deletion containing exon 2. Dashed lines indicate
paralog-specific copy number calls from the automated caller. b) Similar analysis of a
patient with developmental delay shows that the individual is diploid for B and D (not
shown), but has lost a copy of A (the ancestral locus) and carries the internal deletion for C.
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Figure 4. Detection of gene conversion at the RH locus
a) RHD and RHCE lie within an ~60 kbp segmental duplication (red and blue arrows) and

frequently undergo interlocus gene conversion events. A common known RH gene
conversion affects exon 2 and serves as the primary genetic basis for the RhC phenotype. b)
39 MIPs were used for genotyping paralog-specific RH copy nhumber in the HapMap
individual NA18555. MIP data is plotted relative to locations of RH exons and associated
segmental duplications in (a). Colors correspond to segmental duplications shown in (a).
The MIP data show a strong signature of homozygous gene conversion (highlighted in
yellow) from RHD to RHCE spanning at least ~3 kbp at the common conversion site
including exon 2. Mapping whole-genome and fosmid clone short-read sequence data from
this individual to SUN identifiers and examining paralog-specific read depth validates this
homozygous conversion.
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Figure 5. Resolution of NAHR-associated RHD deletion and duplication breakpoints
a) An ~9 kbp segmental duplication (green and gray triangles) flanks RHD. NAHR between

these flanking sequences frequently results in deletion (and more rarely, duplication) of
RHD. Homozygous deletion of RHD results in the Rhd phenotype, most common in
individuals of European ancestry. b) Data from 39 RH MIPs for HapMap individuals
NA20814 and NA19204 reveal copy number variation at RHD. Note the signatures of
NAHR in the four MIP data points corresponding to the RHD-flanking segmental
duplications. These data refine the NAHR-associated breakpoints to ~6 kbp homologous
genomic regions (highlighted in yellow) where RHD deletion breakpoints have been
previously reported.
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Figure 6. Extensive interlocus gene conver sion between SRGAP2 par alogs
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a) Schematic denotes location and orientation (triangles) of SRGAP2 paralogs on human
chromosome 1. Thick colored lines connect SRGAP2 paralogs exhibiting signatures of
interlocus gene conversion in the MIP data. Line colors correspond to conversion donors,
and each line corresponds to a distinct conversion event. b) Examples of different interlocus
gene conversion events (highlighted in yellow). Reported sizes indicate the minimum length
of the conversion event based on the MIP data, assuming a single conversion event underlies
the conversion signature. All events shown, except for the B to A conversion revealed by
two MIPs, were detected by the automated caller.
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