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Abstract

Homozygous duplications contribute to genetic disease by altering gene dosage or disrupting gene regulation and can be more deleterious to
organismal biology than heterozygous duplications. Intragenic exonic duplications can result in loss-of-function (LoF) or gain-of-function (GoF)
alleles that when homozygosed, i.e. brought to homozygous state at a locus by identity by descent or state, could potentially result in autosomal
recessive (AR) rare disease traits. However, the detection and functional interpretation of homozygous duplications from exome sequencing
data remains a challenge. We developed a framework algorithm, HMZDupFinder, that is designed to detect exonic homozygous duplications
from exome sequencing (ES) data. The HMZDupFinder algorithm can efficiently process large datasets and accurately identifies small intra-
genic duplications, including those associated with rare disease traits. HMZDupFinder called 965 homozygous duplications with three or less
exons from 8,707 ES with a recall rate of 70.9% and a precision of 16.1%. We experimentally confirmed 8/10 rare homozygous duplications.
Pathogenicity assessment of these copy number variant alleles allowed clinical genomics contextualization for three homozygous duplications
alleles, including two affecting known OMIM disease genes EDAR (MIM# 224900), TNNT1 (MIM# 605355), and one variant in a novel candidate
disease gene: PAAFT.
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Introduction

Deletions and duplications of chromosomal segments (copy
number variants, CNVs) are a major source of variability
between personal genomes. Such CNVs can be a significant
contributor to pathogenic alleles and rare variants that drive
Mendelian disease traits and genomic disorders and can un-
derlie both human gene and genome evolution (1). Intragenic
or exonic duplications, particularly of small sizes (<10 kb),
can result in null alleles, and their identification facilitates
novel Mendelian gene discoveries for rare disease traits (2—4).

Currently available tools for the detection of CNVs (5-10)
from exome sequencing (ES) data can mostly identify large
CNVs encompassing three or more exons. Previous work fo-
cusing on homozygous and hemizygous CNV deletion alle-
les, i.e. deletions affecting both autosomes or the X chromo-
some in 46, XY males, enables further optimization of signal-
to-noise ratios (11). This optimization captures the dynamic
range of the copy number variation in a diploid genome and
allows a significant reduction of the false positive exonic dele-
tion calls by incorporating haplotype information. The haplo-
type information is captured by utilizing absence of heterozy-
gosity (AOH) calculations as a surrogate measure for Runs
of Homozygosity (ROH) and implementing joint calling from
a large ES data set (11). The utility of ES for detecting ho-
mozygous duplication of intragenic CNV gain alleles remains
unknown.

Herein, we extended the bioinformatic CNV calling algo-
rithm HMZDelFinder and benchmarked it against experimen-
tal data to develop HMZDupFinder, which enables homozy-
gous exon-level intragenic duplication calls. HMZDupFinder
uses Pearson correlation coefficient to automatically group
samples with the closest sequencing profile as the reference to
increase the power of detecting true positive duplication calls
with a reduced false discovery rate.

Materials and methods

Samples

Research samples were recruited as part of the Baylor Hop-
kins Center for Mendelian Genomics (BHCMG) and later the
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Baylor College of Medicine Genomics Research to Elucidate
the Genetics of Rare disease (BCM-GREGoR) research cen-
ter. Written informed consent was obtained under the Baylor
Hopkins Center for Mendelian Genomics (BHCMG) proto-
col with approval by the institutional review board (IRB) at
Baylor College of Medicine (BCM IRB H-29697). Blood de-
rived genomic DNA samples were obtained through research
and clinical collaborations and were subjected to research ES.
Clinical ES data with same capture design were included for
reanalysis as previously described (12).

Research exome sequencing harmonization and
reprocessing

DNA capture and sequencing were performed as described at
Baylor College of Medicine Human Genome Sequencing Cen-
ter (HGSC) for the Mendelian Genomics initiative (13). Both
HGSC core capture and VCRome capture designs were based
on the reference genome GRCh37 (14). The FASTQ files were
remapped to GRCh38; single nucleotide variants (SNVs) and
small insertions and deletions variants (INDELs) were called
with the xAtlas-0.2.1 pipeline (15,16).

Read count normalization

We calculated the raw read counts per individual Bi-
nary Alignment Map (BAM) file using the ‘Rsam-
tools::featureCounts’ function. The bed file of the region
was based on the ‘liftover region’ of hg38 of the initial
VCRome design as previously described (14). Afterward,
we normalized these counts using the transcript per million
(TPM) procedure, which allowed us to directly compare
the relative read count between the proband and nearest
references at the same locus.

Z-TPM, log; ratio, and gene transcript visualization

For each sample, a bed file was generated which includes
the genomic coordinates of probes, raw read count, TPM, Z-
TPM, and log, ratio of the nearest references. The TPM of
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exon was calculated with the below formula:

TPM =T x x 10°

1
2 (T)
total read mapped to exon x 10°

exon length in bp
The Z-TPM was calculated as:
TPM — u

o

Where T =

Z —TPM =

w = mean TPM of nearest re ferences

o = standard deviation of nearest re ferences

The log, ratio was calculated as:

TPM
log2Ratio = log2 ——
"

w = mean TPM of nearest re ferences

The log, ratio was then segmented using ‘SLMSeg::HSLM’
model implemented in R (17) with the following parameters
‘omega = 0.7, FW = 0, eta = le-$, stepeta = 1,000’. For
multi-exonic duplications, the mean Z-TPM was then calcu-
lated and used for downstream filtering.

The bed files were compressed and using tabix tool and
indexed. Indexed files were then utilized as input for the Z-
TPM and log; ratio visualization. The probes were mapped to
the Matched Annotation from NCBI and EMBL-EBI (MANE)
transcript set (v1.0) to obtain consistent and well-represented
transcript annotation.

Number of random targets required to select
reference samples

Using closely correlated samples as the reference can mini-
mize the experimental variance (i.e. noise) and aid in better
estimation of a baseline read depth when analyzing a diploid
genome. To reach optimal performance, the reference samples
need to be run on a similar sequencing platform and with a
similar capture design. A Pairwise Pearson similarity matrix
calculated based on 1% (7 = 2,000) of the total target using
the ‘base::cor’ function from the R environment was used to
select reference samples.

Selecting optimal number of reference samples

We empirically tested the difference between the read count
distribution of the heterozygous triplication state (Copy
Number = 4) and the control ‘baseline’ diploid state, i.e. gene
copy number CN = 2, when including an increased number
of samples as reference. In our analyses, we observed that as
we increased the number of reference samples, the accuracy
of Z-TPM cutoff separating CN = 2 and CN = 4 improved
(Supplementary Figure S1A, Supplementary Table S1). How-
ever, between using 60-65 highly correlated reference sam-
ples, the improvement plateaued, indicating diminishing re-
turns in accuracy with the addition of more reference samples.
In parallel, when assessing the distribution in the BHCMG-
GREGOR cohort, a reference count of 55 ensured that most
samples retained enough references for accurate normaliza-
tion (Supplementary Figure S1C). With a reference number
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of 55, Z-TPM cutoffs of 3.5, 4.0 and 4.5 were able to re-
call 88.52%, 78.09% and 61.39% of heterozygous triplica-
tion (Supplementary Figure S1B). Synthesizing these observa-
tions with metrics of sensitivity and overall performance, 55
emerged as the ideal reference sample count that best balanced
accuracy with computational demands.

CNV call with XHMM

XHMM was performed on all ES data using default pa-
rameters (5). The same bed file of target design region was
used to call CNV. The small duplication call from output file
‘DATA.xcnv’ were overlapped with AOH region. The dupli-
cation with at least 1bp overlapping were kept for further
evaluation.

Precision and recall calculation
The detail of identifying potential homozygous duplication re-
gion is described in results section. We extracted the Z-TPM
and log, ratio values from the potential homozygous dupli-
cation region of both parents. The precision and recall were
then calculated based on the following criteria:

The precision is calculated using the following formula:

TP
TP+ FP

In this context, “TP’ denotes the number of homozygous
duplication calls where both parents display a Z-TPM value
exceeding 2.0 and a ratio ranging from 1.3 to 1.7 (log, ratio
between 0.38 and 0.77 potentially corresponding to heterozy-
gous duplication). Conversely, ‘FP’ represents the instances of
homozygous duplication calls where one or both parents do
not meet the same Z-TPM and ratio criteria.

The recall is calculated using the formula:

TP
TP+ FEN
In this context, “TP’ refers to exons located in known tripli-
cated regions that meet the expected Z-TPM and ratio criteria.

‘FN’, on the other hand, signifies the exons in the same regions
that do not fulfill the expected Z-TPM or ratio requirements.

Precision =

Recall =

Segregation analysis of homozygous duplications
with ddPCR

The genomic DNA of proband and parents were digested with
Rsal or Alul (New England Biolab Inc.) restriction endonucle-
ases before performing droplet-digital polymerase chain reac-
tion (ddPCR) to break the potential linkage within tandem
duplications. ddPCR was performed using the QX200™ Au-
toDG™ Droplet Digital™ PCR System from Bio-Rad, follow-
ing the manufacturer’s protocols. In brief, a 20 pl mixture was
constructed for each PCR reaction, containing 10 ul of 2x
Q200 ddPCR EvaGreen Supermix or 2x ddPCR supermix for
probes (no dUTP), 0.25 ul of each primer (10 uM), 250 nM
of probe (for ddPCR hydrolysis probe reactions), and 50 ng of
restriction enzyme digested genomic DNA. The reaction mix-
ture was subjected to automatic droplet generation, PCR re-
action, and droplet reading. Cycling conditions for PCR were:
5 min at 95°C, 40 cycles of 30 s at 95°C/1 min at 61.2°C/1
min at 72°C, 5 min at 4°C, § min at 90°C, and finally infi-
nite hold at 4°C. The ramp rate was set at 2°C/s for all steps.
These data were analyzed using QuantaSoft™ Software from
Bio-Rad, and concentrations of positive droplets (number of
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positive droplets per pul of reaction) were obtained for each
PCR reaction. Primers to a control gene, RPPH1, RPP30
or TERT and affected genes were included (Supplementary
Table S2).

Orthogonal validation

During the algorithm’s development, two distinct sets of calls
were chosen for wet bench validation based on different se-
lection criteria. The first set, comprised of 25 calls, was se-
lected solely based on the proband’s Z-TPM values, which
ranged from 3.54 to 7.83. While the AOH size (ranging
from 0 to 21 Mb) was annotated, it wasn’t a decisive fac-
tor in the selection. The second set, consisting of 12 du-
plications, was chosen with consideration of both proband
and parent Z-TPM values. The proband’s Z-TPM varied be-
tween 3.69 and 6.59, while the parent’s Z-TPM ranged from
1.79 to 4.88. Here again, the AOH size (0-28 Mb) was an-
notated but not treated as a strict selection criterion. From
the first set, ddPCR relative positive droplet ratios in five
cases (5/25) were in line with potential homozygous dupli-
cations. In the second set, aCGH log, ratios for three cases
(3/12) aligned with potential homozygous duplications. Af-
ter refining the parameters (Z-TPM > 4.0, log, ratio between
0.85-1.15, and AOH size exceeding 100 kb), 10 out of 37
regions were re-classified as potential homozygous duplica-
tions. Notably, all eight wet bench-validated homozygous du-
plications (8/10) were accurately reclassified using the ad-
justed parameters. Among these eight verified duplications, six
(75%) represented CNV alleles that comprised three or fewer
exons.

Absence of heterozygosity (AOH) genomic intervals
The AOH genomic intervals were identified based on
the previously developed in-house tool BafCalculator (EI-
domery et al. 2017) (https:/github.com/BCM-Lupskilab/
BafCalculator). Genomic segments with a mean signal > 0.47
and size > 100 kb were classified as AOH regions and
were used to identify potential homozygous duplications
(Supplementary Figure S2).

Custom-designed array comparative genomic
hybridization (aCGH)

Validation and characterization of the genomic architecture of
each predicted potential pathogenic CNV was experimentally
investigated in probands by high-resolution array-based com-
parative genomic hybridization (aCGH). A custom 8 x 60K
Agilent high-resolution oligonucleotide microarray (AMA-
DID 086718) spanning 17.344 Mb targeting 59 genes map-
ping within predicted CNVs and their flanking regions with
an average probe spacing of 245 bp was designed using (https:
/learray.chem.agilent.com/suredesign/). Microarray protocols,
including DNA digestion, probe labeling, gender-matched hy-
bridization, and post-washing, were performed as described
previously with minor modifications (18). Agilent SureScan
and Feature Extraction software were utilized to achieve the
image-to-digital transition, with further data analysis and vi-
sualization on the Agilent Genomic Workbench. Genomic
coordinates were described in reference to GRCh37/hgl9
assembly.
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Genomic feature analysis on Genome Aggregation
Database (gnomAD) CNV alleles

We utilized the genomic coordinates and CNV calling method
from gnomAD SVs v2.1, which is based on the GRCh37/hg19
reference (19). To convert these coordinates to the GRCh38
reference, we referred to the liftover data available at NCBI’s
dbVar study nstd166. After merging the datasets, we filtered
the gnomAD alleles based on several criteria: a ‘Remap Score’
of 1, “Variant Call type’ being either duplication or deletion,
and having both read depth (RD) and split read (SR) evidence
supporting the breakpoint. For further refinement, the break-
points of the gnomAD intragenic alleles were aligned with
the MANE v1.0 transcript structure to ascertain the related
introns (Supplementary Table S3).To compute the density of
repetitive elements, we sourced the genomic elements from the
RepeatMasker file available on the UCSC genome browser,
specifically for the GRCh38 reference build.

PacBio long read genome sequencing solves the
breakpoint of insertional duplication

Whole genome sequencing was performed on genomic DNA
extracted from four family members at HGSC, using the Pa-
cific Biosciences platform. DNA samples were quantified with
the DropSense96 system, and the DNA fragment sizes were ac-
cessed with Agilent Femto Pulse system. Although DNA qual-
ity was suboptimal for long-read sequencing, we proceeded
with the construction of a sequencing library using 6.5 micro-
grams of DNA and the SMRTbell Express Template Prepa-
ration Kit 3.0. The sequencing was executed on the PacBio
Sequel 1I system. Each individual genome was sequenced
in a single SMRTcell due to the initial DNA quality con-
cerns. This still resulted in varying coverage depths: 2.3x for
the proband, 9.4x for the unaffected sibling, 21.5x for the
mother, and 2.1 x for the father. The data were processed with
SMRTLink software version 12 and aligned using the pbmm?2
aligner(version 1.10.0). Despite the suboptimal coverage, in-
spection of the low-coverage long-read data in the Integrative
Genomics Viewer (IGV) facilitated the redesign of breakpoint
sequencing primers, which confirmed the junctions.

Results

Overview of the homozygous duplication detection
analysis pipeline

With a focus on detecting small exonic homozygous duplica-
tions of gene segments, we fine-tuned parameters to optimize
computational calling of CNVs. The HMZDupFinder algo-
rithm uses three steps to detect rare homozygous duplications
(Figure 1): (i) selection of reference samples, (ii) normaliza-
tion of TPM values and log; ratio for each exon, and (iii) joint
calling of potential duplications within AOH regions. In the
first step, we calculate the pairwise Pearson correlation co-
efficient between all input samples based on the TPM value
of 2000 targets that passed quality control (0.2 < GC con-
tent < 0.8, mappability > 0.8). The samples with the most
correlated TPM profiles are selected as reference samples. The
Z-score (Z-TPM) and log, ratio of each target is calculated
based on the distribution of the TPM values on the same tar-
gets from the selected references. Next, potential duplication
targets are selected by setting a cutoff of Z-TPM value de-
termined using a control set (Supplementary Figure S1). The
computational output of this step contains the list of potential
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Figure 1. The computational framework for HMZDupFinder. (A-D) The HMZDupFinder workflow demonstrates the harmonization of exome capture
design, nearest reference selection, Z-TPM normalization, and homozygous duplication enrichment process. (E) Estimated numbers of candidate CNVs
after each ES data computational step. (F, G) An example of combined visualization of Z-TPM and log, ratio validating a homozygous intragenic
duplication. (F) The line plot displays Z-TPM values for exons that match the annotations from the MANE transcript of the investigated gene, which is
shown at the bottom. A red, jagged horizontal line signifies the value from the subject, with grey lines representing the closest reference samples. The
segmented log, ratio of the TPM value in the subject is illustrated as a blue dashed line in panel (G).
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exonic CNVs (exCNV) for each sample. Next, exCNV calls
in the given sample are intersected with the AOH region de-
tected in the same sample. The calls that do not overlap with
AOH regions are removed from further analysis. To compare
the performance of HMZDupFinder and XHMM on small
duplications, with less than three targets, we also overlapped
small duplication calls, from XHMM with the AOH region
in the same sample. This overlap was considered as the can-
didate region for homozygous duplication. The precision for
both methods was evaluated as described in Methods.

AOH size of BHCMG-GREGOR cohort

We calculated the cumulative size of autosomal AOH regions
for each sample using the defined parameters described in
Methods. Overall, we identified 1,755,749 autosomal AOH
blocks in 8,707 individuals (probands and parents) with a
combined size of 1,046 Gb, resulting in an average AOH
size of 120 Mb per individual. Based on the distribution
of total autosomal size, we classified a subset of individuals
(n = 1,479) as being from potential consanguineous families,
as they displayed a high number (>150 Mb) of total AOH
segments across the genome.

Homozygous duplication calls from the
BHCMG-GREGOR trios

We evaluated the performance of HMZDupFinder on 1,208
BCM-GREGoR trios (Figure 2A). HMZDupFinder achieves
an optimal precision and recall using a Z-TPM cutoff of 4.0
and log, ratio between 0.85 and 1.15 as indicated by the
highest F1-score (Supplementary Figure S3A, Supplementary
Table S4) and AUC-PR (Supplementary Figure S3B). With
these fine-tuned parameters, HMZDupFinder identified:

1) 93 homozygous duplications involving three or fewer
exons. Of these, 15 duplications (a precision of 16.1%
(15/93) displayed the expected heterozygous duplica-
tion Z-TPM (exceeding 2.0) and log; ratio [ranging from
log,(1.3) and to log,(1.7)] in both parental samples.

2) 30 homozygous duplications spanning more than three
exons, among these, 17 met the expected heterozygous
duplication criteria in both parental samples, resulting
in a precision of 56.7% (17/30).

In contrast, XHMM detected:

1) 290 homozygous duplications involving three or fewer
exons, but only six, met the expected heterozygous du-
plication Z-TPM and log; ratio criteria in both parental
samples, a precision of 2.1% (6/290).

2) 32 homozygous duplications spanning more than three
exons, among these, 11 met the expected heterozygous
duplication criteria in both parental samples, resulting
in a precision of 34.4% (11/32).

When comparing the results of both tools (XHMM and
HMZDupFinder), they collectively detected 25 homozygous
duplications. Of these, 14 (three homozygous duplication
spanning three or less exons) met the expected heterozygous
duplication Z-TPM and log, ratio criteria in both parental
samples, a precision of 56.0% (14/25). These findings sug-
gest that HMZDupFinder precision outperforms XHMM in
detecting homozygous duplication alleles.
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Homozygous duplication calls from all
BHCMG-GREGoR samples

Utilizing optimized parameters (Z-TPM cutoff of 4.0 and
log, ratio between 0.85 and 1.15) which was fine-tuned from
BHCMG-GREGOR trios, we applied HMZDupFinder to all
BHCMG-GREGoR samples which have sufficient reference
samples (7 = 7,808) (Figure 2B). In total, we identified 1,230
homozygous duplications across 764 subjects. The median
homozygous duplication call per subject was one. Based on
the distribution, we observed nine samples with extremely
high number of homozygous calls which may result from se-
quencing of potential degraded DNA. We excluded calls from
these nine samples from further analysis. Ultimately, 965 ho-
mozygous duplications were computationally filtered in 755
subjects. Of the 965 high quality homozygous duplication
calls, we identified 842 unique alleles, including 723 single-
tons that were only identified in one individual. Of these
unique alleles, 83 of them have at least 50% reciprocal over-
lapping with the gnomAD SVs v2.1 duplication alleles. Of all
predicted homozygous duplication alleles, 85.0% (716/842)
of these homozygous duplication alleles affected three or
fewer exons; 44.4% of these (374/842) were predicted to
be intragenic. Wet bench confirmation was performed on ten
cases and eight of them confirmed true homozygous duplica-
tions (Method section), with a benchmark precision of 80%.
Six of them were CNV alleles encompassing three or less
exons.

Contextualizing potential pathogenicity of
homozygous duplication variant alleles

After considering the clinical phenotype of the cases, three
out of eight confirmed homozygous duplications were consid-
ered to potentially contribute to the patient phenotype (Ta-
ble 1). The remaining duplication alleles were not interpreted
as potentially pathogenic since the duplication involves ei-
ther 5" or 3’ exons, which under a model of tandem dupli-
cation retain two normal copies of the gene, and lack of liter-
ature support of phenotype and genotype association. Two of
pathogenic duplication alleles involved known disease genes
(EDAR [MIM# 224900] and TNNT1 [MIM# 605355]), and
the third represented a potential novel ‘disease gene’ variant
allele of PAAF1. Of note, the three genes had a genomic insta-
bility susceptibility relative risk score for AAMR (Alu-Alu me-
diated rearrangement) of 0.465 (EDAR, rank 47 % of the Ref-
Seq genes), 0.587 (TNNT1, rank 22% of the RefSeq genes),
and 0.781 (PAAFI, rank 6% of the RefSeq genes) based on
AluAluCNVpredictor (20).

In family 1, a homozygous duplication was called in
BABS5092 and affected cousin BAB5094, each of whom had
a clinical diagnosis of ectodermal dysplasia. The duplica-
tion segregates within the consanguineous family and is sur-
rounded by an AOH block of different size in the affected sib-
lings, consistent with identity-by-descent (IBD) from a com-
mon ancestor (Figure 3). The carrier status of the duplica-
tion allele was confirmed in the parental and unaffected sib-
ling samples using ddPCR (Figure 3D). The observed ratio in
these samples aligns with the expected ratio for heterozygous
duplication. Sanger dideoxy sequencing of the breakpoint
junction sequence indicate a 9.2 kb tandem duplication pre-
dicted to disrupt the reading frame of the transcript (EDAR),
resulting in a loss-of-function (LoF) allele. Sequence micro-
homology was identified at breakpoint junctions (Figure 3),
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Figure 2. Schematic graph illustrating parameter tuning of HMZDupFinder (A) and intragenic homozygous duplication call from BHCMG-GREGoR

cohort (B).

Table 1. BHCMG-GREGOR cases solved/explained by pathogenic homozygous duplications

Family Proband Orthogonal methods for CNV assessment Variant allele

HOU2049 BABS5192 ddPCR segregation; breakpoint PCR TNNTI1, NM_003283.6; hmz dup exon 10-11
HOU2022 BAB5092, BAB5094 ddPCR segregation; breakpoint PCR EDAR, NM_022336.4; hmz dup exon 6-8
HOU3122 BAB8590 ddPCR segregation; aCGH PAAF1, NM_025155.3; hmz dup exon 5-6

hmz, homozygous; ddPCR, digital droplet polymerase chain reaction; dup, duplication.

suggesting replicative mechanisms, such as fork stalling and
template switching/microhomology-mediated break-induced
replication (MMBIR), as a mechanism for the formation of
duplication (21).

In family 2, a homozygous duplication affecting exons
10-11 of TNNT1 was called in the proband only by
HMZDupFinder. The subject had a clinical diagnosis of neu-
romuscular disease. The duplication allele segregated with
the proband’s phenotype in accordance with Mendelian ex-
pectations (Figure 4D). Sanger dideoxy sequencing revealed
breakpoint junction sequence located within directly ori-
ented Alu elements, suggesting AAMR (20) as a poten-
tial mechanism fomenting the genomic duplication allele
(Figure 4).

In family 3, HMZDupFinder called the homozygous
duplication affecting exons 5-6 of PAAF1 within an
AOH block (Figure 5). The duplication allele was con-
firmed segregating within the family using both aCGH
and ddPCR (Figure 5). PacBio long read sequencing re-
vealed the nature of this duplication as an insertional
duplication (Supplementary Figure S4). Upon mapping
of the inserted duplication and the breakpoint junc-
tion sequences, we found that the duplication spans
exons 5-6 that were inserted into the intron 10-11
(Supplementary Figure S4A), resulting in a predicted out-
of-frame transcript (Supplementary Figure S4B), hinting at
a likely loss of function (LoF) allele of PAAF1. Of note,

we identified two breakpoint junctions flanking the in-
serted duplication and both junctions were mapped to an
Alu element suggesting Alu-Alu mediated rearrangement
(AAMR) (Supplementary Figure S4C). The phenotype of
proband BAB8590 includes albinism, uterine hypoplasia with
hypogonadism and primary amenorrhea, intellectual dis-
ability, kyphosis, crowded teeth, hypothyroidism, congenital
hearing loss, and nystagmus. PAAF1 encodes proteasomal
ATPase-associated factor 1 which functions as a negative
regulator of proteasome assembly (22). Loss of function
of PAAF1 could potentially enhance proteasome assembly,
and thereby disrupt protein homeostasis (23). Dysfunctions
in the proteasome have been linked to various rare disease
traits including conditions involving the hair, skin, and oc-
ular pigmentation (24), congenital hearing loss (25), and
female reproductive tract development (26). The finding
of a homozygous intragenic duplication of PAAFI in the
proband with albinism and developmental abnormalities
of the female reproductive tract warrants further inves-
tigation. In addition to PAAF1, BAB8590 was found to
have homozygous variants affecting TYR (MIM:606933,
NM_000372:exon1:c.715C > T:p.R239W, gnomAD MAF =
2.85 x 107%, CADD = 24.1) and MYO15A (MIM:602666,
NM_016239:ex0n42:c.8067G > A:p.W2689*, gnomAD
MAF = 0, CADD = 44), which potentially contribute
to albinism and congenital hearing loss phenotypes,
respectively.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1223#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1223#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1223#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1223#supplementary-data

PAGE 8 OF 13

Nucleic Acids Research, 2024, Vol. 52, No. 4, e18

A BH3334 B c
HOU2022 o
N o BAB5092 5.0 Mb
7 | T
o 4
A L o
- 8 S
] el
[ é = g
o © - ! ! s__ o )
= EDAR g o ) | ‘ _
o |9 T T T T T T
> 2 BAB5094
° 8 T T
g i
©
O' -
= B
© (=2 M . HIKES i
BAB5094 BAB5092 EDAR : C e i L
114 116 118 120 122 0 50 150 200 250
Probe number Chr2 (Mb)
D ‘_B——.—O £
20 1_95\ Chr2
| = INTRIINIIN R NIRINIINI DD
10 0.92

BAB BAB BAB NA

g
=}

Relative positive droplet ratio

150 1.60 1.73
0.94

-
o

o
o

BAB BAB BAB BAB NA

5092 5097 5093 5137 15510

Chr2:109534031(+)
Proximal ref GGTCTTTTTTGTCCACAATTCAGTG
Jct GGTCTTTTTTGTCCACAATTCAGTG

Distal ref AAACAAACAAGTCCGTGGTGGGTGA

5094 5095 5096 15510 Ex12 Ex1
=—0 0 ] | L1 I
- NM_022336.4

CTGCCCCCGGGCAAGACAGAAGGTA
GCAGGCGTCTAAGGGGCTGGGGCTG
GCAGGCGTCTAAGGGGCTGGGGCTG
- Chr2:109524738 (+)

3bp microhomology

Figure 3. De novo ancestral pathogenic duplication CNV in clan and identity-by-descent (IBD). (A) Pedigree of the family HOU2022 with standard
pedigree symbols used; historical evidence of consanguinity depicted by horizontal double black lines. (B) Homozygous duplication observed at EDAR
locus with an apparent read count change demarcated by normalized read depth plot (horizontal jagged red line) in the proband BAB5092 and affected
brother BAB5094 and comparison controls (black horizontal lines) of nearest reference samples. The red rectangle shows the predicted homozygous
duplicated region. (C) Scatter plot displays the predicted AOH region of proband BAB5092 and affected brother BAB5094; the vertical line in red
indicates the center point of homozygous duplication allele and grey rectangle denotes the AOH region. (D) Segregation of homozygous duplication
confirmed by ddPCR; red vertical bar showing homozygous exonic duplication CNV whilst heterozygous father (black), heterozygous mother (grey) and
control normal diploid copy number (blue) are shown. The relative droplet ratio of two is consistent with homozygous duplication. (E) Breakpoint junction
sequence aligned with the distal (red) and proximal reference sequence (blue), revealing the 3 bp microhomology (teal) at the breakpoint junction.

Genomic features of exonic CNVs

Repetitive elements are known to cause genomic instabil-
ity. To investigate the potential contribution of repetitive el-
ements, such as Alu elements, to small exonic CNV allele for-
mation, we collected all intragenic homozygous alleles iden-
tified in BHCMG-GREGoR cohort so far, this includes the
four intragenic duplication alleles (one from previous report
(2), and three new alleles reported in this report) that have
Sanger validated breakpoints and 30 intragenic deletion alle-
les from our previous report (11) (Supplementary Table S35).
We used the Integrative Genomics Viewer (IGV) to manually
inspect the exons neighboring the CNV alleles, ensuring that
the breakpoint is situated within the respective intron. The
median length of introns where breakpoints were mapped is
7.5 kb (n = 30), which is significantly greater (Wilcoxon tests
p = 0.0015) than the median length of introns within the
same genes (2.6 kb; 7 = 516) or the median length of the in-

trons genome-wide (1.6 kb, Wilcoxon tests p = 8.1 x 10"8)
(Figure 6A). A similar trend was also observed when map-
ping 2,833 intragenic deletion and duplication CNV alleles
from the gnomAD database (regardless of genotype): the in-
tron lengths associated with a breakpoint were significantly
longer (Wilcoxon test, p = 2.2 x 10""2?) when compared to
other introns. This observation (Figure 6C) implies that exons
flanked by longer introns might be more prone to structural
variant mutagenesis. The density distribution of repetitive el-
ement families mapping to introns slightly differ between in-
trons containing breakpoint junctions compared to introns
genome-wide for BHMG-GREGoR alleles (Figure 6B). This
difference is not reproduced on analysis of gnomAD intra-
genic alleles (Figure 6D). The average count of Alu elements
per kilobase in introns encompassing breakpoints was 0.548
(95% CI[0.360,0.950]) for BHCMG-GREGoR alleles, which
is marginally higher than the density of Alu elements (0.323,
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95% CI [0.383, 0.371]) in the rest of introns. Other repeti-
tive element families (e.g. L1, L2, MIR) show no evidence for
enrichment in both BHCMG-GREGoR alleles and gnomAD
alleles (Figures 6B and D).

Discussion

Exonic CNVs have been increasingly associated with rare dis-
ease traits and genomic disorders. Detecting such CNVs as
structural variant alleles is relevant to the functional anno-
tation of genes and can be important for clinical genomics
contextualization and molecular diagnosis (27-30). Adapt-
ing exon-targeted design in chromosome microarray analysis
(CMA) enables the detection of small exonic CNVs involving
as little as a single exon (31). Incorporating the detection of
ROH and CNV analysis using cSNP array further improved
molecular diagnosis with clinical exome cases (32).

A comparison between ES, CMA and ¢SNP array in a re-
cent study suggests that ES is more sensitive in detecting ho-
mozygous CNV deletions with an optimized algorithm than
CMA (11,30). Implementing CNV detection in ES or com-
bining ES with exon-target CMA can provide an additional
2-10% increase in the molecular diagnostic rate (29,32,33).
Multiple computational algorithms have been developed to

call CNVs directly from ES data (5,6,9); running these algo-
rithms at a suboptimal setting can compromise performance,
resulting in reduced sensitivity and specificity. The ‘best ref-
erence’ method employed herein uses read count data derived
from mapped BAM files to automatically group samples with-
out prior knowledge, e.g. capture design and sequence plat-
form, therefore optimizing the performance of the algorithm.
Such reference sample set selection has shown improved sen-
sitivity and precision for most current available CNV callers
(34). We fine-tuned the number of reference samples used for
normalization, Z-TPM and log; ratio cutoff for copy number
N = 4, i.e. homozygous duplication or heterozygous tripli-
cation, based on orthogonal experimental wet bench valida-
tion. The optimal parameters were based on a subset of the
BHCMG-GREGoR samples. The same parameters were ap-
plied to the rest of BHCMG-GREGoR individuals, and we
were able to achieve a similar median number of homozy-
gous duplication calls, suggesting robustness of the procedure.
While we have not applied HMZDupFinder to other cohorts,
we do anticipate the population structure, (e.g. rate of consan-
guinity), and data quality among other cohorts may require
different parameter settings for optimal performance. With
that in mind, HMZDupFinder was designed with adaptability,
allowing researchers to easily customize parameters e.g. the
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Z-TPM, log, Ratio, and number of references used to nor-
malize. For those wishing to apply the tool to new cohorts,
we recommend a preliminary analysis (Method section) on or-
thogonally validated true positive set to optimize and adjust
the parameters specific to their dataset.

One of the major aims of HMZDupFinder is to detect ho-
mozygous duplications, particularly those spanning three or
less exons, in familial genomic studies, where sensitivity takes
precedence over high precision. With the optimized param-
eters, HMZDupFinder achieves an estimated 70.9% recall
and 16.1% precision. Notably, the latest benchmarking re-
vealed that the sole method achieving a recall rate exceed-
ing 60% for all CNV categories reported a precision rate
of merely 5% (35). Our approach also included a rigorous
validation process, such as phenotype-genotype assessments,
ddPCR confirmation, and breakpoint sequencing, which min-
imizes the risk of false positives carrying through to the results
and interpretation of homozygous duplication.

Secondary methods such as aCGH and multiplex ligation-
dependent probe amplification (MLPA) are used in clinical
laboratories for exonic CNV validation (36). ddPCR is a ro-
bust experimental method to measure copy number states and
confirm the presence of an exonic duplication (37). Read-
depth visualizations with a clear separation of the subject from
the best reference samples could further rule out some of the
false positive calls and help reduce the number of candidates
for secondary confirmation. Mapping parents’ depth informa-

tion of trio ES samples added additional evidence for potential
homozygous duplication call.

There remain many limitations in detecting CNVs from ES
data. Read depth is significantly distorted at genomic regions
with repetitive sequencing characteristics, e.g. pseudogenes
and segmental duplications, which make such regions ‘invisi-
ble’ to a read-depth based CNV detection method. While the
terminal duplication might mildly contribute to clinical phe-
notype by disrupting the gene expression (38), interpreting
the impact of duplication proves more challenging than in-
terpreting deletions. Through parameter tuning, our method
can call single exon heterozygous duplication and deletion.
However, additional information e.g. phenotype or potentially
high-impact variant on the allele, will be needed to priori-
tize computational calls for further validation. For scenarios
where a loss of function (LoF) SNV/INDEL allele is identi-
fied for an autosomal recessive (AR) rare disease trait, single
exon duplication/deletion predicted by normalized Z-TPM
may trigger an alert for a compound heterozygous call.

Potential sources of error, such as the false positive call of
AOH regions or the established Z-TPM and log, ratio cut-
offs, can cause misclassification of heterozygous duplication
or triplication. To elucidate the contribution of each factor,
we systematically examined the HMZDupFinder calls from
the trio analysis: Model A (Heterozygous triplications inher-
ited from a single parent): Of the homozygous duplication
calls, four (4/93) instances were identified where one parent
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showed a Z-TPM surpassing 4.0 and a log, ratio between
0.85 and 1.15, indicative of a potential heterozygous tripli-
cation; Model B (Heterozygous proband duplications mistak-
enly called as homozygous within true AOH blocks): No in-
stances fitting this model were found in our dataset. This out-
come results from our filter application that uses a log, ra-
tio between 0.85 and 1.15 and Z-TPM > 4.0, thus excluding
potential heterozygous duplications; Model C (false positive
AOH blocks): Out of the 15 homozygous duplication calls
supported by both parents’ coverage, five of the 30 alleles were
detected within an AOH block over 100 kb, suggesting a false
positive rate of 16.7% for AOH blocks; Models D and E (false
negative heterozygous duplications in parents or false positive
duplication calls in probands): 12 out of 93 calls showed only
one parent with the expected heterozygous duplication based
on Z-TPM and log; ratio, aligning with either of these models.

Identifying genomic regions and specific genes that are sus-
ceptible to structural variant mutagenesis and result in ex-
onic CNVs can assist gene variant-rare disease trait associa-
tion research and candidate disease gene discovery. The reason

for genomic architecture predisposing to CNV is also recog-
nized at the gene level to have an evolutionary role, that is the
duplication of genes to contribute to genomic plasticity and
the creation of paralogs with unique functions (39,40). Un-
derstanding genomic instability and loss of genome integrity
can further provide an adjuvant analytical tool for clinical
genomic laboratories working to identify potential disease-
contributing variations and molecular diagnoses.

In previous research conducted by Song et al., a ranked list
of genes that are susceptible to Alu-Alu mediated rearrange-
ment (AAMR) (20) was predicted with a machine learning
model trained on wet-bench, experimentally studied AAMR
events. Our analysis of intragenic CNVs in the current study
reinforces the hypothesis that ‘lonely island exons, or ex-
ons surrounded by extended intronic sequences, are more
vulnerable to intragenic CNVs compared to ‘archipelago ex-
ons,” which are flanked by shorter intronic sequences. Enrich-
ment of Alu elements in introns flanking lonely island exons
points to one possible structural variant mutagenesis mech-
anism for the formation of these intragenic CNVs. Recent
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research in cancer genomics has indicated a higher preva-
lence of Alu elements in tandem duplications (41). Our assess-
ment of BHCMG-GREGoR intragenic CNV alleles did reveal
a modest increase in Alu count in intron-associated break-
points when compared with other introns. However, the same
observation was not made for intragenic alleles from gno-
mAD database. Further comprehensive analysis of genome-
wide germline exonic CNV events is essential to better com-
prehend the ‘susceptibility to genomic instability score’ per-
taining to SV mutagenesis of the human genome.

Conclusions

Herein, we extended the bioinformatic CNV calling algo-
rithm HMZDelFinder and benchmarked it against experi-
mental data from orthogonal genome technologies to develop
HMZDupFinder, which provides a framework for discovering
intragenic pathogenic homozygous exonic duplication CNV
alleles that are likely to be missed by standard analytical work-
flows and can potentially improve the molecular diagnostic
yield of research and clinical ES studies.

Data availability

The code used for HMZDupFinder is available on GitHub
along with a description of the necessary steps accom-
panying this manuscript https://github.com/BCM-Lupskilab/
HMZDupFinder. Online resource: AluAluCNVpredictor:
http://alualucnvpredictor.research.bcm.edu:3838/, BafCalcu-
lator: https://github.com/BCM-Lupskilab/BafCalculator.

Supplementary data
Supplementary Data are available at NAR Online.
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