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Targeted tumor only sequencing has become a standard practice in cancer diagnostics. This study aims
to develop an approach for robust copy number variant calling in tumor samples using only off-target
region (OTR) reads. We also established a clinical use case for homologous recombination deficiency
(HRD) score estimation (HRDest) using the sum of telomeric-allelic imbalance and large-scale state
transition scores without the need for loss of heterozygosity information. A strong correlation was
found between HRD score and the sum of telomeric-allelic imbalance þ large-scale state transition in
The Cancer Genome Atlas cohort (r Z 0.99, P < 2.2 � 10�16) and in a clinical in-house cohort of 34
tumors (r Z 0.9, P Z 5.1 � 10�13) comparing whole-exome sequencing and targeted sequencing
data. HRDest scores from 1086 clinical cases were compared with The Cancer Genome Atlas data set.
There were no significant differences in HRD score distribution within the analyzed tumor types. As a
control, commercially available HRD standards were also sequenced, and the HRDest scores obtained
from the OTR reads were well within the HRD reference range provided by the manufacturer. In
conclusion, OTR reads of tumor-only panel sequencing can be used to determine genome-wide copy
number variant profiles and to approximate HRD scores. (J Mol Diagn 2024, 26: 479e486; https://
doi.org/10.1016/j.jmoldx.2024.02.008)
Chromosomal microarray analysis based on oligo hybridi-
zation and/or single-nucleotide polymorphism information
has been the main approach for genome-wide copy number
variation (CNV) detection for years until next-generation
sequencingebased assays, like whole-genome sequencing
and whole-exome sequencing (WES), became more
frequently used for genome-wide CNV detection. However,
other approaches also exist. The R package CopywriteR1

and SavvyCNV2 describe the leveraging of off-target re-
gion (OTR) reads even for small gene panels to fill in the
gaps between the enriched regions of such panels. Other
publications showed the use of the discarded reads from
cancer sample sequencing for the generation of germline
research cohorts3 or to demonstrate how OTR reads can be
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used in a broader context of OTR coverage analysis and
mitochondrial DNA copy number and microbial load esti-
mation.4 Besides CNVs, the discovery and use of complex
biomarkers5e11 in clinical cancer diagnostics has increased
in recent years. One such biomarker, the homologous
recombination deficiency (HRD) score, is now regularly
used to predict the response of ovarian carcinomas to poly
(ADP-ribose) polymerase inhibitors.12 The HRD score is a
measure of homologous recombination repair (HRR) defi-
ciency, which is a key driver of genomic instability in
cancer cells.13 With ShallowHRD,14 an approach based on
shallow whole-genome sequencing was described, demon-
strating the feasibility of robust CNV detection with a
genome-wide coverage of approximately 1�.
tive Pathology. Published by Elsevier Inc.

/licenses/by-nc-nd/4.0).
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The idea behind this method is to develop a screening and
estimation method for the HRD score by leveraging on the
existing OTR reads of a standard targeted sequencing panel
without the need for additional sequencing. This approach
mirrors a genome-wide CNV analysis and provides a global
low-resolution cytogenetic representation that is suitable for
genomic scar detection of large segments, similar to shallow
whole-genome sequencing. We hypothesize that by only
using the OTR reads of targeted gene panels, a robust HRD
score estimation can be achieved. This study demonstrates
the feasibility and accuracy, as well as the limitations, of this
method in a cohort of clinical samples, and discuss potential
implications for clinical practice.
Materials and Methods

Samples

The samples analyzed here are a retrospective cohort
sequenced at the Universitätsklinik Heidelberg/University
Hospital Heidelberg (UKHD; Heidelberg, Germany) and
consist of sequencing data from 1843 formalin-fixed,
paraffin-embedded clinical tissue samples of several
different tumor types. All samples received comprehensive
molecular workup using the TruSight Oncology 500 (TSO)
panel (Illumina Inc., San Diego, CA) at the Institute of
Pathology, UKHD, from 2019 to 2023. Subsequently,
samples with a tumor cell content <20% were excluded.
Sample and data processing protocols were approved by the
ethics committee of Heidelberg University (S-315/2020).

To have WES-derived HRD scores as a ground truth for
comparison, 34 cases previously analyzed by WES at the
same institute15 were also selected to form a reference
cohort with a wide and even distribution of HRD scores
ranging from 1 to 90. The HRD scores of these samples
were determined by matched tumor-normal sequencing.

Additional reference material, such as the recently
released and currently only commercially available HRD
reference standard, Seraseq FFPE HRD Reference Material
(SeraCare Life Sciences Inc., Milford, MA), was included,
which consists of a negative (HRD, 31 � 2), a low-positive
(HRD, 54 � 2), and a high-positive (HRD, 72 � 3) sample,
all three with tumor cell content of 65%. These were also
sequenced using the targeted panel.
Library Preparation and Sequencing

The preparation of the TSO targeted panel DNA libraries
was performed either manually, according to the manufac-
turer’s protocol, or for samples that were processed later
than June 2022, via an automated procedure using the TSO
high-throughput library kit (both from Illumina Inc.) on a
Biomek i7 liquid handler (Beckman Coulter Inc., Brea, CA)
with an Illumina qualified workflow. For the generation of a
panel of normal, 30 normal samples, including 12 fresh
480
frozen and 18 formalin-fixed, paraffin-embedded samples,
were additionally sequenced using the TSO assay.
TSO libraries were sequenced with a target of 40 to 50

million read pairs per sample independent from the
sequencing platform, using either 300-cycle high-output kits
on a NextSeq500 or SP or S1 200-cycle V1.5 kits on a
NovaSeq 6000 (both from Illumina Inc.). TSO sequencing
data were processed using the docker TruSight Oncology
500 version 2.2 Local App (Illumina Inc.).
For WES, the hybrid capture bait set Exome 2.0 plus

comprehensive exome spike-in (Twist Bioscience, South
San Francisco, CA) combined with Twist UMI Adapter
System (Twist Bioscience) was used for library preparation.
The libraries were sequenced on a NovaSeq 6000 (Illumina
Inc.) using SP or S1 200-cycle V1.5 kits, with a target of
133 million read pairs for tumor and 66 million read pairs
for the corresponding normal sample. Sequencing data were
analyzed using the DRAGEN Bio-IT platform 3.10.9 (Illu-
mina Inc.).

Off-Target Read Assessment

To be able to restrict the subsequent analysis to OTR reads,
a bed file with the OTRs was generated using BEDTools
version 2.26.016 as follows: i) the sex chromosomes and
mitochondrial DNA were excluded, ii) the whole genome
(hg19) was subdivided into 100-kb segments, iii) the TSO
target regions padded bidirectionally by 250 bp were
subtracted, and iv) contigs <100 kb were removed. The
CNV workflow was performed according to Genome
Analysis Toolkit (GATK) version 4.3.0.0 somatic
CNV workflow17e19 using the subtools CollectReadCounts,
CreateReadCountPanelOfNormals, DenoiseReadCounts,
PlotDenoisedCopyRatios, ModelSegments, PlotModeled
Segments, and CallcopyRatioSegments.

HRD Score WES

For the HRD score calculation from WES, subcohort allele-
specific copy numbers were estimated from matched tumor
and normal BAM files, using Sequenza version 3.0.0.20

Telomeric-allelic imbalance (TAI), large-scale state transi-
tions (LSTs), loss of heterozygosity (LOH), and the HRD
score (Z TAI þ LST þ LOH) were calculated from allele-
specific copy numbers using a modified version of
scarHRD.15,21

HRD Score TCGA

HRD scores for 9594 samples of The Cancer Genome Atlas
(TCGA) cohort, based on single-nucleotide polymorphism
array data using the ASCAT algorithm,22 were obtained
from a previous study of the authors’ working group.23

When comparing TCGA and UKHD data sets, the tumor
subtypes included in each tumor group may differ. For
example, TCGA-OV group consisted only of high-grade
jmdjournal.org - The Journal of Molecular Diagnostics
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serous ovarian cancer, whereas the UKHD-OV group was
not restricted to a specific subtype of ovarian cancer.
Furthermore, the UKHD cohort did not differentiate be-
tween colon adenocarcinoma and rectum adenocarcinoma.
Therefore, the analysis of TCGA data combined these two
groups to represent a colorectal cancer group. Appropriate
subsets were generated when a detailed analysis required
comparison of specific tumor types.
Statistical Analysis

For data analysis and visualization, the statistical language
R version 4.1.3 (R Core Team, R Project for Statistical
Computing, https://www.r-project.org) was used. To
calculate the correlation of two continuous variables, the
authors used Spearman rank-order correlation and reported
the Spearman rank correlation coefficient.

HRD and estimated OTR-based HRD scores were
compared between groups using the U-test (Wilcoxon rank-
sum test). P < 0.05, after multiple testing correction using
the Bonferroni method, was considered significant.
Results

This study explored the possibility of deriving genome-wide
copy number profiles by comprehensive assessment and
exploitation of the off-target reads generated by hybrid
captureebased panel sequencing. The approach was verified
by comparing the estimated HRD scores (HRDest) of the
UKHD cohort, derived from such off-target read analysis,
with WES-derived HRD scores and predetermined HRD
scores of reference standards. In addition, the distributions
of HRD/HRDest scores within different tumor types and by
consideration of the HRR gene mutations status were
compared between the UKHD and TCGA data sets.

First, the feasibility of genome-wide CNV calling was
assessed by considering a combination of on-target regions
and OTRs or OTRs only. When including on-target reads in
the assay, the results led to batch effects because of the
variable effectiveness of the enrichment reactions after li-
brary preparation (data not shown). Therefore, only the OTR
reads were analyzed further, which has the additional benefit
of being a panel independent approach. For the targeted
panel used in this study, 24,755 segments were generated,
corresponding to 85.8% of the total length of the genome,
excluding sex and mitochondrial chromosomes (Figure 1).

A panel of normal of 30 samples was used for denoising
of OTR read counts, according to GATK17e19 best practices
workflows for somatic copy number variant discovery.
Using this approach, the OTR reads in the UKHD cohort,
consisting of 1843 clinical targeted panel sequencing data
sets, were analyzed.

The count data of deduplicated OTR reads in millions per
sample ranged from 0.32 to 30.45, with a mean of 4.19
(SD Z 2.17) and median of 3.69. After denoising, the
The Journal of Molecular Diagnostics - jmdjournal.org
samples showed a mean median absolute deviation of 0.118
(SDZ 0.029) with a range from 0.064 to 0.330 and a median
of 0.111 (Figure 2A). The Spearman correlation between off-
target reads and median absolute deviation showed a negative
r of e0.88 with a P value of 2.2 � 10�16.

To remove low-quality samples that were unsuitable for
this estimation approach, a cutoff value of 0.17 was deter-
mined for the median absolute deviation, based on sub-
sampling experiments where the authors systematically
reduced the number of OTR reads (Supplemental
Figure S1). A total of 93% (1714 of 1843) of the samples
processed in the UKHD cohort passed the quality threshold,
which translates approximately to 2 million deduplicated
OTR reads in the targeted panel.

The HRD score used clinically as a predictive biomarker
is calculated from the sum of TAI, LST, and LOH. Because
of the lack of coverage of single-nucleotide polymorphisms
across the genome in targeted sequencing methods, only
LST and TAI could be determined in this approach. How-
ever, in TCGA data set (9594 cases), a high correlation
(Spearman r Z 0.99, P Z 2 � 10�25) was observed be-
tween the combination of LST and TAI and the complete
HRD score (LOH þ TAI þ LST) (Figure 2B). The slope of
1.3 of the linear regression of this correlation can be used as
a conversion factor to bridge the sum of TAI and LST to the
HRD score. When applying a cutoff of 42, the positive and
negative predictive values for the (sum of TAI and LST) �
1.3 in TCGA cohort were 0.91 and 0.96, respectively
(Supplemental Table S1).

As proof of principle, 34 clinical WES samples, mainly
ovarian cancer, that were previously sequenced with known
HRD scores evenly distributed over the entire range of 1 to
90, were selected. These cases were then resequenced using
the TSO targeted panel, and their OTR reads were analyzed
to determine TAI and LST. For the WES analysis, the TAI,
LST, and LOH were determined on the basis of matched
tumor-normal sequencing, whereas the targeted panel
approach consisted of tumor-only sequencing and a panel of
normal.

First, considering only the WES data, the sum of TAI and
LST was compared with the complete HRD score and a
strong correlation (Spearman r Z 0.99, P < 2.21 � 10�16)
and a conversion factor of 1.3 were observed, confirming the
results observed for TCGA data set (Figure 3A). Next, the
sum of TAI and LST derived from the OTR reads generated
by TSO targeted panel sequencing and the sum of TAI and
LST derived from WES (Figure 3B) were compared. The
correlation showed a high concordance (Spearman rZ 0.89,
P Z 1 � 10�12), with a slope of 0.9 revealing a slight
overestimation for the results obtained from the panel
sequencing OTR reads. Finally, the OTR readebased TAI
and LST counts were compared with the complete HRD
scores from WES (Figure 3C) and a similar and significant
correlation (Spearman r Z 0.89, P Z 5.1 � 10�13) was
observed. On the basis of the slope of the regression line, a
conversion function for an HRDest was derived as
481

https://www.r-project.org
http://jmdjournal.org


Ball et al
HRDest Z 1.2 � (TAI þ LST). The difference in the
bridging factor of 1.2 and 1.3 calculated on the basis of
TCGA data (Figure 2B) or the WES-only data (Figure 3A)
can be attributed to the overestimation using OTR reads
(Figure 3B). Positive and negative predictive values for
HRDest scores applying a cutoff of 42 were 0.89 and 0.75,
respectively (Supplemental Table S1).

To evaluate the performance of HRDest as a predictor of
HRD scores, the receiver operating characteristic was
calculated for HRDest using the 34 clinical samples with
known WES-based HRD scores. With 0.9 (0.79 e 1), the
area under the curve indicated a highly effective classification
(Figure 4).

To validate this approach, the first step was to compare
the distribution of HRD/HRDest scores between TCGA and
the UKHD data set, in a tumor type agnostic setting
(Figure 5A) and separately for specific tumor types
(Supplemental Figure S2). Cancer types with <30 samples
or subsets/supersets of TCGA classification were removed,
resulting in 4875 and 1023 samples from TCGA and the
UKHD cohort, respectively. The distributions were similar
and not significantly different (P Z 0.185), considering the
pan-cancer set as well as all analyzed tumor types [bladder
urothelial carcinoma, breast invasive carcinoma (BRCA),
cholangiocarcinoma, colorectal cancer (to represent the
colorectal cancer group in the UKHD cohort, colon
adenocarcinoma and rectum adenocarcinoma were com-
bined for TCGA data), kidney renal clear cell carcinoma,
lung adenocarcinoma, mesothelioma, ovarian serous cys-
tadenocarcinoma (OV) (here only the high-grade serous
ovarian cancer subset of the UKHD-OV samples was used
to match TCGA data), pancreatic adenocarcinoma, skin
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Figure 1 Schematic step-by-step procedure for generating an off-target region
in a targeted panel (right side). mt, mitochondrial.
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cutaneous melanoma, stomach adenocarcinoma, and uterine
corpus endometrial carcinoma] (Supplemental Table S2). To
further elucidate the generated HRDest scores, all samples
from both cohorts were categorized considering their
mutational status in BRCA1/2 and other HRR genes ac-
cording to the HRR classification previously published23

(H1a: BRCA1/2 loss-of-function mutation; H1b: loss-of-
function mutation in other HRR gene; H2a: BRCA1/2 var-
iants of unknown significance; H2b: variants of unknown
significance in other HRR gene; and H3: no HRR gene
mutations). The HRD/HRDest distribution was not signifi-
cantly different for the pan-cancer approach or the OV
samples considering all HRR categories, but was different
for the H2b group of the OV samples (Figure 5, B and C).
The highest median HRDest score was observed for both
comparisons in the H1a group, followed by group H2a
(excluding UKHD-OV with a single case), whereas the
groups H1b and H2b showed similar median HRDest scores
compared with the group with no HRR gene mutations
(H3), which is in line with the described results for TCGA
data.23 On examining the H1 group in the pan-cancer
UKHD cohort and distinguishing cases with potential
monoallelic and biallelic loss-of-function alterations in
BRCA1/2, a significant difference in the median HRDest
was observed (P Z 0.002) (Supplemental Figure S3). The
median HRDest was 34.2 for monoallelic loss and 56.4 for
biallelic loss, again consistent with previously published
results for TCGA data set.23

To validate this approach of estimating HRD scores
further, the authors calculated the HRDest scores by tar-
geted panel sequencing of three commercially available
Seraseq HRD reference standards: HRD-high-positive,
Targeted regions of the panel

ome
mes 

0 bp

Padding
of regions by ±250 bp

(OTR) bed file with the reference genome (left side) and the target regions
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Figure 2 A: Representation of deduplicated reads of 1792 clinical targeted panel sequencing samples from University Hospital Heidelberg aligned in the
off-target regions and the median absolute deviation (MAD) after denoising. The red dotted line marks the MAD threshold of 0.17 (Supplemental Figure S1).
B: Scatterplot of 9594 The Cancer Genome Atlas (TCGA) samples showing the correlation of the homologous recombination deficiency (HRD) score [loss of
heterozygosity þ telomeric-allelic imbalance (TAI) þ large-scale state transition (LST)] and the score (TAI þ LST).

HRD Estimation Using Off-Target Reads
HRD-low-positive, and HRD-negative, with preset HRD
scores of 72 � 3, 54 � 2, and 31 � 2, respectively. With
HRDest scores of 72, 56, and 29, all three samples were
within the expected range. A visual genome-wide repre-
sentation of the copy number profiles generated and pub-
lished by SeraCare compared with the copy number profiles
derived from the OTR reads shows a good agreement in the
CNV patterns (Supplemental Figure S4).
Discussion

Targeted panel sequencing has become the standard in
molecular diagnostics for patients with cancer. Large
Figure 3 Correlation and regression of the telomeric-allelic imbalance (TAI) þ
(HRD) scores derived from whole-exome sequencing (WES) and targeted panel s
correlations of WES LST þ TAI to WES HRD scores (A), of the targeted panel LST þ T
HRD scores used for calibration (C), resulting in estimated HRD score function y
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panels cover a genomic footprint of approximately 1
megabase or more, primarily aimed at classic oncogenes
and tumor suppressors implicated in diagnosis and ther-
apy management. Although on-target reads identify hot
spot mutations (eg, BRAF V600E), sequence reads map-
ped outside of these targeted regions as a result of
imperfect enrichment are usually ignored by classic
analysis pipelines. However, such OTR reads are almost
uniformly distributed across the complete genome,
although their prevalence may be biased by factors such
as unintended enrichment or GC content. They may also
cover mitochondrial DNA, DNA from cells that form the
tumor microenvironment, and microbial DNA, which, in
addition, may provide useful information1e4,24 that
large-scale state transition (LST) and homologous recombination deficiency
equencing; the gray shaded area highlights the 95% CI. Depicted are the
AI to WES LST þ TAI scores (B), and of the targeted panel LST þ TAI to WES
Z 1.2x. n Z 34 (AeC). TSO, TruSight Oncology 500.
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Figure 4 The receiver operating characteristic curve for 34 paired
whole-exome sequencing (WES) and targeted panel samples illustrates the
performance of the targeted panel-based model in distinguishing between
homologous recombination deficiency (HRD)epositive and HRD-negative
instances with WES results as ground truth; the gray shaded area repre-
sents the 95% CI. AUC, area under the curve.

Figure 5 A: Pan-cancer distribution of homologous recombination deficiency
the University Hospital Heidelberg (UKHD) cohort. In detail comparison of TCGA an
classification: H1a: BRCA deletion; H1b: non-BRCA HRR-gene deletion; H2a: BR
uncertain significance; H3: no mutations in HRR genes for ovarian cancer. B: HRD
UKHD and TCGA HRD scores. The blue dashed lines represent the threshold of 42
(C, TCGA).
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complements the data obtained from targeted panel
sequencing.
This study reports a method that leverages on OTR reads

obtained from hybrid capture panel sequencing to compre-
hensively interrogate CNV profiles. Specifically, the study
investigated off-target reads derived from a large 1.4-Mb
targeted panel comprising 523 genes by using a bin size of
100-kb segments, providing sufficient resolution for the
detection of nonfocal gains and deletions. To ensure the
accuracy and precision of results, quality control parame-
ters, such as a maximum mean absolute deviation of 0.17
(Supplemental Figure S1), were established, which, in our
cohort, could be achieved usually with 2 million OTR reads
after deduplication and a tumor cell content threshold of
20%. For application of this method with other targeted
panels, quality parameters need to be selected individually.
Subsequently, in a proof-of-principle study, this approach

was used to robustly estimate the HRD score, a biomarker
that was approved recently by the US Food and Drug
Administration,12 although LOH could not be assessed
using this approach. On the basis of previously published
genomic scar signatures,25 this study demonstrated the
(HRD) for The Cancer Genome Atlas (TCGA) and estimated HRD (HRDest) for
d UKHD cohort split by the homologous recombination repair (HRR)estatus
CA variant of uncertain significance; H2b: non-BRCA HRR-gene variant of
est scores for UKHD and TCGA HRD scores. C: Pan-cancer HRDest scores for
. n Z 77 (B, UKHD); n Z 411 (B, TCGA); n Z 1086 (C, UKHD); n Z 4875
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combination of TAI and LST alone actually correlates well
with the complete HRD score (LOH þ TAI þ LST), indi-
cating that this method can be used as a robust proxy for the
complete HRD score. Similar results were also reported by
Eeckhoutte et al14 when they used shallow whole-genome
sequencing. In evaluating this approach to estimate HRD
scores based on OTR reads, the results (HRDest scores)
were compared with HRD scores derived from WES and
demonstrated a significant correlation between these two
methods, indicating that OTRs can provide a reliable
resource for HRD score estimation in large cohorts of panel-
sequenced clinical samples. In addition, no significant dif-
ferences were observed in the distributions of single-
nucleotide polymorphismearrayederived HRD scores in
TCGA compared with the HRDest score distribution when
considering all analyzed cancer types together or individu-
ally; similar results were obtained considering the HRR
classification, further supporting the validity of this
approach. There was high concordance between samples
with BRCA1/2 loss-of-function mutations and the signifi-
cantly higher HRDest values observed for cases with a
biallelic loss. Finally, when analyzing reference standards
with known CNV profiles and HRD scores, the derived
HRDest scores did not show any deviations from the known
HRD values.

In summary, this proof-of-principle study illustrates a
potential direct application of the analysis of OTR reads in
clinical care. Although the application of this method to
directly calculate HRD scores for therapy response predic-
tion requires further study and validation, this study dem-
onstrates that these readily available off-target reads
obtained in panel sequencing approaches can be used to
identify potentially HRD-positive cases for various clinical
purposes, including enrichment for clinical trials. In these
cases, further orthogonal testing by approved clinical tests
could be used to corroborate the result derived from OTR
analysis. Together with other studies in the field, this study
contributes to a better understanding of off-target reads
derived from targeted panel sequencing data and highlights
their potential applications.
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