CASE STUDY

Fusion detection in pediatric oncology:
Insights from whole transcriptome sequencing

Watchmaker RNA Library Prep Kit with Polaris® Depletion

This study was performed at the Steve and Cindy Rasmussen Institute for Genomic Medicine, Nationwide
Children’s Hospital (NCH) under the executive leadership of Dr. Elaine Mardis. Results from this study were
originally presented by Dr. Katie Miller, Director of Genomic Services at NCH and Associate Professor of
Pediatrics at the Ohio State University (OSU) College of Medicine, at the American Molecular Pathology
Annual Meeting & Expo, held from 19 — 23 November 2024 in Vancouver, Canada. Transcriptome data
generated by NCH has been deposited to the Treehouse Childhood Cancer Initiative, spearheaded by the
University of California, Santa Cruz, and is publicly available alongside 11,000+ adult and 2,800+ pediatric

other tumor transcriptomes.

INTRODUCTION

Chromosomal rearrangements cause a plethora of genetic
abnormalities, including gene fusions (Figure 1). These
typically result in the abnormal expression of one or both
fusion partners and have been identified as the driver event
in several cancers,? especially in children.®® The detection
and characterization of oncogenic gene fusions may inform
disease diagnosis, prognosis, and treatment.

Short-read DNA (exome) sequencing is not ideal for the
detection and characterization of gene fusions, as (i)
breakpoints often occur in introns that are poorly covered
(by design) in exome panels, and (i) fusions involving large
introns and distant break points may go undetected.
Instead, RNA sequencing is the preferred approach for
identifying hybrid transcripts (Figure 2). Breakpoints in
mature transcripts, generated after intron splicing, are
easily detected with short reads, irrespective of whether the
fusion partners are known or unknown and how splicing
occurred. Targeted RNA-seq may also be used, but limit
discovery to fusions containing at least one characterized
partner that is represented in the panel. Because degraded
samples are common in clinical settings, whole
transcriptome sequencing (WTS) using ribodepletion is
preferred over mMRNA-Seq for greater compatibility.

Figure 1. Circos plot illustrating gene fusions. Results obtained from RNA
sequencing of over 400 pediatric tumors at NCH. A large database of both known
and unknown gene fusion partners has been compiled through this effort.
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Figure 2. Whole transcriptome sequencing is the preferred approach for the detection and characterization of gene fusions. Gene fusion events are extremely difficult to detect
using whole genome DNA sequencing, whereas short-read exome sequencing provides no or limited information about distant breakpoints or those involving introns. Targeted

RNA sequencing limits the ability to detect novel fusions.

Library preparation plays a critical role in the robust and
reliable detection of gene fusions. Apart from analytical
performance, several other factors rank high in NCH’s key
criteria for adoption of a WTS kit in both their research and
clinical labs (Table 1).

gene detection workflow

+ Sensitivity and specificity,
especially for lowly
expressed fusions

This research study was initiated with the aim of identifying

a WTS library preparation kit that enables (i) robust library
preparation from lower input and FFPE-derived RNA, and (ii)
reduced hands-on and overall turnaround times (compared
to NCH'’s current protocols), whilst being suitable for use in
a CAP/CLIA-validated fusion gene detection pipeline.

« Library (transcript) diversity

+ Comprehensive coverage

+ Unbiased gene fusion
Among the four stranded RNA library prep kits evaluated, detection
the Watchmaker RNA Library Prep Kit with Polaris Depletion
required the least hands-on and total processing time.
It also outperformed the other kits in detecting known

fusions across a broad dynamic range of expression levels

Table 1. Criteria for adoption of a WTS in the NCH clinical fusion

Analytical performance Other criteria

+ Compatibility with FFPE and

other low-input samples
(e.g., fine needle biopsies)

+ Reduce hands-on and

overall turnaround time
(compared to current
workflow)

+ Cost effectiveness

+ Robustness and

reproducibility (especially
between technicians)

+ Compatibility with

existing analytical
pipelines and databases

in both control and previously sequenced clinical samples.

For Research Use Only. Not for use in diagnostic procedures.
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EXPERIMENTAL DESIGN, MATERIALS,
AND METHODS

Overview

Experimental design is summarized in Table 2. In short,
libraries were prepared from commercially available control
samples, as well as from previously characterized frozen
or FFPE patient tumor samples. Ribosomal RNA (rRNA)-
depleted libraries were prepared manually from two input
amounts of total RNA with stranded RNA library prep kits
from four different vendors by four different technicians.
Turnaround time was recorded. Key library metrics and gene
fusion detection results were compared using the EnFusion
pipeline® previously developed at NCH (see Figure 3).

Sample selection and extraction

Control samples were obtained from commercial suppliers.
Universal Human Reference RNA (UHR) contains no known
gene fusions and was included as a negative control.
The Seraseq® Fusion RNA Mix v4 is a contrived sample
containing sixteen clinically relevant RNA gene fusions
at validated relative concentrations, thereby serving as a
positive control for gene fusion detection. Total RNA from
frozen or FFPE patient tumor samples were previously
isolated using AllPrep DNA/RNA kits (QIAGEN) and stored
at -80°C. Samples selected for this study varied widely
in age.

Library preparation

RNA-seq libraries were prepared from 100 — 200 ng total
RNA (standard input) or 10 ng for low-input experiments
using the four different workflows listed in Table 2.
Full-length xGen™ UMI-UDI Adapters (Integrated DNA
Technologies) were used for the NEB, NEBQ, and WMG
workflows. Protocols were essentially executed according
to manufacturer’'s recommendations, but with additional
QC/optimization steps for the NEB workflow (that has been
in use at NCH for some time). Modifications for the NEB
and NEBQ workflows included:

A QC step after rRNA depletion (not recommended by
the manufacturer or performed for other workflows)

Empirical amplification cycle determination using
a small aliquot of the ligation reaction product in a
35-cycle PCR

Split ligation, where the ligation reaction was split in two,
amplified, and pooled for final cleanup

Table 2. Summary of experimental design

Samples + Seraseq Fusion RNA Mix v4

(SeraCare)

« Previously characterized patient
tumor samples, FFPE (n=5)

+ Previously characterized patient
tumor samples, fresh frozen (n=4)

+ Universal Human RNA
(Agilent Technologies)

RNA input amounts - 100 - 200 ng (standard input)

+ 10 ng (low input)

Workflows
(library prep kits)*

+ WMG: Watchmaker RNA Library
Prep Kit with Polaris Depletion
(Watchmaker Genomics)

+ NEB: NEBNext® Ultra Il Directional
RNA Library Prep Kit for lllumina®
with the NEBNext® rRNA Depletion
Kit v2 (Human/Mouse/Rat)

(New England Biolabs)™

- NEBQ: NEBNext® Ultra Il Directional
RNA Library Prep Kit for lllumina®
(New England Biolabs) with the
QIASeq® FastSelect -rRNA HMR Kit
(QIAGEN)

+ SMRT: SMARTer® Stranded Total
RNA-Seq Kit v3 — Pico Input
Mammalian (Takara Bio USA)

Library construction
metrics reported

- Average library fragment length
(bp, from electrophoretic analysis)

+ Percent duplicate reads
+ Percent protein coding reads
+ Percent ribosomal reads

Gene fusion
detection

- Ability to detect known fusions

+ Compatibility with existing
computational pipelines
and databases

*Libraries were prepared by four different technicians, but each technician did not
process all inputs from all samples with all kits.

**Currently in use at NCH (research and clinical labs).

A key objective of this study was to eliminate these time-
consuming modifications with the use of robust chemistry
and a more streamlined workflow.

In the standard-input experiment, the optimal number
of library amplification cycles for each sample were
empirically determined for NEB library preparation kits, and
ranged from 10 cycles for control samples to 12 or 14 cycles
for patient tumor samples. Two to four cycles were added

For Research Use Only. Not for use in diagnostic procedures.
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Figure 3. Gene fusion detection using the EnFusion pipeline. (A) Overall workflow from transcriptome data to experimental validation (using qPCR). (B) Detection of known
fusion partners in the Seraseq fusion RNA reference material used in validation studies (see Experimental Design, Materials & Methods). Figure reproduced without alteration

from LaHaye, et al., 2021.

for the WMG workflow, but those proved to be excessive.
As a result, the number of amplification cycles were
reduced to 10 — 13 in the low-input WMG experiment.

Library QC and sequencing

The concentrations and fragment length distributions
of final, sequencing-ready libraries were assessed
using standard protocols (Qubit™ dsDNA HS Assay Kit,
Thermo Fisher Scientific and TapeStation High Sensitivity
D1000 DNA ScreenTape Assay, Agilent Biotechnologies;
respectively).

Paired-end (2 x 150 bp) sequencing was performed using
an Illlumina® NovaSeqg™ 6000 instrument, v1.5 Reagent Kits
and SP or S1 flow cells. Data were randomly downsampled
to approximately 200 million reads per sample using Seqtk.
Deduplication was performed with Picard MarkDuplicates,
whereas featureCounts was used to calculate sequencing
QC metrics.

The Institute for Genomic Medicine at NCH previously
developed a gene fusion detection bioinformatics pipeline,
called "EnFusion” (Ensemble Fusion),® which utilizes seven
open-source tools and an ensemble overlap script to detect
gene fusions from tumor transcriptome data (Figure 4).
Typically, a fusion is called when identified with at least
three of the seven tools. In this study, 100 — 200 million
de-duplicated reads per sample were used for gene fusion
detection with the EnFusion pipeline.

To assess the compatibility of data generated with the
Watchmaker workflow with historical transcriptome data,
gene expression analysis was performed using STAR for
alignment, salmon (normalized counts), and featureCounts.

RESULTS

Turnaround time

The turnaround times for the preparation of sequencing-
ready libraries from total RNA are given in Table 3. Note that
these represent actual times recorded by technicians during
this study and differ from times published by suppliers
in some cases. Of the four kits included in the study, the
Watchmaker RNA Library Prep Kit with Polaris Depletion
offered the only workflow that could be completed (from
total RNA to sequencing-ready library) in a standard
workday.

Library construction metrics

A large number of library construction metrics were
calculated during primary data analysis. Key metrics for
libraries prepared from standard (100 — 200 ng) inputs
using the three broad-input-range kits are given in Figure 4.
The four metrics reported here provide a good indication
of the robustness of library construction from both
commercially available and archived, real-life RNA samples
— including those derived from FFPE tissue.

The three workflows yielded libraries with similar average
fragment lengths. As expected, fragment lengths were
shorter for FFPE vs. fresh frozen and commercial controls
across all three workflows.

The percentage of protein coding reads were also
comparable across workflows, with higher quality samples
yielding more informative data. This is typically observed for
FFPE-derived RNA and attributed to lower unique mapping
rates for shorter cDNA fragments when using the standard
STAR alignment pipeline (which is optimized for full-length/
intact transcripts) across all sample types.

For Research Use Only. Not for use in diagnostic procedures.
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Table 3. Turnaround times for the preparation of sequencing-ready whole transcriptome libraries from total RNA with the four kits included
in this study

Workflow (abbreviation) Recommended input Turnaround time RNA inputs assessed
L NEBNext FRNA Depleion Kt v2 (i MovserRat) (NEB) 10-1000ng  25dayst 100 - 200 ng

L OiASeq FastSelect ARNA LR Kt (NEBQ) 101000 ng 2 days 100 - 200 ng
Watchmaker RNA Library Prep Kit with Polaris Depletion (WMG) 1-1000ng 1 day 1%?]5128259
(SS’\IAVIARR'I'T)er Stranded Total RNA-Seq Kit v3 — Pico Input Mammalian 250 pg - 10 ng 2 days 10ng

*Includes post-depletion QC and empirical optimization of amplification cycle number (not recommended by manufacturer and not done for other workflows), which adds
approximately 0.5 days to the overall workflow time.
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Figure 4. Key library construction metrics for standard input (100 — 200 ng) Watchmaker and NEBNext libraries. Libraries were assessed for (A) average library fragment size,
(B) percent duplication, (C) proportion of protein-coding reads, and (D) percent ribosomal reads. Library sizing was determined electrophoretically. The three workflows
performed similarly in terms of library fragment size and percentage protein coding reads. The Watchmaker kit yielded a significantly lower proportion of duplicate reads.
All workflows generated libraries with under 3% ribosomal reads.
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Reads lost to residual rRNA after depletion were low (<3%)
across all workflows and sample types.

While the percentage of duplicate reads is influenced
by multiple factors in RNA sequencing, it serves as a
good approximation of library complexity when key
variables —such as sample type, input mass, and
sequencing depth — are held constant. The Watchmaker
workflow vyielded a significantly lower proportion of
duplicate reads (<20% for all but one FFPE sample).

In Figure 5, the same four metrics are reported for the
Watchmaker workflow only, for libraries prepared from
standard (100 =200 ng) vs low (10ng) inputs of total
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RNA. Library fragment length was not impacted by input,
whereas the percentage of duplicates correlated with input
amount (as expected for all but one of the samples). As in
the previous experiment, depletion was generally efficient,
albeit somewhat variable across samples/technicians.
Surprisingly, the proportion of protein coding reads was
consistently higher for lower inputs, but more samples
and replicates are needed to determine whether this is
statistically significant and reproducible. Nevertheless,
this experiment confirmed the Watchmaker kit performed
robustly with low inputs, representative of what can be
routinely obtained from clinical samples.
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Figure 5. Key library construction metrics for libraries prepared from standard and low inputs with the Watchmaker workflow. Libraries were assessed for (A) average library
fragment size, (B) percent duplication, (C) proportion of protein-coding reads, and (D) percent ribosomal reads. Average library fragment size was determined electrophoretically.
Results with low inputs indicated that the Watchmaker RNA Library Prep Kit with Polaris Depletion would enable a single workflow robust WTS from standard and low input

routine clinical samples.
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Fusion gene detection

As previously indicated, the Seraseq RNA Fusion Mix
v4 contains sixteen validated clinically relevant gene
fusions, listed in Table 4. Using the EnFusion pipeline and
100 = 200 million de-duplicated reads per sample, fifteen
of the sixteen known fusions were called from both normal-
and low-input libraries prepared with the Watchmaker
kit. In contrast, fourteen fusions were detected with the
NEB workflow currently in use at the NCH clinical lab (for
standard inputs), and only nine with the SMRT workflow
(for low inputs). Interestingly, the TMPRSS2::ERG fusion has
never been detected in any WTS libraries analyzed at NCH,
suggesting a potential limitation of the reference material
or assay. These results confirmed that the Watchmaker
RNA Library Prep Kit with Polaris Depletion outperformed
both workflows currently used in the NHC clinical lab
and produced consistent results from both standard and
low inputs.

To assess the Watchmaker workflow's gene fusion
detection performance with real-life samples, a total
of eighteen libraries were prepared by four different
technicians from nine previously processed pediatric
tumor biopsies (five FFPE and four frozen samples).
Results are given in Figure 6. All four previously detected
gene fusions were correctly called, with three to seven of
the seven EnFusion tools (recall that a minimum of three
EnFusion tools are required to call a fusion). The number
of reads providing support for each call varied from 2 to
732 (average: 17.6 reads per call after removal of sample 2).
No correlation with sample, sample type, technician, or
gene fusions/partners was observed. These results
confirmed that Watchmaker workflow supports unbiased
gene fusion detection with high sensitivity and specificity
from both control and clinical samples. Further work is
ongoing to verify the total number of de-duplicated reads
and the minimum number of supporting reads for high-
confidence gene fusion detection.

Table 4. Detection of known gene fusions in the Seraseq RNA Fusion Mix v4

Normal input Low input

Watchmaker

NEB Watchmaker Takara

CCDC6::RET v

v v

CD74:R0OST

EGFR:SEPT14

EML4:ALK

ETV6:NTRK

FGFR3:BAIAP2L1

FGFR3:TACC3

KIF5B:RET

LMNA:NTRK1

NCOA:RET

PAX8::PPARGT1

SLC34A2:ROST

SLC45A3:BRAF

TFG:NTRK1
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TMPRSS2::ERG
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v v/ X

Deduplicated sequencing reads 700 million

100 million 139 million 178 million
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Fusion Detection in Pediatric Tumors
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Figure 6. Detection of known gene fusions in previously characterized pediatric tumor samples with the Watchmaker workflow.
A total of eighteen libraries were prepared from five FFPE (dark magenta) and four frozen (light magenta) samples, randomly split
between four different technicians (as indicated in purple). Bars represent the number of EnFusion tools providing support
for each call, with the purple-shaded area designating the acceptance criteria range. The number above each bar corresponds to
the number of reads supporting each call. The known gene fusion previously detected in each sample is indicated at the base of

each bar.

Compatibility with historical data and
fusion gene database

Having demonstrated compatibility of the Watchmaker
RNA Library Prep Kit with Polaris Depletion with existing
computational pipelines, it was important to assess how
results correlate with NCH's extensive database of historical
transcriptome data. To this end, gene expression patterns
for the two control samples (Universal Human RNA and
Seraseq RNA Fusion Mix v4), as well as an internal cohort
of blood tumor samples, processed with the Watchmaker
workflow and previously validated NEB workflow, were
compared (Figure 7). Ahigh degree of correlation was found

in overall gene expression patterns for control samples. In
reduced dimension UMAP plots, samples clustered together
based on overall gene expression profiles, irrespective of
the chemistry with which libraries were prepared. These
data provided a high degree of confidence that integration of
future data generated with the Watchmaker workflow would
not generate batch effects. This is of particular importance
to research efforts at NCH exploring the potential benefits
of integrating gene expression data in clinical diagnoses.

For Research Use Only. Not for use in diagnostic procedures.
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CONCLUSIONS

The Institute for Genomic Medicine at Nationwide Children’s
Hospital is a leader in the development of RNA-seq pipelines
for both research and clinical use. An initial evaluation
of the Watchmaker RNA Library Prep Kit with Polaris
Depletion has confirmed that the Watchmaker kit supports
robust and reproducible construction of high-quality rRNA-
depleted whole transcriptome libraries from a wide range
of sample types and inputs. This enables sensitive, specific,
and unbiased detection of gene fusions in clinical samples,
including those derived from FFPE. In addition, libraries can
be prepared in half the time compared to the NCH'’s current
validated workflows, whilst yielding data that is compatible
with existing computational pipelines and historical
transcriptome databases.

Next steps include evaluating the performance of the
Watchmaker kit with inputs <10 ng (to accommodate other
clinical sample types, such as fine-needle biopsies), as well
as performing dilution studies to determine the limits of
tumor cellularity for fusion gene detection. In addition, the
Watchmaker workflow is being automated on NCH's liquid
handling instruments. Based on the initial data presented
here, NCH intends to pursue clinical validation of the WTS
assay using the Watchmaker RNA Library Prep Kit with
Polaris Depletion, with an initial focus on the detection of
gene fusions.
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Figure 7. Correlation between gene expression data generated with the newly
evaluated Watchmaker and previously validated NEB workflows. Overall gene
expression correlation plots for (A) UHR total RNA and (B) fusion gene SeraSeq RNA
Fusion Mix v4 controls. Each dot represents a gene and its expression value
calculated from WTS data. (C) Reduced dimension UMAP plots generated for an
internal cohort of blood tumor WTS samples, each processed with the Watchmaker
and NEB workflows. Tumors with similar gene expression profiles cluster together.
The “other heme tumors” cluster contain rare subtypes, including a primary
mediastinal B-cell lymphoma indicated with the arrows (same sample processed
using NEB vs WMG workflows).
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