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development and analytical validation.

Fusion genes are the result of genomic structural variants that arise when the coding region of two
previously independent genes become joined together and can be a major driving cause of cancer
development. Many gene fusion events have been classified as clinically-relevant and are targets for both
diagnostic applications, such as TMPRSS2-ERG in prostate cancer, and therapeutic applications, such as
CD74-ROS1 and EML4-ALK in non-small cell lung cancer. Given the potential clinical benefits of early
detection, there is significant interest in developing highly sensitive and accurate diagnostic assays to detect
cancer using RNA transcripts of these gene fusions as biomarkers. A significant barrier to the development of
these diagnostic assays is the lack of a reliable and renewable gene fusion positive control for use in assay

Here, we describe the development and performance of a new fusion reference material: the Twist
Pan-cancer RNA Fusion Control, a highly-multiplexed positive control designed to be spiked into a selected
RNA background or as a stand-alone positive control. The Twist Pan-cancer RNA Fusion Control provides a
wide selection of 80+ common and curated cancer targets for analytical validation and assay development. The
synthetic RNAs are designed centered around the known and documented fusion sites with 750 nt of RNA 5'- of
and 3'- of the fusion junction and is suitable for both short read sequencing and gPCR experiments. Pooled
synthetic fusion RNAs are quantified, pooled and normalized to similar molar ratios, analyzed for uniformity by
NGS, and ddPCR’d to establish a highly precise pool concentration. Finally, in fusion detection NGS
experiments, we observe over a 90% recall rate of fusion events, compared to a 100% recall rate during QC,
highlighting the contribution of panel and bioinformatic approach to detection and the importance of controls.

The Pan-cancer RNA Fusion Control is designed to serve as a spike-in or stand-alone positive
control and specifically pairs well with a clinically-relevant target enrichment (TE) panel within the Twist
Targeted Enrichment for Gene Expression solution. This control sample positive for RNA fusions can be applied
in both qPCR and NGS workflows to validate panel/probe sets, establish limits of detection, and monitor
ongoing assay performance. The Twist Pan-cancer RNA Fusion Control provides a valuable one-stop solution
to assay developers seeking reference materials for a wide array of cancer-associated fusion transcripts.
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and EML4-ALK in non-small cell lung cancer.

for high-throughput applications would be ideal.

The challenges that this control material seeks to solve are:
Firstly, currently available RNA fusion positive controls do not include enough unique fusions to test modern
high-throughput assays. Secondly, currently available RNA fusion positive controls may not precisely
document the RNA fusions present in the pool (e.g., with genomic coordinates). And thirdly, currently
available RNA fusion positive controls frequently contain contaminating fusion transcripts that are not
documented in the product description, potentially leading to false positives.

Fusion genes are the result of genomic structural variants that arise when the coding region of two
previously independent genes become joined together, such as by a chromosomal rearrangement or
duplication event. Due to the large intronic spans in many coding regions of the human genome, many
different DNA breakpoints can lead to similar or the same cancer-associated mRNA or protein fusion.

Fusion genes can be a maijor driver of cancer development. While broad genomic instability that
can lead to gene fusions is a hallmark consequence on the path of oncogenesis, gene fusions can also be
founding causal drivers of cancer. Many gene fusion events have been classified as clinically-relevant and are
targets for diagnostic applications, such as DNAJB1-PRKACA in liver fibrolamellar carcinoma, BCR-ABL1 in
myelogenous leukemia, and TMPRSS2-ERG in prostate adenocarcinoma. Additionally, many clinically-
relevant gene fusion events are targets for diagnostic and/or therapeutic applications, such as CD74-ROS1

Given the potential clinical benefits of early detection, there is significant interest in developing
highly sensitive and accurate diagnostic assays to detect cancer using these gene fusions as biomarkers.
Detecting these fusions at the DNA level is difficult for two reasons: (1) the exact break points are often not
known or (2) the exact break points are known to vary. These issues mean that the sequencing space (such
as for a target enrichment capture panel) is too large to be practically deployed in high-throughput clinical
diagnostics. RNA-seq is a more efficient sequencing method for discovering fusion events in new samples.

A significant barrier to the development of these diagnostic assays is the lack of a reliable and
renewable sample source harboring gene fusions of interest for use as a positive control in assay
development and analytical validation. An ideal control sample would be well documented for all fusions in the
design, be positive for all intended fusions, and negative for any unintended fusions. Also, a scalable solution
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We bioinformatically designed and synthetically
produced all the RNA fusions within the Twist Pan-cancer
Fusion Control. First, the fusion targets to be included were
selected by a combination of a literature search curation and
collating fusion abundance observations from databases. Next,
the fusion constructs were prioritized for inclusion based on
their clinical relevance, actionability in diagnostics, or in
treatment availability/clinical trial availability. The bioinformatic
design unambiguously informs the documentation of the
fusions present in the product. Documentation of each fusion
contains the left and right HGNC (HUGO Gene Nomenclature
Committee), last/first exon number, breakpoints in hg19 or
hg38 genomic coordinates associated with it, and additional
information where available (e.g., ENSEMBL and Refseq ids).

We designed the synthetic fusion RNA products to
be uncapped and non-polyadenylated 1,500 nucleotide RNA
molecules composed of 750 nt on each side of the fusion
breakpoint (where fusion transcript is available, which was in
most cases), including UTRs.
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Figure 1: Schematic describing the process
of configuring the fusion content of the

control.
RNA

Fig 2: Schematic of synthetic fusion RNA
structure depicting a P1 (partner 1) fusion
exon on the left, including 750 nucleotides of
sequence 3’- of the breakpoint, and a P2
(partner 2).

P2 Fusion Partner
(+ 750 bp from Brkpt)
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YWHAE-5INUTM2B-2
TRIM33-14IRET-12
TRIM24-9IBRAF-9
TRIM24-8IBRAF-11
TRIM24-12INTRK2-13 4
TRIM24-10IBRAF-9 1
TPR-10INTRK1-10 4
TPM4-7IALK-1 4
TPM3-8IROS1-35 4
TPM3-8INTRK1-9 4
TPM3-8INTRK1-10 1
TPM3-8IALK-20 4
TPM3-8IALK-1
TPM3-7INTRK1-9
TPM3-7INTRK1-10 4
TMPRSS2-5|ERG-2 A
TMPRSS2-3IERG-4
TMPRSS2-2IERG-5
TMPRSS2-2IERG-4 A
TMPRSS2-2IERG-2 A
TMPRSS2-1IERG-5 A
TMPRSS2-1IERG-4
TMPRSS2-1IERG-3 A
TMPRSS2-1IERG-2
TFE3-10IASPSCR1-1 4
TCF3-17IPBX1-3 4
TCF3-16IPBX1-3 4
TBL1XR1-14ITP63-4 4
STIL-3ITAL1-14
S$S18-111SSX4B-3 4
SS18-111SSX2-1 A
S$S18-111SSX1-1 4
SND1-16IBRAF-9 4
SLC45A3-4IELK4-2 4
SLC34A2-4IROS1-34 4
SLC34A2-4IROS1-32 A
SET-8INUP214-1
SDC4-4IROS1-34 4
SDC4-4IROS1-32 A
SDC4-2IROS1-32 A
RUNX1-8IRUNX1T1-2 4
RUNX1-5|RUNX1T1-2 4
RANBP2-18IALK-1 4
QKI-6INTRK2-16 4
PTPRK-7IRSPO3-2 A
PRKAR1A-7IRET-12
PRCC-7ITFE3-1 A
PML-7IRARA-3
PML-6IRARA-3
PLAG1-5ICTNNB1-1 4
PCM1-391JAK2-1 A
PAX8-10IPPARG-2 4
NSD3-7INUTM1-3 4
NPM1-5|ALK-1 4
NPM1-4IALK-20 4
NCOA4-8IRET-12 A
NAB2-6ISTAT6-16 4
MYB-16INFIB-8 4
MGA-22INUTM1-3 o
MET-13IMET-15 4
MAML2-5ICRTC1-1 4
LPP-11IHMGA2-1 4
KMT2A-36IMLLT3-1 -
KMT2A-36IMLLT11-2 4
KMT2A-361EPS15-1 4
KMT2A-361ELL-2
KMT2A-36IAFF1-1
KMT2A-36|AFDN-2 4
KMT2A-36144813-2 4
KMT2A-36144810-2 4
KIF5B-24IRET-11 o
KIF5B-24IALK-20
KIF5B-24IALK-1 A
KIF5B-22IRET-12 4
KIF5B-18IALK-20 4
KIF5B-16IRET-12 4
KIF5B-15IRET-12 4
KIAA1549-19IBRAF-9 4
KIAA1549-16IBRAF-9 4
KIAA1549-16I1BRAF-11 4
KIAA1549-15IBRAF-9 4
KIAA1549-14IBRAF-9 4
KIAA1549-13IBRAF-11 1
KIAA1549-10IBRAF-9 4
JAZF1-8I1SUZ12-2 1
JAK2-25|PAX5-1
HMGA2-5IWIF1-3 A
HMGA2-5ILPP-1
HEY1-4INCOA2-12 A
GOPC-8IROS1-32 1
FUS-15|ERG-2 A
FUS-15IDDIT3-1 4
FUS-15ICREB3L2-1 4
FGFR3-18ITACC3-7 A
FGFR3-18ITACC3-6
FGFR3-18ITACC3-4 A
FGFR3-17ITACC3-8
FGFR3-17ITACC3-11 o
FGFR3-17ITACC3-10 1
FGFR3-17IBAIAP2L1-2 4
FGFR2-17ITACC3-4
FGFR2-17ITACC3-11 o
FGFR2-17ITACC3-10 o
FGFR2-17I1BICC1-3 4
FGFR1-17ITACC1-7 A
FGFR1-17IPLAG1-1 4
EZR-12IR0OS1-32 1
EZR-10IROS1-34 4
EWSR1-7IFLI1-6 §
EWSR1-7IFLI1-5 4
EWSR1-7IERG-9 1
EWSR1-7IERG-12 A
EWSR1-7IERG-10 4
EWSR1-17IWT1-8 4
EWSR1-17IPOU5F1-1 4
EWSR1-17INR4A3-1 4
EWSR1-17IFLI1-4 4
EWSR1-17IEWSR1-1 A
EWSR1-17IDDIT3-1
EWSR1-17ICREB1-7 4
EWSR1-17IATF1-1 4
ETV6-8IRUNX1-1 4
ETV6-8IPDGFRB-10
ETV6-8IMN1-1 A
ETV6-5INTRK3-15 4
ETV6-5INTRK3-13 4
ETV6-5INTRK2-15
ETV6-5IABL1-2
EML4-61ALK-20
EML4-20IEML4-1
EML4-201ALK-20 4
EML4-20IALK-1 A
EML4-2IALK-20
EML4-17IALK-20 4
EML4-14]ALK-20 q
EML4-13IALK-20 4
EGFR-24ISEPTIN14-10 1
EGFR-24|EGFR-28 4
EGFR-24IEGFR-27 4
EGFR-13IEGFR-16 4
DNAJB1-2IPRKACA-2 4
DHH-2IRHEBL1-2 4
CRTC1-14IMAML2-1 4
COL1A1-49IPDGFB-2 4
CLTC-31IALK-20 1
CLTC-31IALK-1 4
CHCHD7-1IPLAG1-1 1
CDKN2D-2IWDFY2-3
CDH11-2IUSP6-1 4
CD74-8IROS1-32 4
CD74-8INRG1-6 1
CD74-6IROS1-35
CD74-61ROS1-34 4
CD74-6IROS1-32 4
CCDC6-1IRET-12 o
BRD4-11INUTM1-3 4
BRD3-9INUTM1-5 4
BRD3-10INUTM1-3 4
BCR-14IABL1-2
ATIC-7IALK-1 A
ATF1-7IEWSR1-1 1
ASPSCR1-16ITFE3-1 A
AFAP1-14INTRK2-12 4
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Figure 4: Above: Coverage plots of the reference
tracks of one
configuration. Coordinates start and end with the
DNA template input of the RNA transcription
reaction.
transcription start site; orange bars indicate the
intended transcription termination site.

Figure 3: Left: Heatmap of fusion representation
(presence/absence and normalized coverage)
within each sample
experiment. All expected fusions spiked-in (100%)
sample
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detected (Fig.3), and no cross-contamination between configurations
was detected. Coverage plots (Fig. 4) show that intended transcribed
regions are present, whereas regions outside the intended regions are
not present. Table 1 below shows recall rates.

m n fusions detected recall rate (%)

The RNA Fusion controls are extensively quality controlled * " Design lengths of fusion-160 configuration °
during their production, both in-line (during production) and as final 3 100 21160 s ks
products. First, all template DNA that serves as input to the RNA 3 ] J g A
production is analyzed by NGS to ensure the correct sequence priorto § sy oo s & o = — —
RNA synthesis. Next, post-purification RNA yields are assessed for the pesign ength () Length ()
individual fusion RNAs. This concentration measurement also allows °  Design lengts fusion-12 configuration °
for equimolar normalization to be coordinated. Next, once the pool has 5 .- 3 fusion-12 ANAS
been composed, RNA-seq libraries are prepared and sequenced,; égg | ggé ;
coverage, quantitative representation of the fusion sites, and lack of § oo e - el = = =
coverage of extraneous sequence are evaluated. Design length () Length ()

RNA-seq library prep followed by 2 x 75 paired-end ® " Design lengths of fusion-80 configuration "
sequencing on an lllumina MiSeq and bwa alignments of the data to g o0 s usont0 A
the reference templates from which the transcripts were generated 3 | 2331 M/LA
indicates that all fusions intended to be present in the control are § o — 2 e

Design length (nt) Length (nt)

Figure 5: RNA size distributions of the pools.
In pairs by rows, histograms (A, C, and E) on the left depicting the
distribution of designed sizes of RNAs within each configuration. On the
right, Bioanalyzer electropherograms (B, D, and F, respectively) show
the measured length distributions of the indicated pool.

In the

:J:o?go 80 1:3 133 electropherograms, a dashed green line marks the 1500 nucleotide
fusion-12 12 12 100 size, the length of most RNA constructs.
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In Order tO empil’ically determine and ASTAR—Fusion quantification of fusion controls spiked into UHR RNA

BSTAR-Fusion recall rates of fusion controls in dilution series
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FFPM (Fusion fragments per million)

We used STAR-Fusion to detect and
quantify fusions (Fig. 6) without a priori information of
fusion presence/absence or configuration and
compared the results to the known construct designs.
Additionally, we compared STAR-Fusion results with

a direct string search of the exact sequence +15bp of  ©Nn the RNA-seq data.
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Figure 6: A: Categorical point plot showing the STAR-Fusion-observed FFPM (fusion
fragments per million [total fragments] [a measure of abundance]) versus dilution level,
measured in Fusion pool mass percent (spiked into UHR RNA). Each point represents
one unique fusion. B: Bar plot depicting the recall rate observed from STAR-Fusion calls

the breakpoint for each fusion sequence within the raw FASTQ files. STAR-Fusion (Haas 2019) is fusion identifying software that uses the STAR
aligner’s output of chimeric and discordant reads (and some filtering parameters) to identify fusion RNAs in a complex sample.

Quantitatively, the mean fusion fragments per million (FFPM) quantities trend down ten-fold with every ten-fold serial dilution;
however, the all-160 panel, which has significant fusion content non-overlap with the TE panel used, shows more below-trend points (and more
dropout), perhaps indicating inefficient capture of this subset the fusion designs. Recall is also steady for the fusion-12 configuration and reduced
slightly for the fusion-80 (the configuration to which the TE panel was specifically tailored); recall rate decreases significantly for the fusion-160
configuration over the dilution series, due to the lower absolute abundance of each fusion RNA in the mixture, and likely the configuration
interacting the the TE panel used in capture (which did not include probes specifically designed for all fusions in the control). Recall rates were

100

as present (Fig. 7A), representing a 90% recall rate. Many of the fusions that are
not detected are “exon skipping” fusion events, which can be missed by STAR-
Fusion as splice variants, not RNA fusions.
When using string searching (Fig. 7B), 79 out of 80 fusions can be
detected, a 98.8% recall rate. This is slightly higher than the STAR-Fusion recall
rate, which illustrates the complications of bioinformatic pipeline development,
the importance of prior knowledge of the exact fusion sequence expected,
and the effect of bioinformatic analysis on
sensitivity of fusion detection. Furthermore, even
with string searching, a third-party 6-fusion
standard was only able to identify three of the six
fusions using the same bioinformatic methods.
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Figure 7: Heat map of identified fusions. A: Binary heat map (positive or negative) of
STAR-Fusion-identified fusions in the fusion-80 configuration and in the negative control
UHR RNA background material. Dark blue is not detected, and light teal is positively
detected. B: Heap map (linear color scale) showing string-search-identified and -
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compatibility and verification of recall in high-throughput NGS experiments.

krevealing analytical gaps in an assay.

*The Twist RNA Fusion Controls support wet-lab and bioinformatic process testing to ensure robust RNA fusion detection.

*QC experiments indicate the production process is making RNAs at the intended lengths, all of which are present in the final pools.
*The configurations are expansive enough for high-throughput multiplexed evaluations of NGS assay sensitivity and can be diluted as desired.

*The superior documentation of the fusion configurations, including precise breakpoint information, allows for straightforward verification of TE panel

*The difference in abundance and recall rates in the fusion-calling application compared to the QC experiment show the control is useful in




