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Abstract

Background: Comprehensive molecular and cytogenetic profiling of acute lympho-
blastic leukemia (ALL) is important and critical to the current standard of care for
patients with B-acute lymphoblastic leukemia (B-ALL). Here we propose a rapid pro-
cess for detecting gene fusions whereby FusionPlex RNA next-generation sequencing
(NGS) and DNA chromosome genomic array testing (CGAT) are combined for a
more efficient approach in the management of patients with B-ALL.

Methods: We performed RNA NGS and CGAT on 28 B-ALL samples and, in four
patients, compared fixed cell pellets to paired cryo-preserved samples as a starting
material to further assess the utility of cytogenetic fixed pellets for gene expression
analysis.

Results: Among the fixed specimens, when using alternative techniques as refer-
ences, including karyotype, fluorescence in situ hybridization, CGAT, and RT-qPCR,
fusions were detected by RNA NGS with 100% sensitivity and specificity. In the four
paired fixed versus fresh cryopreserved samples, fusions were also 100% concordant.
Four of the 28 patients showed mutations that were detected by RNA sequencing and
three of four of these mutations had well-known drug resistance implications.
Conclusions: We conclude that FusionPlex is a robust and reliable anchored multi-
plex RNA sequencing platform for use in the detection of fusions in both fresh cryo-
preserved and cytogenetic fixed pellets. Gene expression data could only be obtained
from fresh samples and although limited variant data are available, critical hotspot

variants can be determined in conjunction with the fusions.
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1 | INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common
cancer in children, with a majority being of B-cell origin,
some of T-cell origin, and a rare subset which is of mixed lin-
eage. Although B-ALL is more common in children (~80%),
pediatric patients with B-ALL have a very high remission
rate of around 98%. B-ALL in adults, however, carries a
much worse prognosis and most deaths from ALL are seen
in adult patients. Comprehensive molecular and cytogenetic
profiling of ALL is critical to the current standard of care for
both adult and pediatric ALL, as these genetic aberrations
drive prognostication, risk-stratification, treatment options
and can identify markers used for tracking the minimal re-
sidual disease.

Classification of ALL starting with the 2008 World Health
Organization (WHO) was based on recurrent genetic abnormal-
ities,1 and was further refined and expanded in the latest version
of the 2016 WHO hematologic malignancy definitions.” The
variety of relevant genetic lesions in B-ALL is extensive. For
example, genes in the B-cell development pathway are altered
in nearly 90% of Philadelphia chromosome-like (Ph-like) ALL
patients. Small deletions are common in B-ALL, often seen
with CRLF?2 rearrangements and inactivating mutations of the
JAK/STAT (IL7R, FLT3,SH2B3, JAK1, and JAK3) or RAS sig-
naling pathways (NF'1, KRAS, PTPN11, and BRAF). Recurrent
gene fusions are seen in 93% of CRLF2-overexpressed Ph-like
ALL patients,” with many fusions inducing small deletions at the
breakpoint that are detectable by high-resolution chromosome
genomic array testing (CGAT), also known as single nucleo-
tide polymorphism (SNP)-array comparative genomic hybrid-
ization. IKZF'] alterations (including both point mutations and
deleterious deletions) is the most common mutation seen in
Ph-like ALL, with other cases showing mutations and/or copy
number alterations (CNA) in ETV6, EBF1, PAX5, TCF3, ERG,
RAGI/2, BLNK, BCLI1IA, IKZF2, LEF1, MEF2C, SOX4, and
SPI1* that are detectable by next-generation sequencing (NGS).

Moreover, hypodiploid B-ALL has two distinct subtypes of
high-risk B-ALL frequently misdiagnosed by conventional cy-
togenetics and fluorescence in situ hybridization (FISH). Low-
hypodiploid ALL typically harbors alterations of TP53, RBI,
and IKZF?2. Near haploid ALL displays a high frequency of
IKZF3 mutations and alterations targeting the RTK and RAS
signaling pathways, as well as deletions of a histone cluster at
chromosome 6p22.5’6 In these high-risk subtypes, CGAT may
be used as a surrogate to identify Ph-like signatures.

As the relevant genetic diagnostics needed for the risk
assessment of ALL have broadened to include cytogenetics,
gene fusions, mutations, and gene expression, the challenge
to rapidly perform these diagnostics has become apparent. A
comprehensive testing algorithm is difficult to develop and
commonly requires multiple high complexity testing strate-
gies with long turnaround times. Here we propose a rapid
process by which anchored multiplex fusion detection by
RNA NGS and CGAT can be combined for a more efficient
approach in the management of patients with B-ALL.

2 | MATERIALS AND METHODS

2.1 | Patients and tissue samples

Acute lymphoblastic leukemia samples for which CGAT was
performed between 2011 and 2017 in our institution were
identified for the current study. Those with at least two vials of
fixed cells as a leftover from clinical testing were used. RNA
was extracted using ReliaPrepTM RNA Cell Miniprep System
(Promega) from 32 specimens representing 28 ALL samples
(Figure 1). One fixed cell pellet each for 24 patients was used,
and paired cryo-preserved and fixed specimens were used for
four additional patients. Fixed specimens were leftover pellets
from cytogenetic workup with standard methanol/acetic acid
fixation that had been stored at —20°C for 1-5 years. Blast
percentages (blast%) ranged from 2.6% to >80%.

BCR-ABL1

IKZF1 A4-7

KMT2A > AFF1

P2RY8 > CRLF2

STIL-> TAL1

EBF1-> PDGFRB

FrozenvsFixed @ @ @ 0 0 0 0 0 0 0 000 0000000000000000000

FIGURE 1

Summary view of samples and fusions. All fusions detected in this study are displayed on the left. In the grid, a green rectangle

denotes the fusion was detected by next-generation sequencing in a given sample. Below the grid, the red disks denote methanol/acetic acid fixed

cells, while the blue disks denote cryopreserved specimens. A total of 32 specimens were tested, representing 28 acute lymphoblastic leukemia

patients, among whom four patients were tested using both fixed and cryopreserved specimens. Horizontal lines denote that the two samples were

from the same patient
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RNA concentration was measured using Qubit RNA HS
Assay Kit (Thermo Fisher). Hundred nanograms of RNA
were used for each of the 32 RNA samples from 28 patients.
RNA quality was assessed with PreSeq RNA QC Assay fol-
lowing procedures recommended by ArcherDX (CO). Briefly,
complementary DNA (cDNA) was diluted 1:10 and amplified
with iTaq SYBR Green Supermix (Bio-Rad Laboratories)
and VCP primer mix (ArcherDX). The reaction assesses the
amount of RNA fragments greater than 100bp and the cycle
threshold (Ct) values are intended to be tracked over time for
each lab to establish rejection criteria regarding RNA quality.

Complementary DNA quality was assessed with a
NanoDrop 2000 Spectrophotometer (Thermo Scientific) and
visualized on a 1% agarose gel with ethidium bromide to de-
tect/exclude degradation. The criteria for acceptable cDNA
quality included visible bands by 1% agarose gel and spectro-
photometer reading by A260 nm/A280 nm ratio of 1.4 to 2.

2.2 | Karyotype and FISH analysis

Marrow aspirate or peripheral blood samples from patients were

tested for cytogenetic abnormalities using clinically validated
protocols at Seattle Cancer Care Alliance (SCCA) for standard

TABLE 1 Quality metrics and demographics of patients and their

samples
Number of
Patient characteristic patients
Diagnoses
T-ALL 3
B-ALL (Ph+) 7
B-ALL (Ph-) 18
Cytogenetic subgroups
Normal karyotype 8
Abnormal karyotype 19
N/A 1
Demographics
Age (median) 20-77y (median
49y)
Gender (M:F) 18:10
Clinical course
New diagnosis 2
Post-treatment 2
Relapsed refractory 6
Post-salvage, pre-CAR-T 4
Unknown 14

Abbreviations: B-ALL, B-cell acute lymphoblastic leukemia; CAR-T, chimeric
antigen receptor T cell; Ph, Philadelphia chromosome (a.k.a. BCR-ABLI); T-
ALL, T cell acute lymphoblastic leukemia.

.. 5631
Cancer Medicine W1 LEYJ—

culturing, G-banding karyotyping, and FISH. Karyotype des-
ignation was based on the International System for Human
Cytogenetic Nomenclature (ISCN 2016).” FISH probes were pur-
chased from Abbott Molecular (Abbott Park, IL)) and Cytocell-
Rainbow Scientific. FISH probes used in this study targeted 4p,
5p, 7cen, 7q, 8cen, 8q, 9p, 12p, 13qter, 14q, 17p, 21q, 22q, BCR-
ABLI, KMT2A (MLL), and IgH. Genes where FISH probes were
not available to include IKZF 1, STIL, TALI, P2RYS, and CRLF2.

2.3 | Reverse-transcription PCR and
Sanger sequencing

The reverse-transcription polymerase chain reaction (RT-PCR)
and Sanger sequencing validation for the P2RYS-CRLF2 fu-
sion RNA assay were reverse transcribed using SuperScript
IV Reverse Transcriptase (Thermo Fisher) and PCR ampli-
fied using primers targeting P2RYS (NM_178129.4 Exon
1:  5-TTAAGCGTTGCATCCTGTTA-3') and CRLF2
(NM_022148.3Exon2:5'-TCAGGTTGGTCCTGGAGTAT-3").
The PCR product was then Sanger sequenced at the Genomics
core of Fred Hutchinson Cancer Research Center.

2.4 | Fusion testing with anchored multiplex
PCR NGS

Libraries were prepared using the FusionPlex ALL kit
(ArcherDX) targeting 44 fusion genes with target regions de-
tailed in Supporting Information S1 and sequenced on a MiSeq
(Ilumina). Quality control (QC) of the library was acceptable
if PreSeq Ct values were less than 30. Library concentrations
were quantified using the KAPA Library Quantification Kits
(Roche). An average of >850,000 base pairs of nucleotides was
sequenced at a depth of >500% coverage. Fusion, oncogenic
isoform, single nucleotide variant (SNV), and insertion/dele-
tion (Indel) variant data were analyzed using Archer Analysis
6.0 software, and RNA expression data were analyzed using
Archer Analysis 5.1 software. Only fusions and oncogenic iso-
forms identified as “Strong” by Archer Analysis' default user
settings (defined as at least five breakpoint spanning reads,
presence in the Quiver database, and at least 10% GSP2 reads
spanning the breakpoint) were considered in this study. Within
the Archer Analysis 5.1 software, SNV and Indel Variants
were initially filtered by alternate observation (AQO) value
(>10), unique AO (UAO) value (>5), expressed allele fraction
(AF) value (>0.05), global population AF from the genome
aggregation database (gnomAD) value (<0.05), and quality
score (>100). We chose these parameters with consideration
of the minimum recommendations from the manufacturer and
slightly increased the stringency to a level comparable to other
similar NGS assays in our laboratory. Only filtered SNV/Indel
alterations that were listed within the Archer FusionPlex assay
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targets panel and which had the following consequences and
pathogenicity based on the NCBI ClinVar or COSMIC data-
bases were retained for this study: allele-specific point muta-
tions, frameshifts, missense, loss of start or stop codon, splice
site variants, variants leading to transcript amplification or abla-
tion, and likely pathogenic or pathogenic consequence. Variant
calls with positive or indeterminate Sequencing Direction Bias
were omitted. Although filtered by gnomAD, SNV calls were
further verified with NCBI's dbSNP collection, 1000 Genomes
Project Phase 3 Browser, and/or the Ensembl GRCh38 data-
base. The final set of filtered variants was visually inspected
with Integrative Genomics Viewer. RNA expression profiling
was performed per Archer Analysis software without further
modification.

2.5 | Chromosome genomic array testing

Chromosome genomic array testing was performed for the
detection of DNA CNA or copy-neutral loss of heterozygo-
sity (cnLOH) by SNP genotyping along with non-SNP copy
number probes using CytoScan HD (Affymetrix) according
to the manufacturer's protocol. In general, CGAT was per-
formed only on specimens with 20% or more tumor cells.
Specimens with low tumor content (<20%; Patients 15, 21,
and 27) were flow-sorted to enrich the abnormal lymphoblast

FIGURE 2 The range of tumor
burdens at which various assays reported

+ Cyto (normal) abnormal results. The tumor burden

= Cyto (abnormal)

= FISH (normal)
FISH (abnormal)

* Fusion NGS (normal)

was estimated using the abnormal
blast% reported by the concurrent

flow cytometry study. The data labels
display the lowest and the highest blast

= Fusion NGS (abnormal)

% within the sub-group. Karyotype,
+ CGAT (all abnormal) ’ group. Karyotyp.

fluorescence in situ hybridization (FISH),
and fusion next-generation sequencing
(NGS) were performed on fixed cell
pellets. Chromosomal genomic array
testing (CGAT) was performed on DNA
extracted from the fresh specimen. (a)

The comparison for all four tests using all
results; (b) the comparison between fusion
NGS and CGAT on the detection of IKZF'1
A4-7. Asterisks denote the same bone

* Fusion NGS
* CGAT

marrow specimen for which CGAT was
performed on flow-sorted abnormal blasts,
while fusion NGS was performed on whole
marrow

population to greater than 50% prior to CGAT. The size filter
for an abnormal call was 100 kb for CNA and 10 Mb (and
terminal) for cnLOH.

3 | RESULTS

3.1 | Patient demographics
The characterizations of patients and samples are shown in
Table 1.

3.2 | RNA-NGS and existing clinical assays
detected anomalies in samples with a wide
range of tumor content

Comparison of the different diagnostic platforms for the range
of tumor burdens where abnormal results could be detected
was reviewed for the limit of detection (Figure 2). The tumor
burden was estimated using the abnormal blast% reported by
each patient sample's concurrent clinical flow cytometry study.
Karyotype, FISH, and fusion NGS were performed on fixed
cell pellets and could detect malignancy in samples with tumor
burden as low as 2.6%. In this study, consistent with our gen-
eral clinical practice, CGAT was performed only on specimens
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FIGURE 3 Next-generation sequencing detected fusions that were suspected using chromosomal genomic array testing (CGAT) data: (A) A
40-kb deletion at approximately 40% was minimally visible by CGAT between STIL-TALI; and (B) an 8.4 Mb deletion with breakpoints located at
the PDGFRB and EBF1 loci. The graphs display CytoScan HD array results visualized using Chromosome Analysis Suite (ChAS; Thermo Fisher
Scientific). (C) P2RYS-CRLF2 fusion in Patient 17 was verified by PCR (gel on left) and Sanger sequencing (right)

with 20% or more tumor cells and on flow-sorted abnormal
lymphoblast cells when necessary. The CGAT sample with the
lowest tumor content, Patient 4, had 31.8% abnormal blasts.

3.3 | RNA-NGS detected fusion transcripts
associated with ALL

Among the 28 samples, 17 were shown to have ALL-related
fusions and oncogenic isoforms, including BCR-ABLI
(n="17),IKZF1 A4-7 (n =9), KMT2A-AFFI [t(4; 11),n =2],
EBFI1-PDGFRB, P2RYS8-CRLF2, and STIL-TALI (n =1 each
for the last three). Among all samples, CGAT results were
available in all, karyotype data in 26 samples, and FISH data
in 22 samples. One patient had neither karyotype nor FISH
data available for review. Based on the comparison between
fusion calls by NGS and the existing clinical techniques in
our lab, we present the following data groups:

1. Fusions were detected by NGS and one other technique.
These included BCR-ABLI (n = 7), KMT2A-AFF1 [t(4; 11),
n = 2], and EBFI-PDGFRB (n = 1). (Table 2: Comparative
karyotype/chromosomal genomic array testing [CGAT]/fusion
next-generation sequencing [NGS] data). The BCR-ABLI and
KMT2A-AFF1 rearrangements both involve microscopically
visible chromosomal translocations, which were also verified
by FISH. The EBFI-PDGFRB fusion in Patient 28 was first
inferred from an 8.4 Mb deletion of chromosome 5q23q33
detected by CGAT (Figure 3b). The deletion was not visible
by karyotype but was confirmed by FISH.

2. Fusions uniquely identified by NGS, including STIL-TALI
and P2RYS8-CRLF?2 (n = 1 each). The STIL-TALI fusion in
Patient 13 was minimally visible by CGAT (Figure 3a) and
was not targeted by the conventional FISH panel. Patient
17 carries the P2RYS-CRLF?2 fusion, a cryptic rearrange-
ment not visible by karyotype and not tested by FISH. The
submicroscopic deletion that leads to P2ZRYS-CRLF?2 fu-
sion is theoretically over 300 kb in size. However, there
are significant gaps in probe coverage within this region
by the CGAT assay and the existing probes can have noisy
data. The fusion was not clearly discernable by CGAT in
this sample. We validated the P2ZRYS-CRLF?2 fusion by
follow-up RT-PCR with the fusion junction sequence con-
firmed by Sanger sequencing (Figure 3c).

3. IKZFI oncogenic isoform, sometimes discordant between
NGS and CGAT (Table 2). Among 28 samples, nine sam-
ples showed IKZFI oncogenic isoforms by RNA-NGS,
including seven with a focal genomic deletion called out

by CGAT and two without. Meanwhile, four samples
were demonstrated to have the focal genomic deletion at
the IKZF1 locus on CGAT, but /KZF1I oncogenic isoform
was not detected by NGS. Close examination of the array
results revealed that the seven samples with concordant
NGS and CGAT results for /KZF1 had deletions that did
not impact the first or the last exon of the gene (see ex-
amples in Figure 4a). Therefore, the introgenic deletion
likely leads to exon-skipping. The blast% in these seven
samples ranged from 56.7% to 100% per concurrent clini-
cal flow cytometry reports. The specimen with a blast%
of 100% refers to the CGAT specimen for Patient 15,
which was flow-sorted by abnormal blast% (fusion NGS
was performed on the left-over fixed cell pellet from the
whole bone marrow). The high abnormal blast% in these
specimens likely enabled the detection of the deletion by
CGAT despite its small size (<100 kb). The two samples
with IKZF1 oncogenic isoform by NGS and no definitive
abnormality at the IKZF1 locus had lower blast%: Patient 4
had 31.8%, while Patient 12 had 42.4% abnormal blasts by
flow cytometry. For the four samples with /KZF1 deletion
by CGAT but no IKZFI oncogenic isoform called by NGS,
the deletions disrupted either the first or last exon of the
gene (Figure 4b). These are unlikely to yield exon-skipping
events but result in haploinsufficiency of the gene.

Taken together, among all samples where an alternative
testing method revealed gene fusions (n = 12), including
BCR-ABLI (n =" by karyotype and/or FISH), KMT2A (MLL,
n = 2 by FISH and karyotype), EBFI-PDGFRB (n = 1 by
CGAT and FISH), P2RYS-CRLF2 (n = 1 by RT-qPCR), and
STIL-TALI (n = 1 by CGAT), corresponding fusion tran-
scripts were successfully identified by RNA NGS. Among all
the samples where no gene fusion was indicated, none had fu-
sion transcripts reportable by RNA NGS. Hence, RNA NGS
detected gene fusions with 100% sensitivity and specificity.
These calculations exclude data from the /KZF1 oncogenic
isoform because CGAT does not distinguish between dele-
tions that lead to oncogenic isoform versus haploinsufficiency
and is, therefore, not an appropriate reference for RNA NGS
assay performance evaluation in this regard.

3.4 | Comparison of assay performance
between paired frozen and fixed samples

The comparison of RNA expression assay performance between
the four paired fresh-frozen and fixed pellet samples showed that
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the fixed specimens are appropriate for fusion and oncogenic
isoform detection by NGS, but not for expression profiling. The
PreSeq RNA QC Assay Ct values and library yield for the paired
frozen and fixed samples were similar (Supporting Information
S2). The two sample matrixes showed consistent fusion and on-
cogenic isoform calls in all four samples (Figure 1). However,
the expression results were not consistent (Figure 5).

3.5 | Mutation and expression data
supported Ph-like signatures

The expression of Ph-like genes (such as CRLF2, IKZF1,
RUNXTI) was increased in three of the four fresh cases used
within the RNA expression assay. Also, hotspot mutations
were identified in 26/28 cases with the earlier-described
filtration criteria. However, the FusionPlex Heme v2 RNA
sequencing assay was described by the manufacturer to re-
liably detect mutations in RNA at the hotspots outlined in
Supporting Information S3. Therefore, we further filtered
the variants called and only retained the mutations denoted
by the manufacturer's product insert. After the application of
all filtration parameters, only four patients showed variants
that could be reliably called by RNA sequencing. These are
detailed in Table 3. Mutations seen were notably in JAK2,
ABLI, and NOTCH].

4 | DISCUSSION

This study demonstrates that FusionPlex is highly sensitive
and specific in detecting recurrent fusions in ALL from fixed
archived cytogenetic cell pellets as well as cryopreserved
samples from clinical patients with well-annotated disease
profiles and tumor burdens. Having achieved 100% sensitiv-
ity and specificity, the data suggest that FusionPlex NGS is
complementary to current clinical methods of genetic pro-
filing (CGAT, conventional karyotyping, and FISH) in the
workup of ALL, providing additional information that aids
the risk stratification and understanding of ALL pathobiol-
ogy. The anchored multiplex technology allowed for the
detection of novel fusions, hotspot mutations, and expres-
sion changes which indicated potential Ph-like ALL. RNA
sequencing with FusionPlex has a library preparation time of
28 hours (or in a clinical lab with regular work hours of three
technologists shifts), a software analysis time of <8 h per
run, and reporting potentially performed in 1 day. Therefore,
a total projected turnaround time of 5-7 working days to ob-
tain fusion gene results and some common mutations vali-
dated on the platform, whereas karyotype analysis typically
takes 5—10 working days (although stat karyotype analysis
may be completed within 48 h). However, further advantages
afforded by implementing RNA sequencing with FusionPlex
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chemistry include the ability to identify novel fusions with-
out the need for a priori knowledge of fusion genes and their
partners.

The feasibility of using fixed cytogenetic cell pellets in
an anchored multiplex PCR NGS assay is novel. Our success
in utilizing methanol/acetic acid preserved specimens for
RNA-NGS fusion detection enables the use of archived cyto-
genetic cell pellets when fresh/frozen tissue is not available.
Even though an acidic environment has been described pre-
viously to cause RNA degradation,8 the methanol fixation,
along with the storage in —20°C, may have some protective
effects on RNA. Overexpression of fusion transcripts along
with short-read lengths required by the NGS method likely
compensated for partially degraded RNA. RNA-based NGS
assay is highly sensitive in detecting a given fusion if it leads
to the overexpression of the fusion transcript, as exemplified
by the detection of /KZFI oncogenic isoform in Patient 15,
which had merely 2.6% abnormal blasts by flow cytometry at
clinical evaluation. Nevertheless, the difference between the
gene expression profile of the cryo-preserved and the paired
methanol/acetic acid-based fixed pellets is seen. We recom-
mend that cytogenetically fixed pellets shall not be used for
expression analysis.

Ribonucleic acid (RNA) fusion NGS is complementary
with current methods of genetic profiling in the workup
of ALL. A significant subset of samples was discordant
(8/28 patients) between RNA-NGS and our current clinical
testing techniques such as karyotype, FISH, and CGAT. In
studying the discordancy, we revealed several advantages
of RNA-NGS: (a) The anchored multiplex PCR enables the
detection of fusions involving promiscuous genes that tend
to have multiple known or novel partners as exemplified
via KMT2A (MLL) rearrangements; (b) RNA-NGS allows
for the detection of cryptic rearrangements or fusion genes
which are in close proximity to each other thus rendering
the inability to visualize by karyotype, such as STIL-TALI
and P2RYS8-CRLF2; (c) IKZF1 oncogenic isoforms were
discordantly detected by RNA-NGS versus CGAT. RNA-
NGS and CGAT are complementary in detecting IKZF1
deletion, such that RNA-NGS is more sensitive in detecting
deletions that lead to oncogenic isoforms, namely /KZF1
A4-7, while CGAT had missed several cases in our study
with relatively low tumor content. Conversely, CGAT can
detect deletions that lead to haploinsufficiency, but NGS
cannot detect haploinsufficiency.9

The utility of expression and variant data from RNA fu-
sion NGS may be useful but requires more extensive vali-
dation prior to clinical implementation. To our knowledge,
our study is among the first clinical implementations of an
RNA-based NGS assay that uses fixed cytogenetic prepara-
tions as its starting material. This is also the first study that
was able to reliably detect fusion gene RNA transcripts by
NGS on archival cytogenetic material. The RNA expression
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TABLE 3 Variants detected in our
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. . . o Patient Gene HGVSc HGVSp
patients after the above filtration criteria
were apphed Mutations seen were notab]y 13 NOTCH1 NM_017617.3:¢.4754T>C p(LeulSSSPro)
in JAK2, ABLI, and NOTCHI 20 JAK?2 NM_001322194.1:¢.2047A>G p-(Arg683Gly)
23 JAK2 NM_001322194.1:¢.2047A>G p.(Arg683Gly)
26 ABLI NM_005157.4:¢.949T>C p-(Phe317Leu)

Abbreviations: HGVSc, human genome variation society; HGVSp, human genome variation society protein.

and variant data could support the identification of Ph-like
B-ALL's diverse genetic signature. The expression of Ph-like
genes (such as CRLF2, IKZFI, RUNXI) was increased in
three out of four fresh cases that were tested, indicating the
possibility that gene expression signatures can be confirmed
within Ph-like ALL. However, a much more extensive vali-
dation with a larger series of fresh tissues would be required
to confirm the utility of expression profiling. Patients 7 and
14 (leftmost and rightmost, respectively in Figure 2) both
lack BCR-ABLI fusion, carry an oncogenic /KZFI deletion
(Table 2), and both had the overexpression of CRLF2 despite
the absence of fusions or point mutations in those genes. This
is consistent with prior research delineating /KZFI’s role as a
repressor for CRLF?2 expression.lo Unsurprisingly, the tissue
culture process for cytogenetic studies possibly compromises
the expression of the essential genes for Ph-like ALL. RNA
expression from cryopreserved tissues can, therefore, iden-
tify CRLF2-overexpressed patients whose overexpression
arises from other mechanisms of gene regulation,'""'* which
portends a significantly worse prognosis..3 Expression data in
RNA sequencing can only be used when acquired from cryo-
preserved tissue samples (Figure 5).

Analysis of variant data from fusion NGS proved to be
challenging due to calls being based on RNA. Inherent er-
rors are a known problem with variant calls based on RNA
sequencing,13 as is RNA editing.“‘"16 Therefore, we only
used manufacturer verified hotspots that were validated by
ArcherDX and that they had determined were reliable. We
also applied a more stringent filter than the minimum rec-
ommended by the manufacturer (AO value (>5), UAO value
(=3)) and visualized each variant reported in this study.
However, they are not independently validated with another
platform. Of the four patients carrying verifiable variants,
three patients carry driver mutations or variants known to
cause drug resistance (two patients with JAK2 p.R683G and
one patient with ABL1 p.F317L)."” A more extensive val-
idation experiment compared against standard DNA NGS
is required before clinical implementation of variant calls
based on RNA sequencing is possible. Although more work
is needed to expand the library of reliable RNA sequencing
variants that can be detected by this platform, its clinical util-
ity is inherent when the same assay can detect not only fu-
sions but also drug-resistant variants.

We conclude that anchored multiplex PCR RNA se-
quencing is a good technology for detecting novel oncogenic

fusions and isogenic isoforms. Our study demonstrated that,
among karyotype, CGAT and targeted RNA sequencing, the
abnormal result of one test does not exclude the necessity of
the other tests but rather augment the diagnostic workup as a
whole. Therefore, for clinical diagnosis of ALL patients, in
addition to standard single-target tests such as RT-PCR for
BCR-ABLI, we recommend concurrent karyotype, CGAT,
and targeted RNA sequencing studies to identify key diag-
nostic and prognostic markers as well as aberrations that
guide therapy. Furthermore, this targeted RNA sequencing
platform tested in this study is a good technology for detect-
ing novel fusions and isogenic isoforms. While SNV can be
detected, another more rigorous validation for specific vari-
ant analysis is recommended to detect specific RNA reads
and the significance of these variants.
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