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MYC-rearranged high-grade B-cell lymphoma (HGBCL) patients with concurrent BCL2 rearrangements (HGBCL-
MYC/BCL2) often have a poor prognosis with standard chemoimmunotherapy and may benefit from more intensified
regimens. Conventional fluorescence in situ hybridization (FISH) is the gold standard for detecting rearrangements, but it
has several limitations. This study compared DNA- and RNA-sequencing with FISH to detect clinically relevant rearrange-
ments in HGBCL. Archived formalin-fixed, paraffin-embedded samples from 34 patients who underwent FISH testing
were analyzed using targeted DNA- and RNA-sequencing. DNA- and RNA-sequencing identified six and five out of the 12
MYC rearrangements detected by FISH, 10 and 6 out of 10 FISH-detectable BCL2 rearrangements, and 13 and 10 out of
the 18 FISH-detectable BCL6 rearrangements. When combining DNA- and RNA-sequencing (integrated NGS), the sensi-
tivity for detecting MYC, BCL2, and BCL6 rearrangements was 58.3%, 100%, and 73.7%, respectively. Both DNA- and
RNA-sequencing detected the EIF4A2::BCL6 fusion missed by FISH. FISH identified 12 HGBCL-MYC/BCL2 out of 34
cases, while the integrated NGS strategy identified 7 cases, with 5 cases showing discordant results (41.7%). Additionally,
patients with DLBCL/HGBCL-MYC/BCL2 had significantly shorter overall survival than other patients. Our results suggest
that an integrated NGS strategy should not replace FISH or be routinely used in the workup to detect the clinically relevant

rearrangements in HGBCL. It may serve as a complement to FISH testing when FISH shows negative results.
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High-grade B-cell lymphoma (HGBCL) describes a group
of highly aggressive and rapidly progressing lymphomas.
In the 4™ edition (2016) of the World Health Organization
(WHO) classification, HGBCL is classified into two groups:
HGBCL with MYC and BCL2 and/or BCL6 rearrangements
(“double-hit” or “triple-hit’, HGBCL-DH/TH), and HGBCL,
not otherwise specified (NOS). With significant progress in
the characterization of malignancies of the immune system,
many new insights have been provided by genomic studies
in recent years, and updates of the classification of HGBCL
have been subsequently generated. The 5" edition (2022) of
the WHO classification renames HGBCL-DH/TH to diffuse
large B-cell lymphoma (DLBCL)/HGBCL with MYC and
BCL2 rearrangements (DLBCL/HGBCL-MYC/BCL2) [1].
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However, the International Consensus Classification (ICC)
of mature lymphoid neoplasms 2022 remains HGBCL-DH
and defines it as comprising two groups: HGBCL with MYC
and BCL2 rearrangements (with or without BCL6 rearrange-
ment) (HGBCL-DH-BCL2) and a new provisional entity,
HBGBL with MYC and BCL6 rearrangements (HGBCL-DH-
BCL6).

It has been reported that MYC gene rearranged in 5-14%
of DLBCLs [2]. In approximately 60% of MYC-rearranged
cases, the MYC gene is translocated to an immunoglobulin
(IG) gene, with the heavy chain (IGH) gene being the most
common partner. This translocation juxtaposes the MYC
gene to the enhancer of the IG gene, leading to constitu-
tive activation of MYC expression [3]. A large proportion
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of MYC-rearranged HGBCLs harbor concurrent BCL2
and or BCL6 rearrangements [4]. Compared with NOS,
DLBCL/HGBCL-MYC/BCL2 are more aggressive. Those
patients have a poor prognosis when treated with standard
chemoimmunotherapy and may benefit from more intensi-
fied regimens [5, 6]. Therefore, identifying MYC, BCL2, and
BCL6 rearrangements in HGBCL is of vital clinical signifi-
cance.

Fluorescence in situ hybridization (FISH) remains the
gold standard for detecting rearrangements in lymphoma.
Despite its wide utility in clinical practice, FISH has several
limitations. Since it relies on good quality of cell morphology,
necrosis, apoptosis, and crush artifacts may impact reliable
interpretation. The analyzing process is performed largely in
a manual manner, which is error-prone and labor-intensive
[7, 8]. Moreover, rearrangement assessment may be equiv-
ocal under the circumstance of complex patterns of fluores-
cent signals caused by uncommon breakpoints, polysomy, or
deletions [9]. MYC/IGH dual fusion FISH (D-FISH) fails to
identify translocation with non-canonical partner and has
been reported to result in a high false positive rate of 22.1%.
The routinely used break-apart FISH also confers a false
positive of at least 4%, which can be mitigated by D-FISH
[10]. Recently, studies have demonstrated that next-genera-
tion sequencing (NGS)-based approaches can identify MYC
and BCL2 rearranged events that are cryptic to both FISH
approaches [11, 12], suggestive of the feasibility of improving
the sensitivity of detecting DLBCL/HGBCL-MYC/BCL2
cases by incorporating multiple test platforms.

NGS-based techniques, encompassing both DNA- and
RNA-sequencing, have increasingly been utilized to detect
gene rearrangements in cancer management, including
hematologic malignancies [13]. However, current studies that,
in parallel, compare the performance of detecting DLBCL/
HGBCL-MYC/BCL2 between FISH and NGS approaches
remain limited. In the present study, we conducted a compar-
ative study to comprehensively investigate the results of MYC,
BCL2, and BCL6 rearrangements identified by FISH, targeted
DNA-, and RNA-sequencing in HGBCLs.

Patients and methods

Patients and study design. Patients with DLBCL/HGBCL
who met the inclusion criteria below were retrospectively
included from Guangdong Provincial People’s Hospital
between 2019 and 2020: 1) older than 18 years; 2) having suffi-
cient archived formalin-fixed, paraffin-embedded (FFPE)
samples for FISH assessment, targeted DNA-sequencing, and
RNA-sequencing. Clinical and demographic characteristics
were obtained from medical records. Additionally, the results
of FISH and immunohistochemistry (IHC) testing for these
genes were also retrieved for comparison. This study has been
approved by the Ethics Committee of Guangdong Provincial
People’s Hospital (KY-Z-2020-664-02). The flow chart of the
study is summarized in Supplementary Figure S1.

Fluorescence in situ hybridization. FISH was conducted
on 4 um FFPE tissue sections according to the instructions
of the manufacturer for each probe (Vysis, Abbott Molecular
IL, USA). The following probes were used: MYC break-apart
probe, BCL2 break-apart probe, BCL6 break-apart probe, and
dual fusion probes for IGH::MYC. The schematic diagram for
the captured regions of the four probes is provided in Supple-
mentary Figure S2. A total of 100 cells were read in areas of
interest for each probe, and rearrangement was considered
positive if intended signals were observed in more than 10%
of cells.

Immunohistochemical testing. IHC testing was
performed to determine the cell of origin according to the Hans
algorithm as follows: CD10+ or CD10-BCL6+MUM1- for
GCB, and CD10-BCL6-MUM1+ or CD10-BCL6+MUM1+
or CD10-BCL6-MUMI1- for non-GCB [14]. IHC was also
performed using antibodies against MYC and BCL2 (Leica
S2) as defined by protein expression of the BCL2 gene in at
least 50% of all lymphoma cells and protein expression of the
MYC gene in at least 40% of all lymphoma cells as per WHO
criteria [2].

Targeted DNA-sequencing. DNA was extracted from the
FFPE tissue sample using the QIAamp DNA FEPE tissue kit
(Qiagen, Hilden, Germany) and subjected to library prepara-
tion using a panel including 112 genes related to lymphoma
(Burning Rock Biotech, Guangzhou, China) (Supplementary
Table S1) as described previously [15]. Indexed DNA libraries
were sequenced using the Nextseq500 sequencer (Illumina,
Inc., Hayward, USA) with a depth of 1,000x per sample.
Data analyses, including variants calling and interpretation,
copy number variation, were carried out using standardized
pipelines based on the methods described previously [16].
Structural rearrangement was analyzed using an in-house
algorithm markSV (Burning Rock Biotech, Guangzhou,
China), which integrates split-read and paired-end analysis
and is suitable for identifying deletions, tandem duplication
events, inversions, and translocations [17]. The breakpoints
of MYC, BCL2, and BCL6 covered by the probes of the DNA
panel are demonstrated in Supplementary Table S2.

RNA-sequencing. RNA was extracted from an FFPE
tissue sample using an AllPrep DNA/RNA FFPE Kit
(Qiagen, Hilden, Germany). Strand-specific cONA synthesis,
dA-tailing, ligation of unique molecular identifier adaptor,
and PCR amplification were subsequently performed and
followed by hybridization using a panel with customized
capture probe baits, which spans full transcripts of genes
commonly involved in cancer genomic rearrangements. The
prepared libraries were sequenced, and sequencing data was
analyzed as previously described [17]. The clean reads were
aligned and called for gene rearrangements using STAR
(2.7.3a). The raw read counts were utilized to identify differ-
entially expressed genes (DEG) between DLBCL/HGBCL-
MYC/BCL2and DLBCL, NOS patients by R package’DEseq2”.
The up- and downregulated genes were defined with a p<0.05
and the log2(fold change (FC]) >1 and <-1, respectively.
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Statistical analysis. Patient characteristics were summa-
rized with descriptive statistics. The sensitivity, specificity,
and concordance of NGS approaches were calculated using
the FISH as the gold standard. The sensitivity was defined as
the ratio of the number of true positive cases to the sum of true
positive and false negative cases. The specificity was defined
as the ratio of the number of true negative cases to the sum of
true negative and false positive cases. The concordance was
defined as the proportion of subjects with true positive and
true negative. Differences between groups were compared
using Fisher’s exact test or chi-square test for categorical
data and the Wilcoxon signed-rank test for continuous data,
as applicable. A p-value <0.05 was considered statistically
significant. All data were analyzed using R software. Kaplan-
Meier curves and Log-rank test were performed to delin-
eate the difference of survival outcome between groups. The
online DAVID software (https://david.ncifcrf.gov/) was used
for the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment based on identified DEGs.

Results

Clinical characteristics of patients. A total of 34 patients
were included in this study, providing eligible DNA- and
RNA-sequencing data from their FFPE samples for subse-
quent analyses. The median age of the cohort was 62 years,
with 58.8% being female. The majority (82.4%) of patients
provided surgical samples, and 6 patients provided needle
biopsy samples. Eighteen (52.9%) patients were identified
with the GCB subtype, and 20 were recognized as co-expres-
sors (Table 1).

Molecular alterations in DLBCL patients. DNA
profiling studies identified alterations in BCL6 (44%),
PIM1(41%), BCL2 (38%), and KMT2D (29%) (Supplemen-
tary Figure S3) were the most common alterations. MYC
alterations were detected in 26% of patients (Supplementary
Figure S3). RNA-sequencing detected rearrangements in 18
patients, including 5 with MYC rearrangements, 6 with BCL2
rearrangements, 11 with BCL6 rearrangements, 1 with an
intergenic (IGHEPI, IGHGI)::KDM2B rearrangement, 1 with
a KDM2B::IGHE rearrangement, and 1 with a ZNF41::SYK
rearrangement. Eight out of 18 patients harbored more than
one rearrangement detected by RNA-sequencing.

The performance of NGS in detecting rearrange-
ments. FISH identified MYC rearrangements in 12 out of
34 patients (35.3%). Among the 12 MYC-rearranged cases,
DNA-sequencing detected MYC rearrangements in 6,
resulting in a sensitivity of 50% and a concordance of 82.4%
(Figure 1A, Supplementary Figure S4A). On the other hand,
RNA-sequencing only identified 5 out of the 12 FISH-detect-
able MYC rearrangements, conferring a sensitivity of 41.7%
and a concordance of 79.4% (Supplementary Figure S4A).
Of note, RNA-sequencing failed to identify 2 rearrange-
ments that were detected by DNA-sequencing (p001 and
p009) but recognized 1 event missed by DNA-sequencing

Table 1. Characteristics of patients.

Characteristic Overall (n=34)
Sex, No. (%)

Female 20 (58.8)

Male 14 (41.2)
Age, years

Median 62.50

Range 24-81
Specimen, No. (%)

Needle biopsy 6(17.6)

Surgical 28 (82.4)
Hans subtype, No. (%)

GCB 18 (52.9)

Non-GCB 16 (47.1)
Co-expressor, No. (%)

No 14 (41.2)

Yes 20 (58.8)

Abbreviations: No-number; GCB-germinal-center B-cell like; NGCB-non-
germinal-center B-cell like
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Figure 1. Detection of MYC/BCL2 rearrangements using different meth-
ods. A) Results for FISH, DNA-, and RNA-sequencing in detecting MYC
and BCL2 rearrangements. Distribution of partners identified for MYC
(B) and BCL2 (C) using DNA- or RNA-sequencing. Abbreviation: FISH-
fluorescence in situ hybridization

(p004) (Figure 1A, Supplementary Table S2). Representa-
tive images with concordant FISH and integrated NGS on
MYC rearrangement (p007) are shown in Supplementary
Figure S5. Integrating both DNA- and RNA-sequencing
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(integrated NGS) results improved the sensitivity to 58.3%
for detecting MYC rearrangements, yielding a concordance
of 85.3% compared with FISH (Figure 2A). As illustrated
in Figure 1B, 74.1% of MYC rearrangements (identified by
NGS) had an IGH partner (n=5), 1 was fused with PLEKHF2,
and 1 with BACH2. Representative images with discordant
FISH and integrated NGS on MYC rearrangements are
shown in Figure 3, which indicated that MYC fusion in
p003 was detectable by FISH and IHC rather than DNA-/
RNA-sequencing.

Regarding BCL2 rearrangement, FISH identified 10 events
from 34 patients (29.4%), 100% of which were detectable by
DNA-sequencing (Figure 1A). In contrast, RNA-sequencing
missed 4 events conferring a sensitivity of 60% (Supplemen-
tary Figure S4B). DNA-sequencing achieved a concordance of
100% compared with FISH, while RNA-sequencing showed a
concordance of 88.2%. All the 10 BCL2 rearrangements were
detected with an IGH partner (Figure 1C). The 4 RNA-seq
false negative cases showed intergenic breakpoints (p001,
p010, p12, and p023, Supplementary Table S3), which might
contribute to the production of wild-type BCL2 transcripts
that are undetectable by RNA-sequencing. Integrating DNA-
and RNA-sequencing resulted in a sensitivity of 100% and
a concordance of 100% in detecting BCL2 rearrangements
(Figure 2B). Representative images with concordant FISH
and integrated NGS on BCL2 rearrangement are shown in
Supplementary Figure S6 (p023).

BCL6 rearrangements were identified in 18 out of 34
patients (35.3%) using FISH. Of the 18 FISH-detect-
able rearrangements, 13 (72.2%) were identified by
DNA-sequencing and 10 (55.6%) by RNA-sequencing
(Figure 1A, Supplementary Figure S4C). Notably, both
DNA- and RNA-sequencing detected one BCL6 rearrange-
ment (EIF4A2-BCL6) that FISH failed to detect (p012,
Table 2, Supplementary Table S3). Collectively, DNA- and
RNA-sequencing showed a concordance of 79.4% and 73.5%
with FISH, respectively. Of the 14 rearrangements detected
by NGS, eight (57.4%) had an IGH partner. Other partners
were each seen in one case, including EIF4A2, RCC1, GASS5,
LPP, LCP1, and HSP90AA1I (Figure 1D). Incorporating both
DNA- and RNA-sequencing demonstrated a concordance
of 82.4% with FISH and a sensitivity of 73.7% in detecting
BCL6 rearrangements (Figure 2C). Combining DNA- and
RNA-sequencing (integrated NGS) resulted in a sensitivity
of 73.7% for detecting BCL6 rearrangements. Notably, both
DNA- and RNA-sequencing detected the EIF4A2:BCL6
fusion that was missed by FISH (Supplementary Figure S7).

These data showed integrated DNA- and RNA-sequencing
improved the sensitivity of detecting MYC/BCL6 rearrange-
ments compared with DNA- or RNA-sequencing alone. In
addition, both DNA and RNA-sequencing detected a BCL6
rearrangement missed by FISH, indicating that integrated
DNA- and RNA-sequencing could complement FISH testing
in detecting rearrangement events of DLBCLs/HGBCLs.

A
FISH
DNA/RNA- MYC+ MYC-
sequencing
= 0,
MYC+ 7 0 Accuracy=85.3%
MYC- 5 22
Sensitivity=58.3% Specificity=100%
B
FISH
DNA/RNA- BCL2+ BCL2-
sequencing
= 0,
BCL2+ 10 0 Accuracy=100%
BCL2- 0 24
Sensitivity=100% Specificity=100%
C
FISH
DNA/RNA- BCL2+ BCL2-
sequencing
= 0,
BCL6+ 13 1 Accuracy 82.4%
BCL6- 5 15

Sensitivity=73.7%

Specificity=100%

Figure 2. Performance of integrative DNA- and RNA- sequencing in detecting MYC (A) and BCL2 rearrangements (B). Abbreviations: DLBCL-diffuse

large B-cell lymphoma; FISH-fluorescence in situ hybridization
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p003-MYC rearrangement
FISH

Figure 3. Representative images with discordant FISH and integrated DNA- and RNA-sequencing in detecting MYC rearrangements. MYC fusion in
P003 was detectable by FISH and IHC but not by DNA-/RNA-sequencing. Red arrows and brown color indicate the presence of MYC fusion and MYC
expression detected by FISH and IHC (x400), respectively. Abbreviations: FISH-fluorescence in situ hybridization; IHC-immunohistochemistry

The performance of NGS in identifying certain
subtypes of patients. HGBCL-MYC/BCL2 represents a
subset of HGBCLs without a standard approach to treatment.
Applying criteria from the 5" edition of the WHO classifica-
tion, 7 (p002, p003, p010, p023, p001, p004, and p009) cases
classified as DLBCL/HGBCL-MYC/BCL2 were identified by
FISH, while 3 cases were identified by integrated NGS with
4 cases showing discordant results (Table 2, Supplementary
Table S3). Based on the ICC of mature lymphoid neoplasms,
7 (p001, p002, p003, p004, p009, p010, p023) and 5 (p005,
p006, p007, p008, p011) patients were respectively identified
as HGBCL-DH-BCL2 and HGBL-DH-BCL6 by FISH, while
the numbers were 3 (p001, p004, p009) and 4 (p006, p007,
p008, p011) by integrated NGS.

Comparison of molecular alterations/survival outcome
between HGBCL-MYC/BCL2 and DLBCL, NOS patients.
We also compared the genomic profile between DLBCL/
HGBCL-MYC/BCL2 (as per the 2022 WHO classifica-
tion) and other patients. DLBCL/HGBCL-MYC/BCL2
group harbored a higher median count of alterations (16
vs. 7, p=0.031, Figure 4A). In addition, more patients who
harbored alterations in the MAPK pathway (71.4% vs. 22.2%,
p=0.024, Figure 4B) were observed in the DLBCL/HGBCL-
MYC/BCL2 group. According to RNA-sequencing, a total of
136 DEGs were identified in DLBCL/HGBCL-MYC/BCL2
compared with DLBCL, NOS patients (Figure 4C). These
DEGs were significantly enriched in transcriptional misregu-
lation in cancer, pathways in cancer, cell adhesion molecules,
and PI3K-Akt signaling pathway (Figure 4D). Next, whether
DLBCL/HGBCL-MYC/BCL2 patients had a worse prognosis
than other patients was explored. In this cohort, 33 out of
34 DLBCL patients had available survival data, including 7
DLBCL/HGBCL-MYC/BCL2 and 26 DLBCL, NOS patients
as per FISH detection. Kaplan-Meier curves showed that
DLBCL/HGBCL-MYC/BCL2 patients had an unfavorable
OS compared with DLBCL, NOS patients (p=0.096, not
reached [NR] vs. NR, Figure 4E).

Table 2. Discordant FISH and NGS results in detecting MYC, BCL2, and
BCL6 rearrangements.

No. of patient  Rearrangement (FISH) Rearrangement (NGS)
p002 MYC and BCL2 BCL2

p003 MYC and BCL2 BCL2

p005 MYC and BCL6 ND

p010 MYC, BCL2 and BCL6 BCL2

p012 BCL2 BCL2 and BCL6

p023 MYC, BCL2 and BCL6 BCL2

Abbreviations: No- number; FISH-Fluorescence in situ hybridization;
NGS-integrated DNA- and RNA sequencing; ND-not detected

Applying criteria from the ICC of mature lymphoid
neoplasms, 12 HGBCL-DH (including 7 HGBCL-DH-BCL2
and 5 -BCL6 patients) and 22 DLBCL, NOS patients as per
FISH detection were identified. Among the 12 HGBCL-DH
patients, 11 had available survival data. Kaplan-Meier curves
showed that HGBCL-DH patients had a significantly shorter
OS than DLBCL and NOS patients (p=0.0087, NR vs. NR,
Figure 5A). We then categorized HGBCL into three groups
according to the ICC classification: HGBCL-NOS, HGBCL-
DH-BCL2, and HGBCL-DH-BCL6. Both HGBCL-DH-
BCL2 and HGBCL-DH-BCLS6 patients had or tended to have
a significantly worse OS than DLBCL, NOS (HGBCL-DH-
BCL2, p=0.051, HR, 5.97; 95% CI, 0.99-35.87; HGBCL-DH-
BCL6, p=0.035, HR, 8.36; 95% CI, 1.16-60.11; Figure 5B).

Discussion

In this work, we compared the detection of MYC/
BCL2/BCL6 rearrangements among FISH, DNA- and
RNA-sequencing approaches. Our results revealed that
DNA-sequencing generally exhibited a higher sensitivity
than RNA-sequencing in detecting MYC/BCL2/BCL6
rearrangements, which was attributable to the fact that these
rearrangements often occur in non-coding regions (such
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as enhancer sequencing of immunoglobulin genes) and
do not form RNA-sequencing-detectable fusion products.
Similarly, Wang et al. compared the RNA-sequencing with
FISH and found that RNA-sequencing had relatively low

sensitivities, only detecting 1/7 MYC (14%) and 3/8 BCL2
(38%) rearrangements identified by FISH [18]. Five MYC
and 6 BCL6 rearrangements were missed by both DNA-
and RNA-sequencing, which might be due to the tumor
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heterogeneity that only a few of the tumor cells harbor
these rearrangements, leading to low frequency undetect-
able by NGS. An exception was noted in one case, where a
non-canonical BACH2:MYC fusion was only detected by
RNA- but not DNA-sequencing. Besides tumor heteroge-
neity, another cause of detection failure might be breakpoints
occurring at non-coding regions not covered in the panel
used in this study.

Integrating DNA- and RNA-sequencing demonstrates
improved sensitivities (58.3% for MYC and 100% for BCL2),
yet remains unsatisfactory compared with FISH. This might
be explained by the fact that DNA-sequencing relies on
detecting unambiguous fusion-reads to identify rearrange-
ments; however, non-unique sequencing flanking the break-
point is the common scenario for oncogene rearrangements
(typically with immunoglobulin and T-cell receptor genes as
partners) in malignant lymphoma [19]. Previous studies have
demonstrated that integrated NGS was superior to FISH in
the detection of IGH::MYC rearrangements but was inferior
in the detection of non-IGH::MYC rearrangements [12, 20].
Unfortunately, in our study, the MYC/IGH dual fusion FISH
probe was not routinely used for MYC-positive samples
identified by break-apart FISH; thus, we could not identify
partners of the MYC rearrangements missed by NGS. The
performance of integrated NGS in detecting IGH::MYC and
non-IGH::MYC rearrangements were not explored.

Although FISH is used to detect rearrangement events
in routine clinical practice, it has certain limitations. For
example, FISH analysis is typically limited to assessing a
single or a few fusion events at a time, making it challenging
to simultaneously evaluate multiple fusion genes or detect
novel fusion events. Additionally, FISH results can be subjec-
tive and may vary between observers, especially for complex
FISH signal patterns, requiring experienced pathologists for
accurate interpretation [7, 21]. In this study, the NGS strategy
detected an EIF4A2::BCL6 rearrangement that was missed
by FISH. The EIF4A2 gene is located on chromosome 3q27,
close to BCL6, in a tail-to-tail orientation. EIF4A2:BCL6
rearrangement is produced by a paracentric inversion cryptic
to FISH detection [18, 22]. The detection failure of the
rearrangement by FISH might be due to the number of bases
between the breakpoint and fusion site being less than the
minimum threshold detected by FISH, potentially resulting
in false negatives. These data suggest the necessity of NGS for
HGBCL samples identified with FISH-negative results, and
NGS could complement FISH testing in detecting rearrange-
ments from DLBCLs.

In this work, 5 MYC fused with IGH events, 10 BCL2
fused with IGH events, and 6 BCL6 fused with IGH events
were detected by DNA-sequencing, while 1 MYC fused with
IGH event (IGHGI1::MYC) and 4 BCL2 fused with IGH events
(IGHD3-10::intergenic(PHLPP1,BCL2), intergenic(PHLPP
1,BCL2)::IGHJ6, intergenic(PHLPPI, BCL2)::IGHJ6, and
intergenic(PHLPP1,BCL2)::IGHJ2), and 1 BCL6 fused with
IGH event (IGHA1::BCL6) were missed by RNA-sequencing.

Of these, 4 BCL2 rearrangements are undetectable by
RNA-sequencing, with the breakpoints occurring at
non-coding regions. The IGHGI:MYC and IGHAI::BCL6
rearrangements missed by RNA-sequencing might be attrib-
uted to the production of chimeric products, which suggests
the importance of filtering optimization for IGH gene fusion
events. Further study is warranted to optimize the bioin-
formatics analysis workflows for detecting gene fusions in
HGBCL.

FISH-based DLBCL/HGBCL-MYC/BCL2 patients were
observed to have a significantly shorter OS than DLBCL,
NOS patients, which kept in line with previous studies
indicating that DLBLCs with concurrent MYC and BCL2
and/or BCL6 arrangements are more aggressive than DLBCL,
NOS patients [5, 6]. These data suggest the need to identify
DLBCL/HGBCL-MYC/BCL2 patients who might benefit
from intensified chemotherapy regimens or should enroll in
clinical trials investigating novel regimens.

There are some limitations in this work. First, since the
IGH-MYC rearrangements were not distinguished from
non-IGH-MYC rearrangements with our FISH analysis, the
performance of the integrated NGS strategy in detecting
IGH-MYC rearrangements was not delineated. In DLBCL,
non-IGH MYC-R typically involved non-IG loci such as
PAX5, while non-IGH partners of MYC rearrangements in
HGBCL-DH-BCL2 tumors included frequently BCL6, PAX5,
IRAG2, and RFTN1 [23]. IGH-MYC rearrangements consis-
tently occur centromeric to MYC, focused in the 5 flank, 5°
untranslated region (UTR), and intron 1 of MYC, whereas
non-IGH rearrangements are consistently telomeric, occur-
ring up to 600 kb downstream of the MYC gene. Due to the
probe design, the DNA panel used in the current study can
cover the most common breakpoints of MYC, including 3
kb upstream, exonl, intron 1, exon 2, and exon 3 of MYC,
but not all potential MYC rearrangement sites. The whole
transcriptomic sequencing we used may capture potential
transcript fusion events missed by the DNA panel but still
may not be sensitive enough to compensate for the lack of
breadth of the DNAseq capture. Second, the sample size of
the cohort was relatively small, so we were unable to further
explore the differences between HGBCL-DH-BCL2 and
HGBCL-DH-BCL6. The performance of integrated NGS in
identifying clinically relevant rearrangements needs to be
investigated in a large cohort of patients.

In conclusion, although integrated NGS sequencing
could identify more MYC rearrangements than DNA- or
RNA-sequencing alone, its sensitivity in detecting MYC
rearrangements was unsatisfactory. Our study suggests
that gene rearrangements could be better detected by FISH
combined with integrated NGS testing rather than either
method alone, and DLBCL/HGBCL patients might benefit
from the combined testing in clinical practice.

Supplementary information is available in the online version
of the paper.
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Supplementary Table S1. List of the 112 genes included in the DNA-sequencing panel.

ALK BCL2 BCL6 MYC BIRC3 CD28 CTLA4 ITK SYK IGHD IGH]
AIM1 APC ARID1A ARID1B ARID2 ASXL3 ATG5 ATM B2M BCOR BCORL1
BRAF BTK CARD11 CCND1 CCND2 CCND3 CD58 CD79A CD79B CDKN2A CDKN2B
CHD8 CIITA CREBBP CTNNBI1 CXCR4 DDX3X DNMT3A DNMT3B DTX1 DUSP22 EP300
EZH2 FAS FOXO1 FOXO3 FYN GATA3 GNA13 1D3 IDH2 IRF4 ITPKB
JAK1 JAK3 KDM6A KIR2DL4 KIR3DL2 KIT KLHL6 KLRC1 KLRC2 KLRK1 KMT2A
KMT2C | KMT2D KRAS MAP2K1 | MAP3K14 | MEF2B MET MFHAS1 MGA MTOR MYDS88
NF1 NOTCH1 NOTCH2 NRAS PDGFRA | PIK3CA PIM1 PRDM1 PTEN RHOA SETD2
SF3B1 SGK1 SOCS1 SPEN SPI1 STAT3 STAT5B STAT6 STK11 TBX21 TCF3
TET2 TNFAIP3 TNFRSF14 TP53 TP63 TP73 TRAF2 TRAF3 TSC1 TSC2 WHSC1
XPO1 ZAP70
Supplementary Table S2
Eligible patients with HGBCL were included Gene Chr Start End Location (exon/intron)

MYC 8 128745443 128751315 intergenic, exon 1,
intron 1, exon 2

MYC 8 128752591 128753254  exon 3

BCL2 18 60760528 60796042 exon 2

BCL2 18 60985231 60985949 intergenic, exon 1
BCL6 3 187442678 187442916  exon 9

BCL6 3 187443236 187443467  exon 8

BCL6 3 187460647 187463565  exon I, intron 1

v

FFPE samples were performed for FISH
assessment, targeted DNA-sequencing, and
RNA-sequencing

\4

Comparing the MYC/BCL2/BCL6 rearrangement
status detected by FISH with targeted DNA-
sequencing or RNA-sequencing

status detected by FISH with integrated NGS
(targeted DNA-sequencing combined with RNA-
sequencing

Exploring the difference of distribution of molecular
alterations and survival outcome between HGBCL-
DH and NOS patients.

Supplementary Figure S1. Flow chart of the study. Abbreviations: HGB-
CL-high-grade B-cell lymphoma; DH-double hit; NOS-not other speci-
fied; NGS-next-generation sequencing; FFPE-formalin-fixed, paraffin-
embedded

{ Comparing the MYC/BCL2/BCL6 rearrangement }



https://doi.org/10.4149/neo_2024_240527N236

Fen ZHANG, et al.

payoads oS0 10U ‘SON 108 pUe DAN dui joo-g 1/20-8 9Bie| aSTYP Z1OB/OANTEOHMIOETA ‘Blew W ‘900N 31 1028 ‘509 “OHI P2 -yNQ PaIBesalul *SON ‘UOTEZPUGAY NS U 39S0SBI0N HSld
= V2L 5108 (GoHol TOHONoNbIRN 0T EIEEERS] - 08 . 7 %0 - - - R SA Sk ON 800N W 89 e0d
%0E - g - %06< ] § S %0e - - - soA  soA soA ON  80ON W 19 geod
%06< - - - %06< - 661 ZMHOL(Z108 Ldd THd)owebiow o+ %ol - - - soA seA seA oN 809 W 8. zeod
%0E - | - %08 § i S %0e - - - soA  soA soA ON 800N 4 09 igod
%0 - - - %06 § | - %o - - - soA seA seA oN 809 4 /9 0ed
%0L> - - - %6 § § S ue - - - soA  seA  son ON  80ON 4 0L 620d
%09 - - - %02 7 | - %oe - - - soA seA seA oN 89 4 p. sed
L - - - g6 § § S w%oe - - - soA  seA  sop ON 800N W 29 r20d
%08 - - - %06 § | - %oe - - - soA seA sA ON  8OON W 18 9zod
%L - g - %56 | | S %0E - - - SOA sOA seA ON  80ON 4 §9 sud
%08 - - - - | | - %0e - - - SeA seA saA oN 89 4 €9 vzod
L - - + %001 | | S %ov - - - ON  seA  seh soA 809N 4 9t zzod
%08 - - + %09 | | - %0s - - - oN  sA s SSA 89N W vL izod
+€ 619 9108:(aHOI'£DHOILEBI 1w 91087 19H0! + %06 i i S %oy - - - SoA seA soA soA 809 W 95 0zx0d SON 10870
%06 sis WHOI 9108 81z 9708:1VHOI + %L 6 | S %L - - - soA  soA soA s9A @O 4 vz 6u0d
%08 €sv 91084401 1997108:(166100NITgT08)oEB O] + %96 - - - %08 - - - SOA soA  soA soA 809N W Is  siod
%09 6L 91087 1WW0BASH 09 LYV06SH 9108 + %08 | | S %0s - - - soA  seA soA soA  @OON 4z u0d
k0L - ve9 9108°65v0 + %06 | | S %09 - - - SOA soA oA soA €00 W IS 9i0d
%08 e 9708::9rHOI 91 9108:(9rHOI Le5paI)ouabiaiu) + %004 ] ] - %08 - - B SoA SoA oA SoA 09 W 89  Si0d
%06 - €9z 9108"dd1 + %06 -] -] - %08 - - - S8A soA oA S9A 809N W I8 viod
%06 - - - [ 99HOIZ108 197 9rHOIZ108 o) %08 - - - soA  seA  son oN 809 W v gud
%08 oloL 9108 293 €0z 9108295413 - %001 - 672 9MHOI(Z108 L ddHd)oeBIu + %0v - - - N sA s soA 800 W S5 ziod
€ - 201 9708:1vHO! + ‘ - S % VL QANZYHOI 9 ONN:ZVHO! + SOA sOA  soA ON 809 W 19 Lod
%06 e 910871004 665 97081008 + %06< - - - %08 i OAN:GHOI 09E OAW:(9rHOI LESHHIN)oaBIa + soA seA sA soA 809 4 v s00d
%08 s6v 9708-9rHOl 21 9108 (9rHol Zesvum)oebo + %001 - - S %08 SES (QHOI'EOHOI)IEBIIIONN uz OAN:LOHOI + SoA seA soA s9A 809N 4 0§ L00d
%S6 61 9108:(99HOIWHOI OBz - + %06 - ‘ S %06 621 (QHOI'EOHONOSB I OAN se oAn:aHSl + seA seA soA s5A 809N 4 89 900d
408 - - + 4001 - | S %08 - - + oN_ sA oN S9A 809N 4 zv  sood
+Z 6L 9108-(QHOI 99€ 9108°QHOI + %001 991 (ZoHo 108 SII (z10g 1dd' QHOI THOI+ %SV - 3 OANIOHO! + EX EX ER X 809 4 G9 6009
- - | B %S6< sv LOHOKZ108 £1e 2108:01-€QHOI (Ho+ %08 0002 OMN:ZHOVE - + SoA soA SoA SeA 809 4 99 ood
- - - %06 19 9rHOIZ108 Ldd THd)oeBial ] - 89¢ ONNZAHIETd + SA SA saA ssA 899 4 sy i00d
- ‘ + %06 [ 9rHOIZ108 9911 9rHOIZ108 o)+ %uoe - - + ON  sA N ON 809 4 85  £20d7108/0AN-TO8OHMOETA
- - + %00k 9(2108'L dHd)oUaBIB1U0}-£0HOI o)+ %08 - - + oN  saA oN soA @00 4 oL owod
- ‘ - %00 @ 9rHoIZ108 65¢ 9rHoIZ108 + e - - + soA SOA N soA @09 4 IS cood
- - - %004 % QHOIZ108 €08 9rHOIZ108 o)+ %08< - - + soA seA oN soA €09 4 ee  zood
SWaWob Sjuaweb Sjuauas
speas -UeuEal -UeEal -Ueeal
speoIyNY speaIvNG VN B speaIvNG 9708 2108 DAW Ul
Bupaoddns Bupoddns speaiyNy speaiyNG upioddns Buoddns UI'SON SON Pue SON pue u
10 10 Bugoddns jo Bupoddns. (ouped)z108 AW o saquinu 10 OAW  PUE HSId HSId e HSldiue oissaidxe HSl4
91D8-DHI 4oquinu a1 9108 YNy _Joquinu ayy. 91087VNG 9108'HSId_ Z108-OHI _Jequinu ouy ZI08TVNY 4o Joquinu oL Z1087vNG HSI4 OHI ouL DAWVNY_Joquinu uy OAWVNG _ -HSIJ 1uepioouod pioduod pioduod -09 adfy sue xos 9By uoned Aq edkians seinosion

sy[nsax DHJ pue Supuanbas-yNY ‘Sunuanbas-yN ‘HSII YL "€S d[qel, Arejuswajddng



NGS IN PREDICTING REARRANGEMENTS IN HGBCLS - Supplementary Information 3

A
c 8q24 Region Telomere
Centromere 8q24 Region Telomere Sl - &
gre al| &
D 2]
g8 - i g we £ 2 A
38 S 3 & £1s
= Q
& = 545 @ = =
| ~277 kb ~407 kb
SpectrumOrange SpectrumGreen
je———————— ~821kp ———————————————|
LS| MYC2 Dual Color, Break Apart Rearrangement Probe
LSIMYC SpectrumOrange Probe
Centromere 14q32 Region Telomera Centromere 18921 Region Telomere
Immunoglobulin Heavy Chain Locus <
[ 8
{ : B ST
Constant gene segments E s Vvaratle gene segments | [ 71
—
e e
1 s - ool
-1 T z:'opm K
1 P |
! 16 Mb ' LSI BCL2 Dual Color, Break Apart Rearrangement Probe
LSI IGH SpectrumGreen Probe
e Centromere 3g27 Region Telomere
MBR ABR
_8p11.1-q11.1 CEP 8 g 3 z o 5 g
alpha satellite ] 2 g g ; 2
SpectrumAqua 2 ss !
14932 LSI IGH
q le - ol ~ L o
S gpectrumGreen b feke |~ 2660 g0p Jo— 34910 —f
58024 LSI MYC
SpectrumOrange LS| BCL6 Dual Color, Break Apart Rearrangement Probe

Supplementary Figure S2. Schematic diagram for the FISH probes. A) Dual fusion probes for IGH::MYC; B) MYC break-apart probe; C) BCL2 break-

apart probe; D) BCL6 break-apart probe.
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Supplementary Figure S3. Molecular alterations detected with DNA-sequencing in patients. Abbreviations: DLBCL-diffuse large B-cell lymphoma;
GCB-germinal-center B-cell-like; NGCB-non-germinal-center B-cell-like; Indel-insertion and deletion; CN-copy number; F-female; M-male; DLBCL/
HGBCL-MYC/BCL2-diffuse large B-cell lymphoma/high-grade B-cell lymphoma with MYC and BCL2 rearrangements; NOS-not otherwise specified
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seq[L)lr:r?cing MyC+ myc-
MYC+ 6 0
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Sensitivity=50% Specificity=100%
RNA-
sequencing
MYC+ 5 0
MYC- 7 22
Sensitivity=41.7% Specificity=100%
B FISH
seq?l':r‘?éing BCL2+ BCL2-
BCL2+ 10 0
BCL2- 0 24
Sensitivity=100% Specificity=100%
RNA-
sequencing
BCL2+ 6 0
BCL2- 4 24
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C FISH
DNA-sequencing BCL6+ BCL6-
BCL6+ 12 1
BCL6- 6 15
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Supplementary Figure S4. Performance of DNA- or RNA- sequencing in detecting rearrangements. A, MYC rearrangement; B, BCL2 rearrangement.

FISH, fluorescence in situ hybridization.
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p007-MYC rearrangement
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Supplementary Figure S5. Representative images with concordant FISH and integrated NGS sequencing in detecting MYC rearrangement. MYC fu-
sion in p007 was detectable by FISH, IHC, DNA-, and RNA-sequencing. Red arrows and brown color indicate the presence of BCL2 fusions and BCL2
expression detected by FISH and THC (x400), respectively. The integrative genomics viewer screenshots reveal the presence of MYC fusions. FISH,
fluorescence in situ hybridization; IHC, immunohistochemistry; NGS, next-generation sequencing.
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Supplementary Figure S6. Representative images with concordant FISH and integrated NGS sequencing in detecting BCL2 rearrangement. BCL2 fu-
sion in p023 was identified by FISH, IHC, DNA-, and RNA-sequencing. Red arrow and brown color indicate the presence of BCL2 fusions and BCL2
expression detected by FISH and IHC (x400), respectively. The integrative genomics viewer screenshots reveal the presence of BCL2 fusions. Abbrevia-
tions: FISH-fluorescence in situ hybridization; IHC-immunohistochemistry; NGS-next-generation sequencing.
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Supplementary Figure S7. Representative images with discordant FISH and integrated NGS sequencing in detecting BCL6 rearrangements. BCL6
fusion in p012 was negative by FISH but positive by IHC, DNA-, and RNA-sequencing. Brown color indicates the BCL6 expression detected by IHC
(x400). Integrative genomics viewer screenshots reveal the presence of BCL6 fusions. Abbreviations: FISH-fluorescence in situ hybridization; IHC-
immunohistochemistry; NGS-next-generation sequencing.



