
https://doi.org/10.1177/2632010X241230262

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial  
4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without 

further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Clinical Pathology
Volume 17: 1–9
© The Author(s) 2024
Article reuse guidelines: 
sagepub.com/journals-permissions
DOI: 10.1177/2632010X241230262

Introduction
Somatic genomic rearrangements perturb cellular processes 
such as tumor suppression, tissue specific differentiation, kinase 
signaling, or epigenetic regulation, and thus promote tumor 
development and progression.1-4 Clonal genetic abnormalities 
are identified in over 90% of hematologic malignancies, and 
recurrent gene fusions underlie specific morphologic entities;5 
these have been implicated in disease pathogenesis, and  
personalized treatments are clinically promising.6,7 Standard 
techniques such as karyotyping and/or fluorescence in situ 
hybridization (FISH) using gene specific DNA probes are 
used to detect these genetic abnormalities. Advanced techno-
logies such as next generation sequencing (NGS) covering a 

panel of disease specific genes and RNASeq to detect gene 
fusions is used in some cases. FISH probes cover 200kb to 
1Mb of genomic length and are highly specific and sensitive. 
Analysis using FISH probes is time efficient and cost effective, 
and they can be used on a variety of specimen types.8,9 
Application of FISH probes has helped revolutionize the clini-
cal approach to both neoplastic conditions and constitutional 
syndromes. FISH probe analysis is particularly useful in detect-
ing abnormalities of targeted regions when a karyotype  
is normal or is not obtained. Such analysis is also useful in 
detecting genetic evolution of initial clone and development  
of sub-clonal populations at diagnosis or at disease relapse in 
tumors. However, FISH probes lack the resolution necessary to 
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ABSTRACT

BACkgRouND: Fluorescence labeled DNA probes and in situ hybridization methods had shorter turn round time for results revolutionized 
their clinical application. Signals obtained from these probes are highly specific, yet they can produce fusion signals not necessarily repre-
senting fusion of actual genes due to other genes included in the probe design. In this study we evaluated discordance between cytoge-
netic, FISH and RNAseq results in 3 different patients with hematologic malignancies and illustrated the need to perform next generation 
sequencing (NGS) or RNASeq to accurately interpret FISH results.

MeTHoDS: Bone marrow or peripheral blood karyotypes and FISH were performed to detect recurring translocations associated with 
hematologic malignancies in clinical samples routinely referred to our clinical cytogenetics laboratory. When required, NGS was performed 
on DNA and RNA libraries to detect somatic alterations and gene fusions in some of these specimens. Discordance in results between these 
methods is further evaluated.

ReSulTS: For a patient with plasma cell leukemia standard FGFR3 / IGH dual fusion FISH assay detected fusion that was interpreted as 
FGFR3 -positive leukemia, whereas NGS/RNASeq detected NSD2::IGH. For a pediatric acute lymphoblastic leukemia patient, a genetic 
diagnosis of PDGFRB-positive ALL was rendered because the PDGFRB break-apart probe detected clonal rearrangement, whereas NGS 
detected MEF2D::CSF1R. A MYC-positive B-prolymphocytic leukemia was rendered for another patient with a cytogenetically identified 
t(8;14) and MYC::IGH by FISH, whereas NGS detected a novel PVT1::RCOR1 not previously reported.

CoNCluSIoNS: These are 3 cases in a series of several other concordant results, nevertheless, elucidate limitations when interpreting 
FISH results in clinical applications, particularly when other genes are included in probe design. In addition, when the observed FISH sig-
nals are atypical, this study illustrates the necessity to perform complementary laboratory assays, such as NGS and/or RNASeq, to accu-
rately identify fusion genes in tumorigenic translocations.
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accurately identify specific genes disrupted by DNA breaks and 
may yield inaccurate results due to the proximity of genes 
included in probe design.10 False negative FISH results have 
been reported in a few cases of hematological tumors.11-13 
Here, we present 3 examples of inaccurately interpreted FISH 
results in hematological malignancies and show that comple-
mentary laboratory assays such as NGS, including fusion 
detection by RNASeq are useful in the accurate identification 
of genes involved in recurring translocations in tumors; these 
may have therapeutic and/or prognostic implications.

Materials and Methods
Morphology/Immunohistochemistry

Wright-Giemsa-stained peripheral blood (PB) and bone 
marrow (BM) aspirates and hematoxylin/eosin-stained  
trephine biopsy and aspirate clots were processed using 
standard hematopathology procedures and reviewed by 
hematopathologists. Immunohistochemical analysis was 
performed on sections from tissue blocks using a MYC spe-
cific antibody (mouse monoclonal antibody, clone Y69, 
Ventana Medical Systems, Tuscan, AZ).

Flowcytometry

Peripheral blood, and BM aspirate samples were routinely 
processed and immunophenotyped using 10-color FASCanto 
flow cytometer (Becton Dickinson, San Jose, CA) and  
analyzed using Cytopaint Classic Software (Leukocyte, 
Pleasanton, CA) as previously described.14

Chromosome analysis, FISH, and next generation 
sequencing

Peripheral blood or BM were cultured without mitogenic 
stimulation for 24 hours to 96 hours, exposed to colcemid and 
hypotonic solution, and were harvested using standard proto-
cols for chromosome analysis of lymphoid malignancies. 
G-banded metaphase spreads on glass slides were analyzed, 
karyotyped and the abnormalities were described using ISCN 
2020.15 FISH studies were performed on the cultured cells; 
both interphase cells and sequentially hybridized de-banded 
metaphases were evaluated to confirm the involvement of  
different genes mapped to the bands of chromosomal translo-
cation breaks. Commercially available probes for FGFR3,  
MYC, CCND1, IGH, MAF, Cep4/Cep10, ABL1/BCR, 
KMT2A, MYC/IGH, MYC break-apart (Abbott Molecular, 
Abbott Park, IL), MAFB, ETV6/RUNX1, ABL1, ABL2, 
PDGFRB (Oxford Gene Technology, Cambridge, UK),  
and PVT1 (Empire Genomics, Depew, NY) were used in 
this study.

Next generation sequencing was performed on DNA and 
RNA prepared from sections of the paraffin embedded 
hematopathology material with paired control specimens from 
the saliva. Sequencing libraries were generated using Kapa 
HyperPrep kits (Roche Diagnostics, Cape Town, South Africa). 

Genes included in the NGS panel in the genomic DNA and in 
cDNA derived from RNA are captured by IDT xGen baits 
(ITDNA, Coralville, IA), and run on an Illumina NextSeq 
550. The enriched library contained all exons of 1505 cancer 
genes included in our customized panel (can be found at https://
www.utsouthwestern.edu/education/medical-school/depart-
ments/pathology/services/once-upon-a-time/assets/compre-
hensive-pan-cancer-next-generation-sequencin-solid-tumor-
panel-aberration-list.pdf ). Analysis was performed using 
custom germline, somatic and mRNA bioinformatic pipeline.16 
Fusions are called based on the Star-Fusion algorithm,17 and 
reviewed in IGV (Broad Institute, Cambridge, MA).

Results
Clinical characteristics and genetics

Patient 1 was a 62-year man with history of COVID-19, and 
vitamin B12 deficiency, who was diagnosed with IgG kappa 
multiple myeloma after he experienced several months of 
progressively worsening back pain. MRI of spine showed dif-
fuse abnormal marrow signal, L4 compression fracture, osse-
ous masses at T1 causing cord compression, right acetabulum, 
and right pubic bone. Laboratory results were significant for 
macrocytic anemia (MCV 102), with a hemoglobin of 11 g/
dL and elevated total protein of 9.6 raising concern for mul-
tiple myeloma.

Baseline myeloma workup included the following: SPEP/
IFE: IgG monoclonal protein at 3.6 g/dL, Kappa FLC 1237 
mg/L, Lamba LLC 2.4 mg/L, K/L free light chain ratio 515, 
B2M: 5.09 mg/L. BM biopsy showed 80% to 90% involvement 
by CD138 + kappa restricted plasma cells with diffuse sheets 
of large/atypical plasma cells and PB involvement with greater 
than 2 × 109/L absolute plasma cells; a hematopathology diag-
nosis of plasma cell leukemia (PCL) was rendered.

He received radiation therapy to the right acetabulum  
(20 Gy) L4 (20 Gy) C6-T1 (20 Gy) and dexamethasone for 
immediate disease control. He was started on lenalidomide, 
bortezomib, and dexamethasone (RVD). After 3 cycles of 
induction with RVD, he was referred to us for stem cell trans-
plantation. At this visit, he was noted to have leukocytosis,  
light chains up to 1000 mg/L, and LDH 1741 consistent with 
aggressive relapse with free light chain escape. A repeat BM 
biopsy at this point showed persistent kappa restricted plasma 
cells with 60% bone marrow involvement. Due to refractive 
disease, chemotherapy continued with filgrastim, doxorubicin, 
CISplatin, pegfilgrastin, bendamustine, and carfilzomib, but 
the patient expired.

Chromosome analysis of the BM aspirate showed a highly 
complex karyotype with 2 related clones: 64~77<3n>,X, 
add(X)(p22.1),Y,+Y,-1,add(1)(p13)x2,-2,der(2)(11qter–
>11q12::2p13–>2q21::1q21–>1q23::1q21–>1q23::2q21–> 
2qter)x2,-4,-5,+6,add(6)(q21)x2,+7,add(7)(q32)x2,+8,der(8) 
t(8;14)(p21;q11.2)x2,der(8)t(1;8)(p13;q24.1)x2,+9,-10, -11,+ 
12,der(12)t(1;12)(q21;p11.2)x2,-13,-14,+15,add(15)(q15) 

https://www.utsouthwestern.edu/education/medical-school/departments/pathology/services/once-upon-a-time/assets/comprehensive-pan-cancer-next-generation-sequencin-solid-tumor-panel-aberration-list.pdf
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x2,+16,der(16)t(1;16)(p22;p13.3)x2,+17,+19,+20,der 
(20)t(13;20)(q12;p13)x2,+21,add(21)(q22)x2,+22,add(22)
(p12),+3~4mar[8]/73~78,<3n>,idem,-der(2)x2,+der(2)
(11qter–>11q12::2p13–>2q21::1q21–>1q23::1q21–>1q23: 
:2q21–>2q31::?)x2,+add(5)(q11.2)x2,-add(8)x2,+del(8)
(p23p11.2)x2,+mar[6]/46,XY[6] (Figure 1A). FISH analysis 
with probes for FGFR3, MYC, CCND1, IGH, MAF and 
MAFB detected FGFR3::IGH (55.5% cells) (Figure 1B). 
Therefore, a cytogenetic diagnosis of FGFR3 rearranged 
[t(4;14)] PCL was rendered with poor prognosis. Contrary to 
the interpretation of FISH results, RNASeq analysis revealed 
NSD2::IGH and overexpression of both NSD2 and FGFR3 
(Figure 1C and D). This is further confirmed by PCR amplifi-
cation of the fusion junction by primers derived from IGH  
(GGACTTGGAGGAATGATTCCATGCCAAAGC 

TTTGCAAGGCTCGCAGTGACCAGGCGCCCGAC 
ATG) and from NSD2 (ATTCCAGCTAAGAAAGAGTC 
TTGTCCAAACACTGGAAGAGACAAAGACCACCT 
GTTGAAATACAACGT) (Supplemental Figure 1, lane B1). 
Hybridization to abnormal metaphases with MYC break-apart 
probe showed deletion of 3′-side of the probe on the der(8) 
chromosome (image not shown). This signal pattern suggests 
deletion or loss of 3′-sdie of the probe; however, the possibility 
that MYC is rearranged or altered cannot be ruled out. Other 
FISH abnormalities found include del(13) or RB1 loss (37% 
cells), del(17p) or TP53 loss (34.5% cells), gain for 1q or (extra 
signals for P18 in 58% cells), and gain of 9 and 15 (33% cells). 
Other findings in NGS analysis include a deletion in BIRC3 
(c.1324+873_173del) and copy number variations of trisomy 7, 
12p+, 16p−, 17p−, consistent with the karyotypic abnormalities.

Figure 1. (A) G-banded karyotype of leukemia cells in BM; see text for complete description of the karyotype. (B) FISH with FGFR3 (red) and IGH (green) 

probes showing FGFR3::IGH (4 copies). (C and D) Box and whisker plots showing RNA expression of NSD2 (C) and of FGFR3 (D) using fragments per 

kilobase millions (FPKM) compared to other clinical cases of the same tissue type according to the corresponding Oncotree root (JCO Clin Cancer Inform 

2021;5:221-230).
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Patient 2 was a 15-year girl presented to the emergency 
department with fever and a 2-month history of decreased 
appetite. A complete blood count showed marked leukocytosis 
(WBC 648K/µL). A PB smear showed variably sized blasts 
with round to irregular nuclei, dispersed chromatin, and scant 
cytoplasm. Flow cytometry revealed a 94% population of cells 
that were CD10 (bright+), CD11b (partial dim +), CD19 
(dim and variably+), CD20 (partial dim +), CD22 (variably +), 
CD25 (predominantly +), CD33 (partial +), CD34(+), CD36 
(partial +), CD38 (partial +), CD45 (partial +), CD79a (+), 
surface immunoglobulin light chain (−), HLA-DR (+), mye-
loperoxidase (−), TdT(+2). A diagnosis of pre-B-lymphoblas-
tic leukemia/lymphoma (B-ALL) was rendered. Cerebrospinal 

fluid was positive for central nervous system involvement at the 
time of diagnosis.

Chromosome analysis of PB showed an abnormal karyo-
type with 2 related clones - 46,XX,t (1;5)(q23;q33)[9]/45, 
idem, idic(12;14)(p11.2p11.2)[5]/46, XX[6] (Figure 2A). A 
high-risk ALL FISH panel including probes Cep4/Cep10, 
ABL1/BCR, ETV6/RUNX1, ABL1, ABL2, PDGFRB, 
KMT2A was performed per COG protocol. This panel 
detected rearrangement in PDGFRB in 69.5% of cells  
(Figure 2B), and loss of one copy of ETV6 in 19% of cells. 
These findings correlated with the karyotype findings and 
suggested a sub-clonal origin of the idic(12;14) clone. A 
cytogenetic interpretation of PDGFRB rearranged pre-B-ALL 

Figure 2. (A) G-banded karyotype of PB specimen: 45,XX,t(1;5)(q23;q33),idic(12;14)(p11.2;p11.2). (B) PDGFRB break-apart FISH on a de-banded 

metaphase of the karyotype in (A) showing rearrangement (black arrows) between der(1) and der(5). (C) MEF2D::CSF1R detected in NGS analysis with 

genomic coordinates as indicated.
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with clonal evolution was favored; however, NGS analysis 
detected a MEF2D::CSF1R (Figure 2C) but not PDGFRB 
rearrangement, as well as a deletion in IK2ZF1 (chr7:50020408-
52450405). Thus, there is a risk of misinterpreting PDGFRB 
FISH results in the absence of NGS results. Fusion between 
MEF2D and CSF1R was further confirmed by PCR amplifi-
cation of the fusion junction using primers from MEF2D  
( TCAAGTGATGCAT TAACCCCT T TCCTGCC 
TGGGAAGTGATGACTCGCAGGTCGGGCTTGC 
GGCTGGGGGCTCCAGCTGGGTGCTGTGGG 
TAGGTGGGGGTGGAGA) and from CSF1R (GGTCGA 
T G A A A G TA TA A C T G T T G C C C T C A TA G C 
TCTCGATGATCT TCCAGCGGACCTGGTACT 
TGGGCT) (Supplemental Figure 1, lane D1). At the time of 
this writing, the patient is under a AALL1131 consolidation 
Ph- like B-ALL- Dasatinib protocol and was in remission as 
of the latest follow-up (August 2023).

Patient 3 was a 77-year female who presented with spleno-
megaly (20 cm) minimal lymphadenopathy, and significant 
leukocytosis. PB analysis showed absolute lymphocytosis - 
WBC 74.6/µL, platelets 161, hemoglobin 10.6 g/dL, RBC 4.9, 
RDW 17.6%, MCV 81.6 fL, and a differential count with 6% 
segmented neutrophils, 88% lymphocytes, 1% monocytes, 3% 
eosinophils, 1% basophils, and one nRBC/100 WBC. PB 
smear showed atypical lymphocytes with round to mildly 
irregular nuclei, smooth chromatin, prominent nucleoli, and 
abundant cytoplasm accounting for nearly 80% of lympho-
cytes. BM also showed atypical lymphocytes with similar mor-
phology. Flow cytometry of a PB specimen identified a clonal 
B-cell population positive for CD5, CD19, CD20, CD22, 
CD45, CD52, FMC7, HLA-DR, Ig-lambda, and negative for 
CD10, CD23, CD200. IHC stains of BM core biopsy was 
positive for PAX-5, CD20, BCL2, MYC, and negative for 
LEF-1, Cycling D1, BCL-6, and SOX-11.

Chromosome analysis of PB showed an abnormal karyotype 
- 46,XX,t(8;14)(q24;q32)[20] (Figure 3A). Interphase FISH 
with probes for MYC and IGH showed an atypical pattern with 
1 fusion signal in contrast to typical pattern of 2 fusion signals 
expected for this probe set; sequential de-banded metaphase 
FISH mapped the fusion signal on the der(8) chromosome 
(Figure 3B, black arrow). An additional study with MYC break-
apart probe confirmed rearrangement in MYC with abnormal 
signals in 99% of cells (image not shown). From the results of 
hematopathology, cytogenetics and FISH a diagnosis of B-cell 
pro-lymphocytic leukemia (B-PLL) with MYC rearrangement 
was rendered. Contrary to this interpretation NGS analysis 
detected RCOR1::PVT1 but not MYC::IGH. This is further 
confirmed by PCR amplification of the fusion junction with 
primers from RCOR1 (GGTGGCGGTGGCATGAGGGT 
CGGACCCCAGTACCAGGCGGTGGTGCCCGAC 
TTCGACCCCG) and from PVT1 (AAGGACAGAATAA 
CGGGCTCCCAGATTCACAAGCCCCACCAAGA 
GGATCACCCCAGGAACGC) (Supplemental Figure 1, 

lane F1). Thus, in this case FISH results for MYC are also inac-
curately interpreted. Detailed analysis of RNASeq data mapped 
the break in RCOR1 between exons 1 and 2, and the break in 
PVT1 between exon 7 and 8. Therefore, translocation break at 
8q24.1 had occurred on 3′-side of PVT1 and the translocation 
break at 14q32 had occurred near the 5′-end of RCOR1.  
This resulted in transposition of RCOR1 along with IGH to 
8q24.1. This generated the fusion signal with MYC and IGH 
probes on the der(8) (Figure 3B, black arrow). In addition, 
NGS detected sequence variants of possible clinical signifi-
cance in BCOR (p.Asn1459Ser), CHD2 (p.Gly839Asp), and 
SF3B1 (p.Gln698_Lys700delinsPro). Other sequence variants 
of unknown clinical significance also detected included 
ATM (p.Asp2721Asn), CREBBP (p.Gly2238Arg), SDHA 
(p.Arg282Gly), and copy number variations on 14q32 
(chr14:102681879-102905814) and 17q22 (chr17:57256698-
58354393). RNASeq analysis showed significantly increased 
expression of MYC (Figure 3C), and IHC stain confirmed a 
high MYC protein expression in about 90% of leukemia cells 
(Figure 3D).

Due to advanced age and high-risk disease, the patient was 
treated with acalabrutinib monotherapy starting in March 
2020, and added RCHOP in December 2020. Patient devel-
oped refractory disease by April 2021. At this point she received 
R-GemOx but continued to have persistent disease. Treatment 
with Lenalidomide + Tafasitamab was initiated in September 
2021, but was discontinued in December 2021 due to progres-
sive disease. Salvage therapy initiated in February 2022 with 
Bendamustine + rituximab + polatuzumab vedotin was sus-
pended after 2 cycles due to poor tolerance. At this time the 
disease was widespread in abdomen, patient was given pallia-
tive radiation therapy, but expired 2 months later.

Discussion
The use of FISH probes in clinical cytogenetics has become a 
mainstay due to their ease of use and fast turn-around-time for 
results. Nevertheless, in situations where the location of chro-
mosomal break is away from the probe foot prints, or where 
there is a 3-way-translocation, or where there is loss or gain of 
chromatin at the site of break, analysis with FISH probes can 
lead to inaccurate results.10,18 Misinterpretation of cytogenetic 
and/or FISH results can greatly impact personalized treatment. 
In this study we have shown that standard positive FISH sig-
nals can be misinterpreted due to genes that are included in the 
design of probes, and therefore, complementary laboratory 
assays such as NGS, RNASeq, and mate-pair sequencing19,20 
should be performed for accurate identification of gene fusions 
involved in driver translocations in tumors.

Plasma cell leukemia, either do-novo or secondary to multi-
ple myeloma (MM) is a rare hematologic malignancy with 
poor prognosis. The t(4;14)(p16;q32), which is a cryptic 
change, has been reported in about 8% to 15% of MM/PCL 
patients; typically, this translocation leads to FGFR3::IGH, and 
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these patients have poor prognosis.21-27 Alternatively, this 
translocation may also lead to NSD2 (MMSET)::IGH, and 
these patients have an extremely poor prognosis;28-30 both genes 
are deregulated by the translocation with different enhancers 
of the IGH.30 Since FGFR3 was first identified as the fusion 
partner with IGH in this translocation, a commercial probe was 
designed to detect FGFR3::IGH with dual fusion signals. This 
probe is routinely used for detecting the t(4;14) in newly diag-
nosed MM or PCL patients, and positive patients are favored 
a diagnosis of FGFR3-positive MM or PCL. But NSD2 is 
mapped at 6.25 kb toward the centromeric side of FGFR3, and 
it is covered in the design of the commercial FGFR3 probe; 
therefore, FGFR3 / IGH FISH assay cannot discriminate a 

FGFR3::IGH versus NSD2::IGH. FGFR3 is expressed in only 
70% of the t(4;14)+ patients, whereas NSD2 is expressed in all 
t(4;14)+ patients.31,32 In our patient, cytogenetic and FISH 
results (FGFR3::IGH) favored a diagnosis of FGFR3 positive 
[t(4;14)] PCL making the patient eligible for a clinical trial 
including treatment with the novel pan-tyrosine kinase inhibi-
tor (TKI), dovitinib. However, RNASeq analysis detected 
NSD2::IGH and overexpression of both NSD2 and FGFR3; 
therefore, interpretation of FISH results as FGFR3 positive 
PCL is inaccurate. To the best of our knowledge this is the first 
documented case in which a t(4;14) activated both NSD2 and 
FGFR3, simulating a double hit neoplasm. Therefore, it would 
not be appropriate for this patient to be placed on a clinical 

Figure 3. (A) G-banded karyotype of PB specimen: 46,XX,t(8;14)(q32;q24.1) (black arrows). (B) FISH with MYC (red), IGH (green) and CEP 8 (aqua) 

probes showing a fusion signal on der(8)t(8;14) (black arrow), and a residual MYC (red) on der(14)t(8;14) (open arrow). (C) Box and whisker plot showing 

expression of MYC using fragments per kilobase millions (FPKM) compared to other clinical cases of the same tissue type according to the corresponding 

Oncotree root (JCO Clin Cancer Inform 2021;5:221-230). (D) MYC protein expression in leukemia cells in BM core biopsy by IHC stain.
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trial using dovitinib, and the patient falls into a poorer progno-
sis category.33 This case highlights the necessity to use high 
resolution molecular assays (NGS or RNASeq) to correctly 
identify the fusion partner in each t(4;14)+ MM or PCL 
patient. Besides the t(4;14) the karyotype of this patient was 
complex, had MYC rearrangement and loss of RB1 which are 
other genetic markers of poor prognosis in MM/PCL.29,34-37

Originating in lymphoid stem cells or progenitor cells, 
B-ALL is genetically classified into 3 groups: those with senti-
nel abnormalities (BCR::ABL1, ETV6::RUNX1, TCF3::PBX1, 
IL3::IGH, KMT2A rearrangement, hypodiploidy, hyperdip-
loidy), iAMP21, and “B-other” group (Ph-like).5,38 The Ph-like 
ALL, accounting for 15% to 27% of ALL patients depending 
on age, is further heterogeneous with a variety of genetic altera-
tions such as ABL class alterations (ABL1, ABL2, PDGFRB, 
CSF1R), or JAK 2 class (JAK2, CRLF2), or RAS-signaling 
pathway, or other genes, and have poor outcome.39-43 
Identification of the primary or sub-clonal genetic alterations 
can be used in definitive diagnostic classification, treatment, or 
risk stratification. Since these patients may respond to tyrosine 
kinase inhibitors,44,45 screening newly diagnosed Ph-like ALL 
patients for ABL class genetic changes is standard of care test-
ing for COG enrolled patients. Therefore, FISH with break-
apart probes for ABL1, ABL2, PDGFRB is performed on 
diagnostic specimens. PDGFRB rearrangement is a recurring 
abnormality in Ph-like ALL.46,47 PDGFRB and CSF1R are 
closely linked with about 500 bp distance between them.48 
Therefore, FISH probe for PDGFRB cannot distinguish 
involvement of PDGFRB versus CSF1R in fusions with other 
genes. Thus, use of commercially available FISH probe for 
PBGFRB has the risk for misinterpretation of results. First 
reported in a patient with B-ALL,49 translocations fusing 
MEF2D with several partners is another genetic marker of 
poor outcome in this group of patients; CSF1R is one of the 
fusion partners and is associated with a worse outcome.48,50-53 
Although only a few cases of MEF2D::CSF1R have been 
reported, these patients stand out and cluster close to Ph-like 
ALL in gene expression signature than other MEF2D fusion 
patients.50 In the absence of results from other complementary 
assays such as NGS, distinguishing PDGFRB versus CSF1R 
rearrangement by FISH using PDGFRB probe is not possible. 
In our patient, standard PDGFRB break-apart FISH results 
favored inaccurate genetic classification as PDGFRB positive 
ALL, suggesting that the patient may benefit from treatment 
with TKIs.43 Contrary to this result, RNASeq analysis showed 
CSF1R::MEF2D and therefore, the patient falls into a poorer 
prognosis and may benefit from treatment with histone dea-
cetylase inhibitors.50 Thus, these results suggest a necessity for 
caution in interpreting PDGFRB break-apart FISH results, 
and for performing fusion screening assays for prognostic clas-
sification and for individualized therapeutic management. In 
addition to MEF2D::CSF1R, this patient also had IK2ZF1 
deletion which is another genetic marker for poor prognosis 
in ALL.53,54

Karyotypes of B-PLL are mostly complex, and t(MYC) is 
present in 62% of them; these patients frequently carried 
sequence variants in BCOR, CHD2, and SF3B1, and have an 
aggressive clinical course.55,56 Therefore, screening for MYC 
translocation is performed by FISH in diagnostic specimens. 
Although FISH false negativity for MYC fusion has been 
reported,10 false positivity had not been reported yet.

Chromosome 8q24.1 domain houses 2 important genes, 
MYC and PVT1. Spaced at a genomic distance of about 53 kb 
apart with MYC on the centromeric side and PVT1 on the 
telomeric side, these genes are involved in important cellular 
functions such as genomic integrity, proliferation, and pro-
grammed cell death.57-60 MYC and PVT1 interact with each 
other mutually regulating their expression and thus promoting 
tumorigenesis.61,62 PVT1 over expression lead to increased 
expression of MYC and it has been correlated with poor 
patient outcome.60 PVT1 is promiscuous with several fusion 
partners, including MYC, and its contribution to tumorigene-
sis is cancer-type specific.63 PVT1 rearrangements are infre-
quent in B-cell neoplasms. In B-cell neoplasms with typical 
t(8q24) PVT1 fusion with IGL, IGK, SUPT3H, NBEA and 
WWOX have been reported in isolated cases.33,56,61,64,65 Fusion 
between PVT1 and MYC has also been reported in tumors 
with amplified 8q24 region.66 RCOR1, located on the centro-
meric side of IGH at 14q32, is a transcriptional corepressor 
involved in the epigenetic regulation of blood cell develop-
ment.67 Oncogenic fusion between RCOR1 and XPC or 
TRAF3 has been reported in breast cancer.68 RCOR1 fusions 
have not been reported in B-cell tumors, but deletions in 
RCOR1 were associated with poor outcome in a subset of dif-
fuse large B-cell lymphoma.69 This is the first documentation 
of PVT1::RCOR1 in tumors.

The case presented here is unique with discordance between 
chromosome, FISH and NGS findings. The typical t(8;14) 
identified in karyotype yielded an atypical fusion signal (one 
fusion signal) with MYC and IGH probes. Atypical fusion 
between MYC and IGH due to complex rearrangements or 
single fusion signals due to other types of structural rearrange-
ments of 8q24 have been reported in few cases.10,70,71 In 2 
cases the atypical fusion signal originated due to the transpo-
sition of entire MYC to the distal side of IGH.10,70 In the other 
study the atypical fusion was due to cryptic insertion of exon2 
and exon 3 of MYC into IGH.71 However, MYC expression 
was not evaluated in these cases. Contrary to these previous 
reports, in the present patient, NGS analysis did not detect a 
rearrangement in MYC, but instead detected PVT1::RCOR1 
and disruption of both genes. RNASeq analysis did not show 
dramatic overexpression of both fused genes but did show 
overexpression of MYC; the latter is further confirmed by 
high positivity for MYC protein by IHC. Structural analysis 
of the genomic fusion showed translocation of entire IGH to 
exon 7 of PVT1; this may have disrupted PVT1 and led to 
transcriptional activation of MYC. This case also illustrates 
that transposition of entire IGH downstream to MYC can also 
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induce MYC expression, and that the molecular landscape of 
MYC deregulation in B-cell malignancies may be more diverse 
and complex and require complementary high resolution 
molecular assays to detect them. In addition, this case further 
illustrates the necessity to further evaluate atypical rearrange-
ments detected using MYC FISH probes to accurately identify 
fusion partners. In addition to this novel fusion and deregula-
tion of MYC, this patient also had sequence variants in BCOR, 
CHD2, SF3B1, CREBBP which are typically seen in cases 
with complex to high complex karyotypes,56 however, the 
karyotype in this case was not complex.

Recently, Lopes et al19 reported false positive rearrangement 
in PDGFRA in a chronic myeloid leukemia patient with a 
t(4;11)(q12;p15),t(9;22)(q34;q11.2) in the karyotype. FISH 
with a break-apart probe for PDGFRA detected rearrangement 
raising the possibility of a novel fusion in the patient. However, 
mate-pair sequencing located the break at 4q12 in an intronic 
region between CHIC2 and PDGFRA. In a pediatric tumor, 
rhabdomyosarcoma, with t(8;13)(p11.2;q14) FISH probe for 
FGFR1 detected amplification, FISH probe for FOXO1 
detected rearrangement and amplification raising the possibil-
ity of FOXO1::FGFR1 which has been reported in a previous 
case.72 Contrary to FISH findings with FGFR1 probe, NGS 
analysis detected FOXO1::NSD3, and this was further con-
firmed by a break-apart probe for NSD3. Since FGFR1 and 
NSD3 were mapped to 8p11.2, in the absence of NGS results, 
FISH would have been falsely reported as FGFR1-positive 
rhabdomyosarcoma.73

Conclusion
The cases presented here underscore the need to use comple-
mentary laboratory methods to fully understand the clinical 
utility of results from FISH probes designed for detecting 
recurring fusions in tumors. With increased molecular testing 
in routine diagnostic work-up, the number of discordant gene 
alterations between FISH and NGS is expected to be 
increased. Therefore, it is important to be aware of this finding 
to avoid misclassification of neoplasms. FISH, NGS and 
RNASeq technologies complement each other, and NGS and 
RNASeq may be required to unequivocally detect fusion genes 
in tumors and for developing patient specific therapeutic and/
or management plans.
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