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ARTICLE INFO ABSTRACT

Keywords: The accurate detection of recurrent genetic abnormalities for most hematologic neoplasms is critical for diag-
CCND1 nosis, prognosis and/or treatment. Rearrangements involving CCND1 are observed in a subset of mature B-cell
IGH neoplasms and can be reliably detected by fluorescence in situ hybridization (FISH) in most cases. However,
IGK
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cryptic and complex chromosomal rearrangements may pose a technical challenge for accurate diagnosis.
Herein, we describe two patients with suspected mantle cell lymphoma that lacked obvious CCNDI re-
arrangements by FISH studies. A next generation sequencing (NGS) based assay, mate-pair sequencing (MPseq),

was utilized in each case to investigate potential cryptic CCND1 rearrangements and revealed cryptic insertional
events resulting in CCND1/IGH and CCND1/IGK rearrangements. These cases demonstrate that NGS-based as-
says, including MPseq, are a powerful approach to identify cryptic rearrangements of clinical importance that
are not detected by current clinical genomics evaluation.

1. Introduction

Thorough characterization of mature B-cell neoplasms is critical for
accurate diagnosis and optimal patient treatment. While morphologic
and immunophenotypic evaluation is sufficient to diagnose many ma-
ture B-cell neoplasms, the demonstration of recurrent chromosomal
abnormalities are required for other diagnoses (e.g., high-grade B-cell
lymphoma with MYC, BCL2 and/or BCL6 rearrangements) [1]. Mantle
cell lymphoma (MCL) is a mature B-cell neoplasm associated with up-
regulation of CCND1 due to a t(11;14)(q13;q32) (CCND1/IGH) detected
in nearly 95% of cases. The detection of CCND1/IGH is useful to support
a MCL diagnosis in unclear mature B-cell neoplasms [2-4]. In addition
to the classic t(11;14), variant translocations involving CCND1 and IGK
[t(2;11)] or IGL [t(11;22)] have also been reported in MCL [5-8]. In
addition, CCND2 and CCND3 rearrangements may also be present in
MCL cases which lack a CCND1 rearrangement [9].

Fluorescence in situ hybridization (FISH) is the current gold stan-
dard assay utilized to identify recurrent cytogenetic alterations in

mature B-cell neoplasms; however, this methodology may not detect
complex or cryptic rearrangements of diagnostic or prognostic sig-
nificance [10]. Herein, we present two cases of cryptic CCNDI re-
arrangements that were not detected using CCND1/IGH dual-color
dual-fusion (D-FISH) or CCNDI1 break-apart probe (BAP) sets. Both
cryptic CCND1 rearrangements were readily detected using a next
generation sequencing (NGS) methodology termed mate-pair sequen-
cing (MPseq).

2. Case 1

A 69-year-old female presented with a marked leukocytosis (white
blood cell count of 96.2 x 10°/L, normal range: 3.4-9.6 x 10°/L), mild
thrombocytopenia (platelet count of 89 X 10°/L, normal range:
157-371 x 10°/L), moderate to severe macrocytic anemia (he-
moglobin 5.4 g/dl, normal range: 11.6-15 g/dl; red blood cell count of
1.74 x 10'2/L, normal range: 3.92-5.13 X 10'2/L) and a mean cor-
puscular volume of 104.6 fL (normal range: 78.2-97.9 fL). Peripheral
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Fig. 1. Morphologic and immunophenotypic findings in case 1. (A) Medium-power (original magnification x 500) of a Wright-Giemsa stained peripheral blood smear
showing atypical, small to medium-sized circulating lymphoma cells; (B) Wright-Giemsa stained bone marrow aspirate smear (original magnification X 500) shows
an abnormal lymphocytic infiltrate with similar morphology to that described in the peripheral blood; (C) Hematoxylin and eosin-stained bone marrow biopsy
(original magnification x100) demonstrated a dense lymphoid infiltrate in an interstitial and nodular distribution. Immunohistochemical stains indicate that

lymphoma cells are positive for CD20 (D), CD5 (E) and cyclin D1 (F).

blood smear examination indicated the marked lymphocytosis was
comprised of atypical small to medium-sized cells, with round nuclear
contours, condensed chromatin, and scant cytoplasm.

A bone marrow biopsy was performed and revealed a hypercellular
bone marrow (90%) with 60% involvement by an abnormal lymphoid
infiltrate, with nodular, focal paratrabecular, and interstitial distribu-
tion. Immunohistochemistry performed on the bone marrow core
biopsy highlighted the nodular and interstitial infiltrates of CD20-po-
sitive B cells with co-expression of CD5 and cyclin D1. Trilineage he-
matopoiesis was slightly decreased and showed an erythroid pre-
dominance (myeloid to erythroid ratio = 1:1). Representative
morphologic and immunophenotypic findings are illustrated in Fig. 1.
Flow cytometry performed on the bone marrow aspirate demonstrated
a kappa light-chain restricted B-cell population comprising approxi-
mately 80% of analyzed events, which was positive for CD19, CD20,
CD22, CD5, FMC-7 and CD45 (bright), and negative for CD10, CD38,
CD23, and CD200.

Conventional chromosome analysis from a CpG (B-cell mitogen) sti-
mulated culture revealed the following complex karyotype: 44-45,X,-X,add
(1)(g21),add(3)(p23), add(5)(g35),add(11)(p13),add(11)(q13),add(17)
(p11.2),-22,del(22)(q11.2)[cp7]1/44,s], + 8, -10,-add(11)(q13), +11,add(15)
(p11.2)[2]/46,XX[1]. While the add(11)(q13) may suggest a potential
CCND1 alteration, concurrent CCND1/IGH D-FISH and CCND1 BAP studies
revealed no evidence of a CCND1/IGH rearrangement or disruption of the
CCND1 gene region, respectively (Fig. 2A,B). Despite the complexity of the
clone by chromosome analysis, the only abnormality observed by FISH was
a TP53 gene deletion. Because of a strong suspicion of MCL, including po-
sitive cyclin D1 IHC staining, MPseq was subsequently performed and
identified a “cryptic” insertional event involving ~86 kb of chromosome
11q13 inserted downstream of the IGH gene region on chromosome 14g32.
This cryptic rearrangement results in insertion of the majority of CCND1

into the IGH vregion, [hg38][ins(11;14)(14pter — 14q32.33
(105,861,826)::11q13.3(69,565,131)-11q13.3(69,651,195)::14q32.33(106,
153,574) — l4qter)] (Fig. 2C). At the gene level these breakpoints are
predicted to result in truncation of the last exon in the CCNDI transcript
(NM_053056), suggesting the CCND1 transcript expressed would lack the 3’
UTR.

3. Case 2

A bone marrow aspirate from an 83-year-old female with a sus-
pected diagnosis of chronic lymphocytic leukemia/small lymphocytic
lymphoma (CLL/SLL) was received for CLL FISH panel and flow cyto-
metry studies. Flow cytometry demonstrated a B-cell clone with bright
CD20, CD45, CD5 and surface kappa light chain expression, while ne-
gative for CD23, and negative to partial dim for CD200. These im-
munophenotypic features favored MCL, and would be unusual for CLL.
No additional clinical information was available.

A D-FISH evaluation for t(11;14) indicated no CCND1/IGH rearrange-
ment, but did reveal an additional diminished copy of the CCND1 gene
region in 86% of nuclei (Fig. 3A). The CCND1 BAP assay demonstrated a
normal signal pattern consistent with two intact CCND1 gene regions de-
spite the additional diminished CCND1 signal observed by the CCND1/IGH
D-FISH probe set (Fig. 3B). The extra diminished copy of CCND1 raised
suspicion for a cryptic CCND1 rearrangement and MPseq was performed to
further characterize this atypical FISH result. MPseq detected an insertional
rearrangement involving chromosomes 2 and 11 that results in insertion of
CCND1 coding sequence into the IGK locus on chromosome 2, [hg38][(ins
(2;,11) (2pter —  2pl1.2(88,859,563)::11q13.3(69,570,851) —
11q13.3(69,651,601)::2p11.2 (89,176,331) — 2qter)] (Fig. 3C). Similar to
case 1, this rearrangement is predicted to result in a CCND1 transcript
lacking the 3'UTR.
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Fig. 2. Cytogenomic evaluation results in case 1. (A) Representative FISH image demonstrating a normal result of two red (CCND1) and two green (IGH) signals with
CCND1/IGH dual-color dual-fusion probe set. (B) Normal result of two intact red/green fusion signals with CCNDI break-apart probe set. (C) A junction plot from
mate pair sequencing demonstrating an insertional rearrangement of the CCD1 gene region into the IGH locus. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

4. Discussion

Structural genomic rearrangements involving critical gene regions
are increasingly important for diagnosing and managing hematologic
malignancies [11]. While targeted FISH strategies detect many relevant
genomic alterations, including CCNDI rearrangements, cryptic or
complex structural events may not be identified or fully characterized
[5,12]. The two cases presented herein highlight the clinical utility of
MPseq in characterizing CCND1 cryptic rearrangements with greater
precision than conventional cytogenetic approaches.

MPseq is an NGS-based technology that utilizes a library prepara-
tion and bioinformatics pipeline optimized to detect chromosomal
structural variation. MPseq library preparation circularizes 2-5 kb DNA
fragments followed by processing to short read size fragments which
retain the spatial information of the longer read. Low pass genome-wide
sequencing and secondary analysis utilizing a specialized aligner and
caller designed for MP reads that can robustly detect structural variants
and complex genomic rearrangements [13-15]. Unlike FISH probe
strategies, MPseq is not limited to specific genomic footprints and
provides an alternative technique to comprehensively detect and
characterize structural rearrangements [16]. Precise identification and
characterization of CCND1 rearrangements is critical for the accurate
diagnosis of MCL versus other mature B-cell lymphomas such as CLL/
SLL [17].

In case 1, MPseq revealed a cryptic insertional translocation re-
sulting in a CCND1/IGH rearrangement supporting the suspected MCL
diagnosis after negative D-FISH and BAP FISH results (Table 1, Case 1).
Although the CCND1/IGH rearrangement alone portends a more fa-
vorable prognosis in MCL, both the concurrent deletion of the TP53
gene region and the overall chromosomal complexity suggests an un-
favorable prognosis for this clone [18-22]. Loss of TP53 combined with
a CCND1/IGH rearrangement is often associated with the blastoid
variant of MCL and predicts a poor response to chemoimmunotherapy
treatment and indicates a more aggressive clinical course [23]. Simi-
larly, we have previously published a single case report of cyclin D1-
positive B-cell lymphoma with features overlapping with MCL where
MPseq was also used to resolve a cryptic CCND1/IGH rearrangement
(Table 1, Case 3) [12]. However, the only abnormality identified by
FISH was an additional IGH signal, with a normal CCND1 result for D-
FISH and BAP FISH studies. MPseq detected an insertional rearrange-
ment resulting in CCND1/IGH and ultimately established a diagnosis of
MCL in this patient.

In case 2 with a suspected diagnosis of CLL, D-FISH studies de-
monstrated an additional diminished copy of CCND1, and the CCND1
BAP study did not indicate a CCND1 rearrangement. MPseq in this case
confirmed a CCND1 rearrangement identifying an insertion of the ma-
jority of the CCND1 gene region into the IGK enhancer region (Table 1,
Case 2). The immunophenotypic profile and molecular findings is more
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Fig. 3. Cytogenomic evaluation results in case 2. (A) Representative FISH images demonstrating an abnormal result of an extra (third) smaller CCND1 signal and two
normal IGH signals with CCND1/IGH dual-color dual-fusion probe set. No CCND1/IGH rearrangement was detected. (B) Normal result of two intact red/green fusion
signals using a CCND1 break-apart probe set. (C) A junction plot from mate pair sequencing demonstrating an insertion rearrangement of the CCND1 gene region into
the IGK locus. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

consistent with a laboratory diagnosis of MCL, rather than a typical
CLL. Rearrangements involving CCND1 and IGK are rare and have been
reported in less aggressive indolent B cell leukemia/lymphoma rather
than classic MCL [5-7]. However, this patient's clone also exhibited a
TP53 deletion which combined with an CCND1/IGK rearrangement
likely indicates a more aggressive neoplasm [19-22,24]. Fuster et al.
recently reported a series of four MCL and one mature B-cell lymphoma
with insertional translocations of CCND1 into the IGK promoter region
[6]. These cases were cyclin D1 positive by IHC and similarly lacked
evidence of t(11;14). After the index case was analyzed by genome
sequencing, custom FISH probes were developed to identify CCND1/
IGK rearrangements. These cases highlight insertional translocations
involving the IGK locus as an additional driver of CCND1 expression
which can be potentially missed or misinterpreted due to incomplete
characterization by current diagnostic testing. In addition, we pre-
viously characterized a similar genomic alteration by MPseq in a
plasma cell neoplasm that harbored the t(2;11) CCNDI1/IGK re-
arrangement (Table 1; case 4) [5]. The CCND1/IGH D-FISH studies
revealed an additional CCND1 probe signal, but with no apparent evi-
dence of CCND1/IGH rearrangement. MPseq in this case identified a
CCND1/IGK rearrangement. However, subsequent CCND1 BAP studies
did reveal a CCND1 rearrangement.

For cases 1 and 2 described herein, the inserted CCND1 gene lacked

the 3’ UTR, suggesting a shortened CCND1 transcript. CCND1 tran-
scripts lacking the 3’ UTR have been shown to be more stable leading to
increased cell proliferation and a worse prognosis than expression of
full length CCND1 [31]. The 3’ UTR is a site of negative regulation of
Cyclin D1 by miR-16-1 and truncated transcripts escape this level of
regulation contributing to increased proliferation [32]. NGS-based
characterization of B-cell malignancies has the potential to characterize
transcript level events capturing additional alterations which may have
molecular and clinical relevance.

In conclusion, mounting evidence demonstrates that further
genomic characterization by NGS methodologies complements con-
ventional chromosomes and FISH testing for hematologic malignancies,
especially for cryptic, atypical or complex rearrangements and to
identify unknown partner genes [11,25-27,30]. The two cases pre-
sented herein add to the growing body of literature that NGS-based
assays have a role in detecting cryptic genomic alterations and can
serve to further characterize rearrangements that may impart transcript
level alterations. Wider adoption and integration of NGS-based tech-
nologies should be considered in challenging patient cases to improve
diagnostic accuracy which will ultimately benefit patients and their
clinicians.
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