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Abstract: Mature B-cell lymphomas with both BCL2 and MYC translocations are known as “double hit” lymphomas.
These lymphomas are aggressive and show high proliferation rate due to the growth advantages provided by MYC
and BCL2 translocation and overexpression. Mantle cell lymphoma (MCL) is a neoplasm of mature B-lymphocytes
with characteristic t(11;14) and subsequent Cyclin D1 overexpression. Secondary cytogenetic changes are frequent
in MCL, but MYC translocation has only been rarely reported. In this study, we report four cases of MCL with MYC
translocation or MYC gene amplification detected by conventional cytogenetics, fluorescence in situ hybridization
and whole genome single nucleotide polymorphism (SNP) array, and determined the clinicopathologic features. Our
study provides further evidence supporting the concept of “double hit” MCL with co-involvement of MYC gene rear-
rangement and/or amplification and CCND1 gene rearrangement.
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Introduction

Mantle cell lymphoma (MCL) is an aggressive
and incurable mature B-cell ymphoma charac-
terized by t(11;14)(q13;032) and overexpres-
sion of cyclin D1 [1, 2]. While patients with MCL
typically follow a relentless progressive clinical
course, there is some heterogeneity in the mor-
phology, cytogenetics and even clinical behav-
iors among patients with MCL. Some cases of
MCL have more indolent clinical course and are
characterized by non-nodal leukemia disease
[3, 4]. On the other hand, blastoid and pleomor-
phic MCLs usually represent more advanced
and aggressive disease [5]. The difference in
clinical behavior depends on secondary cytoge-
netic abnormalities in addition to the transloca-
tion of the cyclin D1 gene locus. Cyclin D1 is
essential for cell cycle progression through the
G1-S checkpoint. Deregulated expression of
cyclin D1 is considered an initiating event in

MCL lymphomagenesis, but not sufficient for
the development of MCL [6, 7]. High numbers of
secondary chromosomal aberrations are
detected in MCL and the genes involved are
likely related to tumor progression [8, 9.
Abnormalities of the MYC gene locus in MCL are
rare but associated with aggressive clinical
behavior and blastoid morphology [10-13].

Here we report four cases of blastoid mantle
cell lymphoma with secondary cytogenetic
abnormalities involving the MYC gene locus. All
cases had stage IV highly aggressive disease
with systemic involvement. Fluorescence in situ
hybridization (FISH) and single nucleotide poly-
morphism (SNP) microarray analysis showed
either MYC translocation or gene amplification.
The MYC translocation and gene amplification
resulted in overexpression of MYC protein. We
also reviewed cases with concurrent cyclin D1
gene rearrangement and MYC abnormalities in
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Table 1. Summary of clinical and laboratory findings in 4 patients

Case 1 Case 2 Case 3 Case 4
Age/Sex 73/F 61/M 69/M 81/F
Stage \Y \Y v
CBC HGB 11.9 g/dL HGB 6.6 g/dL HGB 9.1 g/dL HGB 9.4 g/dL

WBC 96.2 x10%/L  WBC 438.5 x10°%/L WBC 21.2 x10°/L
Platelet 121 x10°%/L  Platelet 59 x10°%/L Platelet 18 x109/L

425 x10°%/L

Absolute lympho- 86 x10°/L
cyte count in PB

Bone marrow ND
involvement

Lymphadenopathy Yes, generalized

Splenomegaly Yes, 15 cm by CT

Serum LDH 688 U/L
Therapy R-CHOP EPOCH
Bendamustine and
Rituxan
Outcome, months CR, 17 CR, 4

ND

Yes, 18 cm by CT

17870 U/L

Hyper-CVAD

WBC 84.7 x10°%/L
Platelet 141 x10°/L

14 x10°%/L 51 x10°%/L
Yes Yes
No No

Yes, 20 cm by CT Yes, 1 cm below left

costal margin

800 U/L 3094 U/L
CHOP None
Hyper-CVAD

Autologous HSCT

Persistent disease, 13 In hospice, 3

M, male; F, female; CBC, Complete Blood Count; PB, peripheral blood; ND, not determined; CT, computerized axial tomography;
CR, complete remission; R, Rituximab; CHOP, Cytoxan, adriamycin, vincristine, and prednisone; EPOCH, etoposide, prednisone,
vincristine, cytoxan, and doxorubicin; Hyper-CVAD, cytoxan, adriamycin, vincristine, prednisone alternating with high dose cytara-

bine and methotrexate; HSCT, hematopoietic stem cell transplant.

the literature and summarized their clinical and
pathological features. Similar to double hit dif-
fuse large B-cell lymphoma with both BCL-2
and MYC gene rearrangements, the “double
hit” MCL with MYC abnormalities represent a
transformed and highly aggressive disease.

Materials and methods
Case selection

Four cases of mantle cell lymphoma with MYC
gene locus abnormalities were retrieved from
the files of the Department of Hematopathology
and Laboratory Medicine, H Lee Moffitt Cancer
Center and Research Institute, Tampa, FL.
Clinical information and follow-up were obtained
from chart review. Relevant clinical information
was summarized in Table 1. The study was
approved by the Institutional Review Board of
the University of South Florida.

Histology and immunohistochemistry

The morphology and immunohistochemistry
were routinely studied on peripheral blood
smear, and formalin-fixed and paraffin-embed-
ded tissue sections. Immunohistochemical
stains were performed using an automated
immunostainer (Ventana Medical Systems, Inc.
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Tucson, AZ) according to established protocols.
Antigen retrieval was performed using CC1,
high pH buffer. Antibodies included CD20 (L26,
predilute; Ventana), CD3 (2GV6, predilute,
Ventana), CD5 (4C7, 1:10, Leica), CD23 (1B12,
1:20, Leica), Cyclin D1 (SP4, predilute, Ventana),
p53 (BP53-11, predilute, Ventana), and MYC
(Y69, 1:10, Biocare). Positive and negative con-
trols were performed with all cases and showed
appropriate reactivity and specificity.

Whole genome Single Nucleotide Polymor-
phism (SNP) array

SNP microarray analysis was performed using
the Affymetrix Cytoscan HD platform which
uses over 743,000 SNP probes and 1,953,000
non-polymorphic copy probes with a median
spacing of 0.88 kb within genes. 250 ng of total
genomic DNA extracted was digested with
Nspl and then ligated to Nspl adaptors, and
amplified using Titanium Taq with a GeneAmp
PCR system 9700. PCR products were purified
using AMPure beads and quantified using
NanoDrop 8000. Purified DNA was fragmented
and biotin labeled and hybridized to the
Affymetrix cytoscan HD GeneChip. Data was
analyzed using the Chromosome Analysis Suite.
The analysis was based on GRCh37/hg 19
assembly.
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Figure 1. Representative image of cytological fea-
tures of blastoid mantle cell lymphoma with MYC
gene locus abnormalities in the peripheral blood
smear (Case 2, Wright-Giemsa stain, magnification
1000x).

Positive evaluation criteria include: DNA copy
gain/loss within or including a known clinically
significant cancer related gene (530 in data-
base) of 50 Kb or greater; DNA copy number
loss of >500Kb or gain >1Mb outside known
clinical oncology significant regions with at
least one OMIM annotated gene of possible
clinical significance; Contiguous allele homozy-
gosity >8Mb through the telomere of a single
chromosome is consistent with acquired unipa-
rental disomy (@UPD). These regions designate
clonal evolution associated with the acquisition
of homozygosity for a gene mutation within the
homozygotic stretch. Empiric studies have
detected whole chromosome 22 mosaicism
below 10.0%.

Flow cytometric Immunophenotyping

The specimen processing and antibody stain-
ing were performed according to manufactur-
ers’ recommendations. The antibody panel
included the following: CD3-PerCP, CD5-APC,
CD10-PE, CD4-FITC, CD7-PE, CD8-APC, CD11c-
APC, CD14-FITC, CD19-PerCP, CD19-APC,
CD20-APC, CD103-FITC, CD23-PE, FMCT-FITC,
CD25-PE, CD38-APC, CD45-PerCP, CD62L-
FITC, GPA-PE, 1gG1-PE, 1gG1-PerCP, IgG1-APC,
IgG2a-FITC, kappa-FITC, and lambda-PE.
Specimens were acquired with 6-parameter
4-color flow cytometry and all the antibodies
were from Becton Dickinson. We used the
FACSCalibur flow cytometer by Becton-
Dickinson. Data acquisition was done in
CellQuest Pro (sensitivity of fluorescent detec-
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tors monitored using standardized beads
according to the manufacturer’s recommenda-
tions). At least 5,000 Ilymphocytes were
acquired per tube. For analysis, cell populations
were gated based on their forward and side
scatter characteristics, in conjunction with anti-
gen back-gating on CD19+/CD5+ cells to deter-
mine the appropriateness of the gates. Normal
lymphoid cells within the specimens served as
internal controls for determination of antibody
binding intensity.

Fluorescence in situ hybridization

FISH probes were acquired from Vysis, Inc. and
included a multiprobe panel for chronic lympho-
cytic leukemia (Vysis LSI TP53, Vysis LSI ATM,
Vysis LSI D13S319, Vysis LS| 1334, and Vysis
CEP12), Vysis LSI IGH/CCND1 Dual Color, Dual
Fusion Translocation Probe, Vysis LSI BCL6
(ABR) Dual Color Break Apart Rearrangement
Probe, and Vysis LSI MYC Dual Color Break
Apart Rearrangement Probe. The specimen
processing and hybridizaton were performed
according to manufacturers’ recommenda-
tions. The samples were analyzed using stan-
dard fluorescence microscopy methods.

Results
Clinical findings

The clinical features of the 4 patients are sum-
marized in Table 1. There were two males and
two females with an age range from 61 to 81
years (median, 71 years). All patients had stage
IV disease with leukemic infiltrate in the periph-
eral blood. The white blood cells were markedly
increased with absolute lymphocytosis. The
absolute lymphocyte counts ranged from 14
x10%/L to 425 x10°%L (median, 68.5 x10%/L).
All patients had marked splenomegaly, and two
patients had involvement of the bone marrow
(cases 3 and 4). No bone marrow biopsies were
performed on patients 1 and 2. One patient
had generalized lymphadenopathy (case 1),
while the other three patients had no lymph-
adenopathy at the time of diagnosis. Serum
LDH level was increased in all four patients,
ranging from 688 U/L to 17870 U/L (median,
1947 U/L). Patient 1 had a reported history of
chronic lymphocytic leukemia (CLL) with mini-
mal lymphadenopathy and slightly elevated
white blood cell count for 8 years. The diagno-
sis of CLL was based on flow cytometry with the
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Figure 2. Hypercellular marrow with extensive infiltrate of blastoid mantle cell lymphoma. Case 4. A. hematoxylin-
eosin stain, magnification 100x (Inlet, magnification 1000x). B. CD20 immunostain, magnification 200x. C. Cyclin
D1 immunostain, magnification 200x; MYC immunostain, magnification 400x. D. Bone marrow aspirate smear
(Wright-Giemsa stain, magnification 1000x).

presence of CD5 and CD23 positive clonal
B-cells in the peripheral blood. Fluorescence in
situ hybridization (FISH) study was not per-
formed to confirm the diagnosis and a possibil-
ity of mantle cell ymphoma cannot be excluded
by the authors. Two of the patients had good
response to chemotherapy with complete
remission (Case 1 and 2). Patient 1 was initially
treated with R-CHOP (rituximab, cytoxan, adria-
mycin, vincristine, and prednisone) with com-
plete remission. She relapsed with circulating
lymphoma cells, increasing lymphadenopathy
and splenomegaly 8 months later. She was
subsequently treated with bendamustine and
rituximab with complete remission, and placed
on Rituximab maintenance. Patient 2 was
treated with EPOCH (etoposide, prednisone,
vincristine, cytoxan, and doxorubicin) for one
cycle and then hyper-CVAD (cytoxan, adriamy-
cin, vincristine, prednisone alternating with
high dose cytarabine and methotrexate) for
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three cycles with complete remission. Patient 3
was treated with CHOP and hyper-CVAD with
partial response. He underwent autologous
hematopoietic stem cells after high dose che-
motherapy with BEAM (BCNU, etoposide, cytra-
bine and melphalan), but showed persistent
disease post transplant. Patient 4 elected not
to receive chemotherapy and enrolled in
hospice.

Morphologic and immunophenotypic findings

The lymphoma cells showed similar morpholo-
gy in the peripheral blood of all 4 patients. The
neoplastic cells were large with round to irregu-
lar nuclei, blastoid chromatin, prominent nucle-
oli and moderate amounts of basophilic cyto-
plasm (Figure 1). Some of the cells had
cytoplasmic vacuoles. The bone marrow
showed extensive infiltrate by mantle cell lym-
phoma with approximately 95% (case 3) and
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60% (case 4) involvement,
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showed a predominance of
B-cells with monotypic surface
immunoglobulin  light  chain
expression (2 kappa and 2 lamb-
da). The neoplastic cells were
positive for CD19 and CD20, but demonstrated
immunophenotypic variations in all 4 cases.
The lymphoma cells in three cases (1, 2 and 4)
showed expression of CD5, but also weak to
moderate expression of CD23 (Figure 3). Case
3 displayed either no expression or dim partial
expression of CD5 in the lymphoma cells on dif-
ferent peripheral blood specimens (data not
shown). CD23 was consistently negative in
case 3.

Cytogenetic, Fluorescence In Situ Hybridization
(FISH) and whole genome Single Nucleotide
Polymorphism (SNP) array findings

The cytogenetic and FISH findings are summa-
rized in Table 2. Of the three cases with con-
ventional cytogenetic analysis performed
(cases 2, 3, 4), all showed complex karyotypes
with abnormalities involving multiple chromo-
somes, in addition to the presence of t(11;14)
(913;g32). Chromosome 824 abnormalities
were not detected by karyotype analysis, except
the presence of trisomy 8 and isochromosome
i(8)(q10) in case 3 (Figure 4C) FISH analysis
using the CLL panel probes for 11913/14q32
fusion, 11922.3, 13q14.3, 17p13.1, and cen
12, along with BCL6 and MYC probes were per-
formed in all four cases. The lymphoma cells in
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KAPPA FITC

LAMBDA PE

Figure 3. Blastoid mantle cell lymphoma cells with coexpression of
CD5 and CD23 by flow cytometry analysis of peripheral blood. Case 2.

all cases showed CCND1/IGH fusion signals
(casel, 73% of nuclei with an extra IGH signal;
case 2, 65% of nuclei; case 3, 53.5% of nuclei;
and case 4, 86% of nuclei with 2-3 cyclin D1/
IGH gene fusion signals) (Figure 4A) ATM gene
deletion at 11g22.3 was also detected in cases
1 and 4 (case 1, 85% of nuclei; case 4, 55% of
nuclei). In case 1, FISH analysis using MYC dual
color breakapart probe showed 73% of nuclei
positive for MYC gene rearrangement, which
highly suggested that the extra IGH signal
noted in the CLL panel representing a second
IGH gene rearrangement with MYC. In case 2,
FISH analysis showed 98% of nuclei positive for
MYC gene rearrangement and extra signals,
and 92% of nuclei positive for extra BCL6 sig-
nals. The presence of three unsplit MYC and
BCL6 signals were noted in most cells, consis-
tent with trisomy of both 3q and 8q. There was
no rearrangement of BCL6, although an extra
3’ portion of MYC was found in 98% of nuclei,
consistent with additional rearrangement of
MYC. In case 3, FISH showed 6.5% of nuclei
positive for MYC gene rearrangement, 25.5% of
nuclei positive for three MYC gene signals
(Figure 4B), and 31% of nuclei positive for three
BCL6 gene signals. In case 4, 60% of nuclei
were positive for amplification of MYC gene
without rearrangement.

IntJ Clin Exp Pathol 2013;6(2):155-167



Double-hit mantle cell lymphoma

Figure 4. Double hit mantle cell
lymphoma with t(11;14) and MYC
gene rearrangement. Case 3. A.
Interphase FISH using immuno-
globulin heavy chain/CCND1 dual
fusion probe for t(11;14). IGH/
CCND1 translocation represented
by fused green/red (yellow) signals
(arrow), in addition to 1 red and 1
green signal. Normal signal pat-
tern represented by 2 red and 2
green signals. B. Interphase FISH
using MYC dual color breakapart

Cé - . ; probe. MYC gene rearrangement
"i ) g ‘ a » g 5 g‘ represented by separated 1 green
3% - B e » and 1 red signals (arrow), normal

1 2 3 " 4 5 MYC gene locus represented by
S fused green/red (yellow) signal
; ¢ . (arrowheads). One cell has three
-§ § g E bg ‘ a ‘ 3 & : h¢ - “ ; yellow signals consistent with tri-
6 7 3 9 10 1 12 somy 8. C. Complex karyotype
with a t(11;14) IGH/CCND1 gene
g rearrangement (arrowheads) and
a b 2 ~ ﬁ A w8 a8 9’ concurrent trisomy 8 and i(8)(q10)
13 1 15 1 17 18 x2 [44,X,-Y,add(1)(q32),+8,i(8)
’ (q10)x2, t(11;14)(g13;932),-13,i
- 2 e a4 o i 18)(q10),-19,-22,+mar].
19 20 21 22 X Y
Table 2. Cytogenetic and fluorescent in situ hybridization (FISH) results
Case Karyotype FISH
1 ND nuc ish 11q13(CCND1x3),14932(IGHx4),(CCND1 con IGHx2)
[146/200]

nuc ish 8924(CMYCx2)(5’CMYC sep 3'CMYCx1)[146/200]
nuc ish 11922.3(ATMx1)[170/200]

2 45,X,Y,1(3;15)(021;q11.2),del(6) nuc ish 11g13(CCND1x3),14g32(IGHx3),(CCND1 con IGHx2)
(022), add(8)(p12),t(11;14) [136/200]
(913;032),add(17) nuc ish 8924(5’'C-MYCx3,3'C MYCx4)(5'C-MYC con 3’C-MYCx3)
(925),+mar[cp13]/46,XY[7] [98/100]

nuc ish 6¢cen(CEP6x2),6q22(MYBx1)[151/200]
nuc ish 14q32.3(IGHx3),18q21(BCL2x2)[139/200]
nuc ish 3927(BCL6x3)[120/150]/nuc ish 3927(BCL6x4)[19/150]
3 44 .X,-Y,add(1)(032),+8,i(8)(q10)x2, nuc ish 11q13(CCND1x4),14q32(IGHx4)(CCND1 con IGHx3)
1(11;14)(q13;032),-13,i(18)(q10),-19,- [107/200]

22,+mar[cp2]/46,XY[cp20] nuc ish 8q24(CMYCx3)[51/200]/(CMYCx2) (5’'CMYC sep 3'CMY-
Cx1)[13/200]
nuc ish 3q27(BCL6x3 [62/200]
4 42-43,XX,der(1)del(1)(p13.3p21) nuc ish 11q13(CCND1x3),14932(IGHx3),(CCND1 con IGHx2)

add(1)(q12),add(2)(p23),add(8)(p21), [118/150]
-9,add(9)(p21),add(10)(g22),t(11;14) nucish 11913(CCND1x4),14q32(IGHx4),(CCND1 con IGHx3)
(013;032),-13,del(13)(q12922),-14, [11/150]
der(18)t(1;18) (q241;p11.2),-22,+mar nuc ish 8q24 (C-MYCx2,3’'CMYCampx10-20)[60/100]
[cp12]/46,XX[8] nuc ish 11922.3(ATMx1)[59/98]

nuc ish 13q14.3(D13S319x1),13q34(LAMPx2)[38/150]

ND, not done; FISH, fluorescent in situ hybridization.

The whole genome chromosome SNP/CN cations and deletions of chromosomal seg-
microarray copy number analysis was per- ments in chromosomes 1p, 1q, 6p, 8p, 8q, 9p,
formed on case 4, and showed numerous dupli- 10p, 11q, 13q, 14q, 18p, 18q, and 22q. The
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' Ratio
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1,695,000 region specific
SNP/CNs.

Discussion

Mantle cell lymphoma
(MCL) is a well defined
mature B-cell neoplasm
with characteristic morpho-
logic and immunopheno-
typic features and a specif-
ic chromosomal
translocation juxtaposing
IGH@ and cyclin D1
(CCND1) genes [1, 2]
Despite these unifying fea-
tures, MCL represents a
heterogeneous  disorder,
ranging from indolent MCL
with benign clinical course
to highly aggressive blas-
toid or pleomorphic vari-
ants [3, 4]. Most patients
with MCL have a progres-

Figure 5. MYC gene amplification by whole genome single nucleotide poly-

morphism (SNP) array in case 4. CN, copy number.

analysis showed clonal evolution: primary (50%
of the cells) and secondary (30% of the cells).
The primary changes include deletions of 1p,
8p and 8q, 9p, 10p, 11q, 13q, 14q, 18p, 22q
(multiple), and duplications of 13q and 18p.
The secondary changes include deletions of
1q, 13q, 18q and duplications of 6p and 22q.
Also seen were amplifications of the 8q MYC
gene and adjacent chromosomal segment
(Figure 5) and 13q, as well as 8q and 9p (p16
gene) homozygous deletions. Chymotrypsis of
chromosome 8q and 13q were delineated.
Uniparental disomy for chromosome 22 was
detected in approximately 50% of the cells. No
other significant DNA copy number changes or
copy neutral LOH were detected in the

161

c-Myc

sively aggressive clinical
course and are character-
ized morphologically by
small to medium sized lym-
phoma cells with aberrant
expression of CD5 but not
CD23 [1]. The t(11;14)
(913;932) with deregulated
cyclin D1 expression is the
primary genomic alteration
in MCL. But the t(11;14)
(913;032) and overexpres-
sion of cyclin D1 are not
sufficient for lymphoma-

genesis [6, 14]. Additional
genetic alterations are apparently required for

the development of MCL. Cytogenetic changes
of MCL roughly correlate to the clinical and mor-
phologic groups. While indolent MCL usually
shows stable genome without many secondary
chromosomal abnormalities other than t(11;14)
(913;032), blastoid and pleomorphic MCL typi-
cally show a complex karyotype with highly
unstable genome [15]. The cytogenetic studies
with comparative genomic hybridization micro-
array (CGH) have revealed frequent secondary
gains and losses, involving genes important for
genomic stability, proliferation, and apoptosis,
such as TP53, ATM, MYC, BMI1, CDK4 and
BCL2 et al [15, 16]. Among the large numbers
of genes implicated in the lymphomagenesis of

IntJ Clin Exp Pathol 2013;6(2):155-167
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Table 3. Mantle cell ymphoma with c-Myc translocation or amplification in the literature

Reference Cases Morphology Karyotype c-Mye ger?e Stage Outcome
abnormality
Au et al. 4 Blastoid 43-44 X,Y,add(3)(p11),1(8;9)(q24;q13),der(11) ND \% Dead
[20] 1(11;14) (q13;932), der(14)(14pter->14q32::?::9q13 1-15m
->9qter), 15, der(17)t(3;17)(q13;p11)
42-45 XY,add(2)(p25), del(6)(p21),del6(q15),der(8)
ins(8;14)(q24;924932),del(9)(p22),t(11;14)
(013;932), del(12)(q15),-14,-15,add(16)(q24)
[cp8]/46,XX[8]
64-65,XX,-X,-2,add(2)(p23),add(3)(p12)x2,-4,-
4,+6,+8, add(8)(q24)x2, +9,del(10)(q24),+add(10)
(024),+11, t(11;14) (q13;924),+12,-13x3,+14,-
15,der(15)t(5;15) (p11;p11)x2,-16x3,+17,add(18)
(923),?idic(18)(g23), +dic(19)t(19;?)(p13;?),-20x3,-
21,-22,+7mar[cp7]/46, XX[7]
45,XY,dic(8;9)(q24;p24),-9,1(11;14)(q13;932)
[13]/46,XY[13]
Onciu et al. 3 NA 42-44,-X,Y,add(3)(q29),-5,add(8)(q24),add(9)(q34), NA NA NA
[21] add(10)(q26),t(11;14)(q13;q32),add(11)(p15),-
13, add(13)(p13),-17,-18,add(22)(q13),del(22)
(q11),+2,-6mar[cp13]/46,XY[7]
45 .X,-X,del(1)(p13p22),-2,der(8)t(2;8)
(913;924),del(9) (p12), (11;14)(q13;932),t(12;18)
(913;023),-13,add(15) (p15),add(21)
(p13),+2mar[9]/46,XY[11]
46,XY,del(7)(q22),add(8)(q24),t(11;14)(q13;032)[4]
Hao et al. 5 2 Blastoid 46-48,XX,add(8)(q24),add(9)(q34),t(11;14) Three c-Myc I\ 2 Dead,
[10] 3 pleomor- (q13;932), 13, add(13)(gq22),del(17)(p11.2),+0-2 translocation 22,60 m
phic mar[cp28] by FISH 3 Alive,
46,XY,del(7)(g22),add(8)(q24),t(11;14)(q13;q32)[4] Two c-Myc 321m
42-44,X Y,add(3)(q29),-5,add(8)(q24),add(9)(q34),  amplification
add(10)(q26),t(11;14)(q13;932), add(11)(p15),-13, by FISH
add(13)(p13),-17,-18,add(22)(q13),del(22)(q11),+2,-
6 mar[cpl13]
45 X,-X,del(1)(p13;p22),-2,der(8)t(2;8)
(013;924),del(9) (p12),t(11;14)(q13;032),t(12;18)
(913;023),-13,add(15) (p15),add(21)(p13),+2mar[9]
46,X,del(X)(q26),t(8;14)(q24;932),t(11;14)
(013;932), add(13)(q32)add(15)(q24),del(17)
(p11;p13), add(18) (p11)[14]
Michaux et 1 Pleomorphic 46,XY,t(11;19;14)(q13;913;932),ins(12;?) 1(8;22) \% Dead,
al. [22] (921;7?),del(13) (q14q22)[6]/46,idem,add(2)(p25) (024;911) by 2m
[3]/46,idem, add(3)(q29)[2]. FISH
Trisomy 8 by
FISH
Felten et al. 1 Blastoid ND c-Myc gene \% Dead, 4 m
[11] rearrangement
by FISH
Zhang et al. 1 Classic 46,XY,1(8;17;21;14,;17;21;14) c-Myc gene [\ Alive,
[23] (924;p13;022;011.2;p13; q22;932),del(10) rearrangement 22 m
(924),1(11;14)(q13;932) by FISH
Seok et al. 1 Blastoid ~ 45-47,XY,-9,-11,der(14)t(11;14)(q13;032),- c-Myc/IGH \% Dead, 1 m
[24] 22,+2~3mar [cp10]/46,XY[2] translocation
by FISH
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Tirier et al. 1 Classic 45,XY,1(2;8)(p12;924), -10,dic(10;15) ND [\ Dead, 4 m
[25] (p10;p13),del(11), t(11;14)(q13;932),del(11)

(914q22),-15[20]/ 45,idem, del(6)(q?15q?24)

[71/46,XY[6]
Vaisham- 2 Blastoid 44 X,-Y,add(6)(p25),1(8;14)(024;932),del(9) c-Myc/IGH I\ Dead,
payan et al. (q12),t(11;14) (913;032),-12,der(19)t(1;19) translocation 10 m
[12] (921;p13) by FISH in

42 X,-Y,add (6)(q27),dup(8)(q24q13),t(11;14) case 1

(913;032), dup(12)(q13q15),der(14)t(14;19) 3 copies of

(p11;911),add (15) (p11),-15,-17,-19 ¢-Myc by FISH

in case 2

Mossafa et 3 Blastoid 40-43,XY,-3,dic(5;13)(q35;p11),der(6)(q?),-6,add(8)  c-Myc amplifi- \% 2 Dead,
al. [26] (q24), der(9)t(9;?)(q34;?), der(11),-12,der(14) cation by FISH 12m1l

(g?),del(15) (q13q924),der(16)t(16;?)(pl11;?),der(17) (5->7 copies) Alive, PR

1(8;17) (q11;911), r(?),+marl,+mar2 [CP13]
45-46,XX,del(1)(p34),i(6)(p10),10,t(11;14)

(913;932), +mar1[CP0O6]

43 XY,-9,4(11;14)(q13;932),-12,-15,-17,-21,-22,+2~

3mar [CP10]
Mossafa et 1 Classic 51-55,XY,+X,+5,+6,del(6) c-Myc amplifi- NA Alive, CR
al. [26] (q15922),+8,+9,+11,t(11;14) (q13;932),4xdm cation by FISH

[CP13] (4-5 copies)
Oliveira et 1 Blastoid  47,XY,t(2;8)(p12;q24)[21],+7[21],del(9)(q13) c-Myc gene \% Dead, 9 m
al. [27] [21],4(11;14) (q13;932)[21],del(17)(p11.2) overexpression

[211/46,XY[9][cp21] by Real-time

PCR

Reddy et al. 2 Blastoid  44-45XY,del(2)(q11.2q21),der(3;17) Myc/IGH and v NA
[13] (p10;910),der(5) t(3;5)(q12;q15),t(11;14)(q13;932) MYC transloca-

[cp6]/46,XY[14]

tion in case 1,

42-44 X,Y,add(1)(p13),t(2;8)(p12;q24),der(2) and Myc/IGK
t(2;15) (p25;q11.2),+3,del(9)(p22p24),bdel(9) translocation
(p22p24),-10, del(11)(q21923),t(11;14)(q13;932),- in case 2 by
13,-15,-17,add(17) (p11.2)[cp7]/46,XY[17] FISH

M, male; F, female; ND, not done; NA, not available; FISH, fluorescent in situ hybridization; PCR, polymerase chain reaction; m,

month; CR, complete remission; PR, partial remission.

MCL, MYC appears to play an important role in
transforming the initial B-cell clone harboring
1(11;14)(q13;9032). Studies with transgenic
mice showed strong cooperation between the
MYC gene and the transcriptionally activated
cyclin D1 in oncogenic transformation of B-cell
lymphomas [6].

MYC is a global transcription factor regulating
up to 10% of the human genes [17]. MYC regu-
lates essential cell functions such as cell
growth, cell cycle progression, cell survival, cel-
lular metabolism and biosynthesis. MYC
expression is tightly regulated at the transcripi-
tional and translational levels. Deregulated
MYC expression in the B-cells in transgenic
mice is oncogenic and results in the develop-
ment of B-cell lymphomas [18]. MYC deregula-
tion in lymphoma occurs in two scenarios, one
as a primary event such as in Burkitt lympho-
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ma, and the other as a secondary event in a
variety of lymphomas, including diffuse large
B-cell lymphoma, transformed follicular lym-
phoma, plasmablastic lymphoma, lymphoblas-
tic lymphoma, B-cell lymphoma unclassifiable
with features intermediate between diffuse
large B-cell lymphoma and Burkitt lymphoma
and mantle cell lymphoma [19]. MYC deregula-
tion typically results from chromosomal trans-
location in lymphoma. In Burkitt lymphoma,
MYC activation is the result of MYC transloca-
tion at 8924 to the IG heavy chain locus at
14932, or less frequently to the IG kappa or
lambda light chain loci at 2p12 and 22ql1
respectively. In contrast to Burkitt lymphoma,
secondary MYC translocation in other B-cell
lymphomas usually occurs in an unstable
genome with complex karyotype and juxta-
posed to non-IG gene locus. The presence of
MYC translocation in this setting is typically
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associated with an aggressive clinical course. A
subset of aggressive B-cell lymphoma with
both BCL2 and MYC gene rearrangements is
defined as “double hit” lymphoma and shows
very poor prognosis. In consistent with the piv-
otal role of MYC in cell proliferation and metab-
olism, the double hit lymphoma and other
aggressive B-cell lymphomas with MYC gene
rearrangement usually show extremely high
proliferation rate in the neoplastic cells. MCL
with 824 abnormalities involving MYC gene is
rare and often associated with blastoid mor-
phology and poor prognosis [10-13, 20-27].

In this study we presented four cases of MCL
with secondary cytogenetic abnormalities
involving the MYC gene locus (three with MYC
gene translocation and one with MYC amplifica-
tion). The MYC translocation was not associat-
ed with IG heavy or light chain gene loci. All
cases were blastoid MCL with markedly elevat-
ed white cell blood count, circulating large lym-
phoma cells, extensive involvement of bone
marrow (in cases with bone marrow biopsy),
splenomegaly and elevated LDH. In case 4
whole genome chromosome SNP/CN microar-
ray (Reveal) analysis showed numerous dupli-
cations and deletions in various chromosomes
along with uniparental disomy on chromosome
22. Review of the literature shows 26 cases of
MCL with 8924 and MYC gene translocation or
amplification (Table 3) [10-13, 20-27]. All of the
cases were advanced stage IV disease with
high mortality mostly within the first two years
after diagnosis despite aggressive chemother-
apy. The majority were blastoid or pleomorphic
MCL, only three cases with classic lymphocytic
MCL. Complex karyotype was invariably pres-
ent in addition to t(11;14)(q13;032).
Conventional cytogenetic analysis and FISH
studies showed 15 cases with MYC transloca-
tion and 11 cases with additional 824 or MYC
amplification. Of the 15 cases with MYC trans-
location, 5 cases showed translocation with
the IGH@ gene locus, 4 cases showed translo-
cation with the IG light chains gene locus (3
IGK@, 1 IGL@), and 6 cases showed non-IG
translocation with 8q24/MYC. Cryptic MYC
gene rearrangement in two cases [22, 24] and
MYC gene amplification in one case [26] were
detected by FISH only, indicating the impor-
tance of performing FISH studies in aggressive
B-cell lymphomas. These cases and the four
cases presented in this study constitute an
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unique group of highly aggressive MCL with
similar clinical and pathologic features. It
should be noted that two of the patients in the
current study achieved complete remission fol-
lowing aggressive chemotherapy. However, the
follow-up period was relatively short (4 and 17
months) for the development of relapsed dis-
ease, as seen in several previous studies.

Just as aggressive B-cell lymphoma with both
BCL2 and MYC rearrangements is defined as
double hit lymphoma, MCL with both CCND1
and MYC gene rearrangements is specified as
double hit MCL [28]. The effect of the second
“hit” of MYC rearrangement on the morphologic
features was well illustrated in an unusual case
presented by Felten et al. [11]. In the case, the
lymph node showed areas with classic MCL and
areas resembling Burkitt lymphoma. The cells
in the areas with Burkitt features showed non-
IG associated MYC gene rearrangement by
FISH. These cells also demonstrated acquisi-
tion of germinal center marker CD10, loss of
BCL2, with persistent CCND1/IGH transloca-
tion and overexpression of cyclin D1. Since the
MCL with MYC amplification in our study and
others showed similar clinicopathologic fea-
tures, these cases should also be classified as
double hit MCL, even though the “second hit”
by deregulated MYC is not mediated by chromo-
somal translocation. Gains of 8q24 do not nec-
essarily correspond to MYC amplification.
Tagawa et al. and Rubio-Moscardo et al. showed
gains of 8924 in 24% and 19% patients with
MCL, respectively [29, 30] The relatively high
frequently of gains of 8q24 cannot explain the
rarity of these double hit MCL. Bea et al. identi-
fied two cases of MCL with 824 amplification
by CGH, one with typical morphology, and one
with blastoid morphology [8]. However, only one
of the two cases showed MYC gene amplifica-
tion by Southern blot analysis. As MYC mRNA
has a very short half life in normal cells, the
mMRNA level may not reflect the protein level and
activation. In fact, Hernandez et al showed 38%
MCL had elevated MYC mRNA by Northern blot,
with only slightly higher frequency in blastoid
MCL [31]. In addition, Southern blot showed no
MYC gene amplification in classic MCL, and
only one of 13 blastoid MCL showed three fold
MYC gene amplification. It appears the best
methodology to detect MYC amplification is by
FISH or high density SNP microarray. The SNP
microarray allows the detection of exact gene
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copy number. The SNP microarray performed
on case 4 of our study showed amplification of
MYC gene, corresponding to the high copy num-
ber of MYC gene detected by FISH (Table 2).
PCR studies may also be of use in determining
the level of MYC gene amplification. Jardin et al.
demonstrated that MYC gains were associated
with high risk MCL with blastoid morphology by
quantitative Multiplex PCR of Short Fluorescent
Fragments (QMPSF) assays [32]. Recently, a
specific antibody against MYC is available com-
mercially for immunohistochemical staining on
formalin fixed paraffin embedded tissue. The
immunostain appeared promising for detection
of MYC expression and activation, in correlation
with MYC translocation [33]. However, there is
still controversy as to the utility of immunostain
for MYC in predicting MYC gene translocation in
diffuse large B-cell ymphoma [34]. We showed
variably strong MYC expression by immunos-
tain in our cases, which seems to confirm the
findings by Bajor-Dattilo et al. Immunostain for
MYC has not been sufficiently evaluated in
MCL.

In addition to MYC, other genes are also likely
implicated in the aggressive behavior of lym-
phoma cells in double hit MCL. CDKN2A gene
on chromosome 9 encodes two proteins by
alternative splicing, INK4A and ARF, which are
important in cell cycle control and stability of
p53 respectively. SNP microarray in case 4 of
our study showed homozygous deletion of the
CDKN2A gene. Rubio-Moscardo et al. also
demonstrated that deletions of INK4a gene
were associated with poorer prognosis togeth-
er with blastoid morphology, increased number
of genomic gains, and TP53 gene deletion [30].
Assessment of the CDKN2A gene locus in dou-
ble hit MCL pathogenesis will be important in
future studies. The uniparental disomy is likely
indicative of the presence of a homozygous
mutation of a tumor suppressor gene. One
such tumor suppressor on chromosome 22 is
neurofibromatosis 2 (NF2), but its involvement
in lymphoma is not established.

Both classic and blastoid/pleomorphic MCL
typically show aberrant expression of CD5, but
are negative for CD23. Three of the four cases
in this study showed co-expression of CD5 and
CD23, although the CD23 expression was only
dim and partial in 2 cases. The aberrant expres-
sion of CD23 may be a common feature in the
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double hit MCL, although the cases are limited
in our study.

In summary, we presented four cases of double
hit MCL, defined as MYC gene rearrangement
and/or amplification in addition to CCND1 gene
rearrangement. Review of the literature shows
that these cases represent a relatively unique
group of MCL with highly aggressive clinical
behavior. FISH, CGH or SNP microarray is rec-
ommended in blastoid mantle cell lymphoma
with high circulating lymphoma cells and sple-
nomegaly to determine MYC gene amplifica-
tion, if conventional cytogenetics does not
detect 8924 translocation or is not available.
Identification of such double hit MCL warrants
aggressive Burkitt-type chemotherapy, as com-
plete remission can be achieved, although the
disease free survival is short as described in
the literature. CDKN2A gene deletion may play
a role in the pathogenesis of double hit MCL.
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