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Keywords: Summary The role of MYC dysregulation has been studied extensively in B-cell lymphomas, but little
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ALK+ anaplastic large sessed the clinicopathologic and prognostic significance of MYC expression in ALK+ anaplastic large

cell lymphoma; cell lymphoma (ALCL) cases. Using >50% as the cutoff value for positive MYC expression by immu-
Pathology:; nohistochemistry, 17 of 46 (37%) cases were MYC+-. Patients with MYC+ tumors were older (median
Prognosis age, 39 versus 29 years, p = 0.04) and more often showed a common morphologic pattern (100%

versus 69%, p = 0.02), when compared with those with MYC-negative tumors. By fluorescence in
situ hybridization analysis, 9 of 31 (29%) cases showed increased MYC copy number, and 1 of 31
(3%) case had an MYC rearrangement, and the remaining 21 (68%) cases showed no MYC aberrations.
Among the cases with increased MYC copy number, 5 of 8 (62%) cases showed MYC copy gain and/or
amplification and 3 of 8 (38%) had polysomy 8. MYC expression was associated with increased MYC
copy number (p = 0.01). MYC expression, but not increased MYC copy number, correlated with short-
er overall survival (OS) (p = 0.03). In conclusion, MYC expression identified a distinct group of
ALK + ALCL patients with more aggressive behavior and shorter OS. Our data suggest that MYC
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expression is an adverse prognostic factor and may be useful in stratifying or predicting the prognosis

of patients with ALK+ ALCL.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

Anaplastic large cell lymphoma (ALCL) is a T cell
neoplasm usually characterized by large tumor cells with
horseshoe-shaped nuclei and abundant cytoplasm (so-called
hallmark cells), uniform and strong CD30 expression, and
aberrant loss of one or more T cell antigens. These neo-
plasms can be further classified into ALK+ and ALK-
negative types. ALK+ ALCL is characterized by ALK
expression resulting from translocations involving ALK at
2p23, most commonly t(2; 5)(p23; q35)/NPMI-ALK [1].
Although the long-term overall survival (OS) rates are
70—90% in patients with ALK+ ALCL, some patients
have refractory/relapsed disease with 5-year OS rate of
<50% [2,3]. Therefore, identifying patients with a poorer
prognosis who might benefit from more aggressive therapy
is needed.

MYC, located on chromosome 8q24, encodes a tran-
scription factor that regulates many genes involved in cell
growth, proliferation, apoptosis, metabolism, and differen-
tiation [4—7]. MYC is altered in many malignancies
including lymphomas and some solid tumors [5]. The role
of MYC dysregulation in lymphomas has been studied
extensively in B-cell lymphomas. Translocations of MYC
partnered with one of the immunoglobulin genes are the
genetic hallmark of Burkitt lymphoma and can be detected
in 90% of cases. These translocations lead to MYC over-
expression and are thought to have an important role in
pathogenesis of Burkitt lymphoma [8]. MYC translocations
also occur in 10—15% of diffuse large B-cell lymphoma
(DLBCL), predominantly in the germinal center B-cell type
[8,9]. In addition to MYC rearrangements, numerical al-
terations of MYC are also detected in 7—21% of DLBCL.
MYC translocations and increased copy number may be
later events in the pathogenesis of DLBCL and have been
associated with a poorer prognosis [10—19]. MYC
expression assessed by immunohistochemistry also has
been correlated with a poorer prognosis in DLBCL.

Studies of MYC dysregulation in T cell lymphomas
including ALCL are much more limited than in B-cell
lymphomas. An early study reported MYC overexpression
in all 15 cases of pediatric ALK+ ALCL assessed,
although MYC cutoff value was not specified [20]. A more
recent study, using a cutoff level of >30%, reported that 31
of 38 (82%) primary ALK+ ALCL samples were MYC+
by immunohistochemistry [21]. However, the clinicopath-
ologic features and outcome of patients with MYC+ ALCL
and the underlying mechanisms of MYC expression in

those patients have not yet been reported. In this study, we
assessed MYC expression in ALK+ ALCL cases using
immunohistochemistry, and the results were correlated with
clinicopathologic features and patient outcome. We also
investigated MYC aberrations by fluorescence in situ hy-
bridization (FISH) analysis and its relationship with MYC
expression.

2. Materials and methods

2.1. Case selection

We searched the database of the Department of Hema-
topathology at The University of Texas MD Anderson
Cancer Center from January 1, 2007 through December 31,
2018 for cases of ALK+ ALCL that had materials available
for assessment of MYC by immunohistochemistry. The
diagnosis and subclassification of ALCL were based on
criteria specified in the 2016 WHO classification [1]. The
diagnosis of ALK+ ALCL was confirmed by ALK
expression by immunohistochemistry with or without t(2;
5)(p23; q35) by conventional cytogenetics or ALK rear-
rangement by FISH analysis. Clinical information was
obtained by review of medical records. This study was
approved by the institutional review board.

2.2. Immunophenotypic analysis

Immunohistochemical studies were performed using
formalin-fixed paraffin-embedded (FFPE) tissue sections,
either at the time of diagnosis or retrospectively for this
study as described previously [22]. Immunohistochemical
analysis was performed on an automated immunostainer
(Leica Bond-Max IHC Stainer, San Diego, CA). Tissue
sections, 4-um-thick, were deparaffinized and underwent
heat-induced antigen retrieval using the Bond Max Epitope
Retrieval 1 solution for 15 min. The antibodies used were
specific for CD2, CD7, EMA (Leica Biosystems, New-
castle, United Kingdom); CD3, CD20, CD43, CD45 (Dako,
Carpinteria, CA, USA); CD4 (Cell Marque, Rocklin, CA,
USA); CD5 (SP4; Labvision/Neomarkers, Fremont, CA,
USA); CD8, granzyme B (Thermo Fisher, Waltham, MA,
USA); ALK (Cell Signaling, Danvers, MA, USA); c-MYC
(clone Y69, Epitomics, Burlingame, CA, USA) and PAXS5
(Transduction Labs, San Diego, CA, USA). The Bond
Refine Polymer detection system was used for
visualization.
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Table 1  Clinical features of patients with MYC+ and MYC-
negative ALK+ anaplastic large cell lymphoma.

Clinical features MYC+ MY C-negative P
(n = 17) (n = 29) value

Male:female 1.4:1 (10/7) 1.2:1 (16/13) 1.00

Median age, yrs 39 (17—64) 29 (5—58) 0.04
(range)

B symptoms 64% (7/11)  62% (13/21) 1.00

Nodal presentation  93% (13/14) 81% (22/27) 0.64

Extranodal 7% (1/14) 19% (5/27) 1.00
involvement

Bone marrow 23% (3/13) 19% (4/21) 1.00
involvement

Stage III or IV 75% (9/12)  77% (17/22) 1.00

Elevated WBC 50% (5/10) 38% (5/13) 0.69

Absolute 10% (1/10) 0% (0/11) 0.48
lymphocytosis

Elevated serum LDH 70% (7/10) 31% (4/13) 0.08

IPI >3 22% (2/9) 13% (2/15) 0.61

Initial treatment
CHOP or modified 82% (9/11) 70% (16/23) 0.68
CHOP

Other* 18% (2/11)  30% (7/23)
Initial CR 64% (7/11)  87% (20/23) 0.18
With SCT 18% (2/11)  50% (11/22) 0.13

ALCL, anaplastic large cell lymphoma; WBC, white blood cells; LDH,
lactate dehydrogenase; IPI, International Prognostic Index; CHOP,
cyclophosphamide, doxorubicin, vincristine, and prednisone; *,
including Hyper-CVAD (cyclophosphamide, vincristine, doxorubicin,
and dexamethasone), EPOCH (etoposide, prednisone, vincristine,
cyclophosphamide, and doxorubicin), ICE (ifosfamide, carboplatin,
etoposide), BV (Brentuximab vedotin), and so on R, rituximab; CR,
complete response; SCT, stem cell transplant.

Immunophenotypic analysis by flow cytometry was
performed on cell suspensions of tissue biopsy specimens
or bone marrow aspirates using either a FACScanto II or
FACSCalibur cytometer (Becton-Dickinson Biosciences,
San Jose, CA, USA) as has been described [22]. Lympho-
cytes were gated for analysis using side scatter versus
forward scatter and CD45 expression versus side scatter.
The panel of monoclonal antibodies included reagents
specific for CD2, CD3, CD4, CD5, CD7, CDS8, CDI10,
CD25, CD30, CD45, TCR alpha/beta, TCR gamma/delta
(Becton-Dickinson Biosciences, San Jose, CA, USA).

2.3. Fluorescence in situ hybridization

FISH analysis was performed on FFPE tissue sections
using ALK dual color break-apart probe, and MYC dual
color break-apart probe (Abbott Molecular, Des Plaines, IL,
USA) according to the manufacturer’s instructions, 200
nuclei were analyzed [10,22]. The cutoffs established in our
cytogenetic laboratory were 18.1% for increased MYC copy
number and 8.1% for MYC rearrangement, respectively.
MYC amplification was designated as > 6 copies or clusters

Table 2  Pathological features of patients with MYC+ and
MYC-negative ALK+ anaplastic large cell lymphoma.

Pathologic MYC+ MY C-negative P
features (n = 17) (n = 29) value
Morphologic type
Common 100% (17/17) 69% (20/29) 0.02
pattern
Noncommon 0% (0/17) 31% (9/29)
pattern
Immunophenotype
CD2+ 36% (4/11)  67% (14/21) 0.14
CD3+ 18% (3/17)  37% (10/27) 0.20
CD4+ 60% (6/10)  68% (15/22) 0.70
CD5+ 50% (5/10)  36% (8/22) 0.70
CD7+ 0% (0/6) 50% (7/14) 0.05
CD8+ 29% (2/7) 17% (3/18) 0.60
CD25+ 67% (2/3) 83% (10/12) 0.52
CD43+ 56% (5/9) 82% (9/11) 0.34
CD45+ 67% (10/15) 88% (15/17) 0.21
TCR A/B+ 100% (3/3)  38% (3/8) 0.18
TCR G/D+ 0% (0/2) 0% (0/8) 1.00
Granzyme B+ 60% (3/5) 100% (8/8) 0.13
TIA1+ 100% (3/3)  100% (4/4) 1.00
EMA+ 90% (9/10)  100% (11/11) 0.48

of MYC signals. For cases with increased MYC copy
number without amplification (i.e. 3-5 copies), FISH
analysis using MYC/CEPS dual color probes (Abbott Mo-
lecular, Des Plaines, IL, USA) was performed to differen-
tiate true MYC copy gain from polysomy 8: the former
showing copy number increase in MYC only (not in CEPS),
whereas the latter showing copy number increase in both
MYC and CEPS.

2.4. Statistical analysis

Statistical analyses were performed using the Graph-Pad
Prism 8. Fisher’s exact test was utilized to compare the
clinicopathologic features between MYC+H versus MYC-
negative groups in patients with ALK+ ALCL. OS was
calculated from the date of initial diagnosis to the date of
death or last follow-up. Survival was analyzed using the
Kaplan-Meier method and was compared using the log rank
test. A p value of less than 0.05 was considered statistically
significant.

3. Results
3.1. Clinical findings

We assessed MYC expression in 46 cases of ALK+
ALCL. Using >50% as the cutoff value for MYC positiv-
ity, 17 (37%) cases were MYC+ and 29 (63%) cases were
MYC-negative. The clinical features of these patients are
summarized in Table 1. The MYC+ group included 10 men
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Fig. 1 A MYC+ ALK+ ALCL case with MYC amplification. (A) This case showed common morphologic pattern. (B—C) The lym-
phoma cells were uniformly and strongly positive for CD30 (B, membranous staining) but were negative for CD3 (C). Rare small lym-
phocytes with strong positivity for CD3 (C) were the background reactive T cells. (D-E) The lymphoma cells were positive for ALK (D,
nuclear and cytoplasmic staining) and MYC (E, nuclear staining). (F) FISH analysis showed the lymphoma cells had MYC amplification
(>6 copies) in majority of the cells. A. Hematoxylin-eosin stain, x400. B-E. Immunohistochemistry, x400. F. FISH analysis using MYC
dual color (3’MYC labeled as green, 5’MYC labeled as red) break-apart probe, x600. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.) FISH, fluorescence in situ hybridization; ALCL, anaplastic large cell

lymphoma.

and 7 women with a median age of 39 years (range, 17—64
years) at the time of diagnosis. Seven of 11 (64%) patients
had B symptoms. Lymphadenopathy was identified in 13 of
14 (93%) patients and 1 of 14 (7%) had extranodal
involvement. Bone marrow was involved in 3 of 13 (23%)
patients. Nine of 12 (75%) fully staged patients had stage
III or IV disease. Five of 10 (50%) patients had leukocy-
tosis and 1 of 10 (10%) had absolute lymphocytosis. Seven
of 10 (70%) patients tested showed an elevated serum LDH
level. Two of 9 (22%) patients had an International Prog-
nostic Index score of >3 (Table 1).

The MYC-negative group included 16 men and 13
women with a median age of 29 years (range, 5—58 years)
at time of diagnosis. The median age of MYC+ group was
older than MYC-negative group (39 years vs. 29 years;
p = 0.04). Patients had a similar frequency of B symptoms,
lymphadenopathy, and advanced stage disease. Other than
age, there were no significant differences in the clinical
features of patients with MYC+ versus MYC-negative
ALK+ ALCL (Table 1).

3.2. Pathologic findings

The pathological features of these patients are summa-
rized in Table 2. All 17 cases of ALK+ ALCL that were

MYC+ showed common (classic) morphology (Table 2;
Fig. 1). In the 29 MYC-negative neoplasms, 20 (69%) cases
showed common morphology and 9 (31%) cases had
noncommon morphologic patterns: 5 (17%) small cell and
4 (14%) lymphohistiocytic (Fig. 2). The MYC + subset of
ALK + ALCL more frequently had common morphology
(100% vs. 69%, p = 0.02). MYC+ cases also had variable
expression of T cell antigens (Table 2). Most of the MYC+
cases were positive for CD4 (6/10; 60%), CDS5 (5/10; 50%),
CD25 (2/3; 67%), CD43 (5/9; 56%), and CD45 (10/15;
67%). In addition, most MYC+ cases were positive for
EMA (9/10; 90%) and 3 of 5 (60%) were positive for
granzyme B. Small subsets of MYC+ cases were positive
for CD2 (4/11; 36%), CD3 (3/17; 18%), and CD8 (2/7;
29%). None of the MYC+ cases were positive for CD7
(n = 6). There was no significant difference in the fre-
quency of expression of T cell antigens and cytotoxic
markers between MYC+ versus MYC-negative ALK+
ALCL cases (all p > 0.05; Table 2).

Thirty-one cases were assessed for MYC aberrations by
FISH analysis. Nine (29%) cases showed increased MYC
copy number (Table 3). One (3%) case had a MYC rear-
rangement [23]. The remaining 21 (68%) cases showed no
MYC aberrations (Fig. 2). Among the 9 cases with
increased MYC copy number, 3 had MYC amplification
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Fig.2 A MYC-negative ALK+ ALCL case with normal MYC copy number. (A) This case showed small cell morphologic pattern. B—C.
The lymphoma cells were uniformly and strongly positive for CD30 (B) but were negative for CD3 (C). (D) The lymphoma cells were
positive for ALK (cytoplasmic staining). (E) Only a small subset (<50%) of lymphoma cells showed MYC staining (weak). (F) FISH
analysis showed normal signal pattern, with 2 fusion signals in majority of the cells. A. Hematoxylin-eosin stain, x400. B-E. Immuno-
histochemistry, x400. F. FISH analysis using MYC dual color (3’ MYC labeled as green, 5’MYC labeled as red) break-apart probe, x600. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) FISH, fluorescence in

situ hybridization; ALCL, anaplastic large cell lymphoma.

(Figs. 1F, 3D) 1 had MYC copy gain (Fig. 4A), 1 had MYC
copy gain and amplification, 3 had polysomy 8 (Fig. 4B),
and 1 did not have tissue for FISH analysis for MYC/CEPS8
(Table 3). In the subgroup of cases with MYC aberrations, a
mean of 63% lymphoma cells were positive for MYC
expression, significantly higher than the mean of 41%

Table 3  Increased MYC copy number and MYC expression
in ALK+ anaplastic large cell lymphoma.

MYC+ lymphoma cells
by IHC (%)

Case MYC copy number by
number FISH

1 >6 (MYC amplification) 90
2 5" MYC amplification 60
3 5" MYC amplification 60
4 3-5 (MYC copy gain) 60
5 3-7 (MYC copy gain/ 50
amplification)
6 3-5 (polysomy 8) 90
7 3-5 (polysomy 8) 50
8 3-5 (polysomy 8) 10
9 3-4 (MYC copy gain or 70

polysomy 8?)"

ALCL, anaplastic large cell lymphoma; FISH, fluorescence in situ
hybridization; IHC, immunohistochemistry.
 no tissue for FISH analysis for MYC/CEPS.

lymphoma cells observed in cases without MYC aberrations
(Fig. 5, p = 0.02). MYC was positive in 8 of 9 (89%) cases
with increased MYC copy number versus 7 of 21 (33%)
cases without increased MYC copy number (p = 0.01;
Table 4).

3.3. Treatment and response

Treatment and follow-up data were available for 34
patients with ALK+ ALCL: 11 MYC+ and 23 MYC-
negative. All patients were treated with various chemo-
therapy regimens over the time interval of this study, with
or without stem cell transplant (SCT). In patients with
MYC+ neoplasms, 9 of 11 (91%) were treated with
cyclophosphamide, doxorubicin, vincristine, and predni-
sone (CHOP) or modified CHOP (Table 1). After initial
induction chemotherapy, 7 of 11 (64%) patients achieved
complete remission. Two of 11 (18%) patients received
SCT: 1 autologous and 1 allogeneic. In patients with MYC-
negative neoplasms, 16 of 23 (70%) were treated with
CHOP or a modified CHOP regimen and 20 (87%) ach-
ieved complete remission. Eleven of 22 were treated with
SCT. There were no differences in initial treatment or
complete remission rate between the MYC+ versus MYC-
negative groups (all p > 0.05; Table 1).
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3'MYC

Fig.3 Two MYC+ ALK+ ALCL cases: one with 3—5 MYC copy number and one with 5" MYC amplification. A and B. In this case, the
lymphoma cells were positive for MYC expression (A) and FISH analysis showed 3~5 MYC copy number in majority of the cells (B). C
and D. In this case, the lymphoma cells were positive for MYC expression (C) and FISH analysis showed 5’MYC amplification with clusters
of red signals in many cells (D). A and C. Immunohistochemistry, x400. B and D. FISH analysis using MYC dual color (3’MYC labeled as
green, 5’MYC labeled as red) break-apart probe, x600. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.) FISH, fluorescence in situ hybridization; ALCL, anaplastic large cell lymphoma.

Fig.4 Two ALK+ ALCL cases with increased MYC copy number: one with MYC copy gain and one with polysomy 8. (A) FISH analysis
showed increased MYC copy number (3—5 copies) but normal CEP8 copy number in majority of the cells, i.e. MYC copy gain. B. FISH
analysis showed increased copy number (3—5 copies) in both MYC and CEPS, i.e. polysomy 8. A and B. FISH analysis using MYC/CEPS§
dual color (MYC labeled as red, CEPS8 labeled as blue) probes, x600. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.) FISH, fluorescence in situ hybridization; ALCL, anaplastic large cell lymphoma.

3.4. Outcome

After a median clinical follow-up of 23 months (range,
0—224 months), 12 of 37 (32%) patients died. Death
occurred in 6 of 13 (46%) patients with MYC+ neoplasms
and in 6 of 24 (25%) patients with MYC-negative

neoplasms. Survival analysis was performed in patients
based on MYC expression status. Positive MYC expres-
sion, using a cutoff value of 50% (rather than 40% or less),
was associated with significantly shorter OS in patients
with ALK+ ALCL (p = 0.02; Fig. 6A—C). Since MYC
expression was associated with age, common morphologic
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Fig. 5 MYC expression in ALK+ ALCL was associated with
MYC genetic aberrations. The percentage of MYC + lymphoma
cells in ALK + ALCL cases with MYC aberrations was higher
than that in the cases without MYC aberrations. MYCAB, cases
with MYC aberrations; MYCNL, cases without MYC aberrations.
ALCL, anaplastic large cell lymphoma.

pattern, and increased MYC copy number in ALK+ ALCL,
the possible roles of these three factors in patient survival
were investigated. Age (using 40 years as the cutoff) or
morphology (common vs. noncommon pattern) had no
impact on OS in patients with ALK+ ALCL (p = 0.56 and
p = 0.87, respectively; Fig. 7A and B). Similarly, there was
no significant difference in OS between patients with
versus without increased MYC copy number (p = 0.55;
Fig. 7C).

4. Discussion

Studies of MYC dysregulation in T cell lymphomas are
very limited. One type of T-cell lymphoma in which MYC
expression has been assessed is adult T cell leukemia/
lymphoma (ATLL). Mihashi et al. [24] assessed 137 pa-
tients and reported that MYC expression (defined as posi-
tivity in >50% of  lymphoma  cells by
immunohistochemistry) was more common in lymphoma-
type (79%) and acute-type (65%) disease as compared

Table 4 High MYC positivity rate in ALK + ALCL with
increased MYC copy number.

No.case MYC+ MYC- P

(n[%])" negative (n  Value
[%])

8 89%) 1(11%) 0.01

7 33%) 14 (69%)

ALCL, anaplastic large cell lymphoma.
% >50% of lymphoma cells were positive for MYC expression.

Increased MYC s 9
copy number — 21

with smoldering-type (4%) and chronic-type (9%) disease.
In a small study of pediatric ALCL: all 15 ALK+ ALCL
cases were MYC+H versus 0 of 6 ALK-negative ALCL
cases, but MYC cutoff value was not specified [20].
Another more recent study reported that 82% of primary
ALK+ ALCL samples were MYC+ by immunohisto-
chemistry; the cutoff used was >30% in this study [21].
The variable MYC positivity rate in the literature is
explained, at least partially, by the different cutoff values
used. In our study, a cutoff value for MYC positivity of
>50% was used because it identified the subset of patients
with shorter OS; therefore 37% of our ALK+ ALCL cases
had high MYC expression (positivity in >50% lymphoma
cells).

A few reports suggest that T cell lymphomas often have
increased MYC copy number, but rarely carry MYC rear-
rangement. In a small series of cases of Sezary syndrome,
75% of patients had MYC gains [25]. Similarly, gains of
8g24 is one of the most frequent chromosomal aberrations
in peripheral T cell lymphoma unspecified [26]. In ATLL,
MYC expression has been correlated with chromosomal
amplification and duplication [24]. In a study of 108 T and
NK cell lymphoma cases, all neoplasms with MYC
expression lacked MYC rearrangement [27].

Chromosomal structural alterations including gains of
8q affecting MYC were reported in an early study of an
ALCL cell line [28]. In our study, increased MYC copy
number was present in almost 30% of cases, but MYC
rearrangement was rare (3%) [23]. Among our cases with
increased MYC copy number, 62% (5/8) were due to MYC
copy gain and/or amplification, whereas 38% (3/8) were
due to polysomy 8, suggesting that MYC copy gain/
amplification is the main mechanism leading to increased
MYC copy number.

In one study, activation of ALK fusion protein induced
overexpression of MYC, supporting dysregulation of MYC
as a potential downstream target of ALK signaling [20].
Although the expression level of MYC varied in each of our
cases, all cases showed some extent of MYC expression
even in the group without increased MYC copy number,
possibly induced by ALK fusion protein. We also found an
association between MYC expression and increased MYC
copy number, suggesting that increased MYC copy number
is a mechanism underlying high MYC expression in ALK+
ALCL. Therefore, high MYC copy number may act in
synergy with ALK fusion protein. Interestingly, 33% of
cases without increased MYC copy number had MYC
expression level of >50% (MYC+ using 50% as cut-off),
suggesting that other factors (not MYC copy number)
may also play a role in regulating MYC expression.

In the study by Mihashi et al. [24], ATLL patients with
>50% MYC expression had significantly worse prognosis
than those with <50% MYC expression. Furthermore, in 4
of 7 patients with smoldering or chronic-type ATLL that
transformed to acute-type, MYC expression increased from
<50% to >50%, suggesting that MYC expression in ATLL
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cell lymphoma.

is associated with aggressive behavior and inferior patient for MYC positivity in DLBCL, our data in combination
prognosis. In the cohort of ALK+ ALCL cases we present, with the results from the ATLL study by Mihashi et al. [24]
MYC expression in >50% of cells was associated with a suggest that > 50% might be a more appropriate cutoff

shorter OS. Although >40% is a well-accepted cutoff value value to define MYC positivity in T cell lymphomas
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because it stratified the patients with a worse outcome.
Despite its association with MYC expression, increased
MYC copy number did not affect patient OS in our cohort.

Because MYC expression was also associated with older
age and common morphologic pattern in this study, we
investigated the possible prognostic roles of age and
morphology. In general, ALK+ ALCL patients have a
better prognosis than those with ALK-negative ALCL
[29—33]. However, in some studies, ALK expression has
not been identified as an independent prognostic factor in
multivariate analysis, mainly because of the correlation
between younger age and ALK positivity. If the analysis
was limited to patients younger than 40 years old, patients
with ALK-negative ALCL have relatively good outcomes,
similar to those with ALK+ ALCL, suggesting that age
might be a major factor driving the difference in outcomes
[34]. However, in the cohort we present, age had no
prognostic importance.

In childhood ALK+ ALCL patients, the presence of a
small cell/lymphohistiocytic component was significantly
associated with a high risk of failure in multivariate anal-
ysis [35]. In our cohort composed of predominantly adult
patients, the MYC-negative ALK+ ALCL cases more often
had a noncommon morphologic pattern, but these patients
had better OS than patients with MYC+ neoplasms. As
expected, there was no significant difference in OS between
our patients with common versus noncommon morphologic
patterns.

In conclusion, we assessed MYC expression in 46 pa-
tients with ALK+ ALCL and compared the clinicopatho-
logic features and outcome between patients with MYC+
versus MYC-negative tumors. In addition, we also inves-
tigated MYC aberrations and its relationship with MYC
expression. We found that MYC expression was associated
with older age, common morphologic pattern, and
increased MYC copy number. Among the cases with
increased MYC copy number, a large subset had MYC copy
gain/amplification and a small subset had polysomy 8.
MYC expression, but not increased MYC copy number,
correlated with shorter OS. Our data suggest that MYC
expression is an adverse prognostic factor and may be
useful in stratifying or predicting the prognosis of patients
with ALK+ ALCL.

Acknowledgment

The authors would like to extend our appreciation to
Phuong Elizabeth Mai Dang for her help in FISH analysis.

References

[1] Swerdlow SH, Campo E, Pileri SA, et al. The 2016 revision of the
World Health Organization classification of lymphoid neoplasms.
Blood 2016;127:2375—90.

[2] Fukano R, Mori T, Kobayashi R, et al. Haematopoietic stem cell
transplantation for relapsed or refractory anaplastic large cell

lymphoma: a study of children and adolescents in Japan. Br J Hae-
matol 2015;168:557—63.

[3] Morel A, Briere J, Lamant L, et al. Long-term outcomes of adults
with first-relapsed/refractory systemic anaplastic large-cell lym-
phoma in the pre-brentuximab vedotin era: a LYSA/SFGM-TC study.
Eur J Canc 2017;83:146—53.

[4] Li S, Lin P, Young KH, et al. MYC/BCL2 double-hit high-grade B-
cell lymphoma. Adv Anat Pathol 2013;20:315—26.

[5] Dang CV. MYC on the path to cancer. Cell 2012;149:22—35.

[6] Meyer N, Penn LZ. Reflecting on 25 years with MYC. Nat Rev Canc
2008;8:976—90.

[7] Dalla-Favera R, Bregni M, Erikson J, et al. Human c-myc onc gene is

located on the region of chromosome 8 that is translocated in Burkitt

lymphoma cells. Proc Natl Acad Sci U S A 1982;79:7824—17.

Lin P, Medeiros LJ. The impact of MYC rearrangements and "double

hit" abnormalities in diffuse large B-cell lymphoma. Curr Hematol

Malig Rep 2013;8:243—52.

Rosenthal A, Younes A. High grade B-cell lymphoma with rear-

rangements of MYC and BCL2 and/or BCL6: double hit and triple

hit lymphomas and double expressing lymphoma. Blood Rev 2017;

31:37—42.

[10] Xu J, Liu JL, Medeiros LJ, et al. MYC rearrangement and
MYC/BCL2 double expression but not cell-of-origin predict prog-
nosis in R-CHOP treated diffuse large B-cell lymphoma. Eur J
Haematol 2020;104:336—43.

[11] Klapper W, Stoecklein H, Zeynalova S, et al. Structural aberrations
affecting the MYC locus indicate a poor prognosis independent of
clinical risk factors in diffuse large B-cell lymphomas treated
within randomized trials of the German High-Grade Non-Hodg-
kin’s Lymphoma Study Group (DSHNHL). Leukemia 2008;22:
2226-9.

[12] Akyurek N, Uner A, Benekli M, Barista I. Prognostic significance of
MYC, BCL2, and BCL6 rearrangements in patients with diffuse large
B-cell lymphoma treated with cyclophosphamide, doxorubicin,
vincristine, and prednisone plus rituximab. Cancer 2012;118:
4173—-83.

[13] Horn H, Ziepert M, Becher C, et al. MYC status in concert with
BCL2 and BCL6 expression predicts outcome in diffuse large B-cell
lymphoma. Blood 2013;121:2253—63.

[14] Schieppati F, Balzarini P, Fisogni S, et al. An increase in MYC copy
number has a progressive negative prognostic impact in patients with
diffuse large B-cell and high-grade lymphoma, who may benefit of
intensified treatment regimens. Haematologica 2020 May;105(5):
1369—78.

[15] Yoon SO, Jeon YK, Paik JH, et al. MYC translocation and an
increased copy number predict poor prognosis in adult diffuse large
B-cell lymphoma (DLBCL), especially in germinal centre-like B cell
(GCB) type. Histopathology 2008;53:205—17.

[16] Valera A, Lopez-Guillermo A, Cardesa-Salzmann T, et al. MYC
protein expression and genetic alterations have prognostic impact in
patients with diffuse large B-cell lymphoma treated with immu-
nochemotherapy. Haematologica 2013;98:1554—62.

[17] Quesada AE, Medeiros LJ, Desai PA, et al. Increased MYC copy
number is an independent prognostic factor in patients with diffuse
large B-cell lymphoma. Mod Pathol 2017;30:1688—97.

[18] Rosenwald A, Bens S, Advani R, et al. Prognostic significance of
MYC rearrangement and translocation partner in diffuse large B-cell
lymphoma: a study by the lunenburg lymphoma biomarker con-
sortium. J Clin Oncol 2019;37:3359—68.

[19] Copie-Bergman C, Cuilliere-Dartigues P, Baia M, et al. MYC-IG
rearrangements are negative predictors of survival in DLBCL patients
treated with immunochemotherapy: a GELA/LYSA study. Blood
2015;126:2466—74.

[20] Raetz EA, Perkins SL, Carlson MA, et al. The nucleophosmin-
anaplastic lymphoma kinase fusion protein induces c-Myc expres-
sion in pediatric anaplastic large cell lymphomas. Am J Pathol 2002;
161:875—83.

[8

—_

[9

—


http://refhub.elsevier.com/S0046-8177(20)30230-6/sref1
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref1
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref1
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref1
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref2
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref2
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref2
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref2
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref2
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref3
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref3
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref3
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref3
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref3
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref4
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref4
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref4
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref5
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref5
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref6
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref6
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref6
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref7
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref7
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref7
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref7
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref8
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref8
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref8
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref8
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref9
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref9
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref9
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref9
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref9
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref10
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref10
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref10
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref10
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref10
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref11
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref11
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref11
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref11
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref11
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref11
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref11
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref12
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref12
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref12
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref12
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref12
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref12
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref13
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref13
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref13
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref13
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref14
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref14
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref14
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref14
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref14
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref14
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref15
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref15
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref15
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref15
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref15
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref16
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref16
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref16
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref16
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref16
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref17
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref17
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref17
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref17
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref18
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref18
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref18
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref18
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref18
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref19
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref19
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref19
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref19
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref19
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref20
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref20
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref20
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref20
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref20

MYC, ALK+ anaplastic large cell lymphoma

31

[21]

(22]

(23]

[24]

[25]

[26]

(271

[28]

Weilemann A, Grau M, Erdmann T, et al. Essential role of IRF4 and
MYC signaling for survival of anaplastic large cell lymphoma. Blood
2015;125:124—-32.

Shen J, Li S, Medeiros LJ, et al. PD-L1 expression is associated with
ALK positivity and STAT3 activation, but not outcome in patients
with systemic anaplastic large cell lymphoma. Mod Pathol 2020 Mar;
33(3):324—33.

Luo DX, Li W, Ye MT, et al. "Double hit" anaplastic large cell
lymphoma with concurrent ALK and MYC rearrangements. Am J
Hematol 2020 Dec;95(12):1625—7.

Mihashi Y, Mizoguchi M, Takamatsu Y, et al. C-MYC and its main
ubiquitin ligase, FBXW7, influence cell proliferation and prognosis
in adult T-cell leukemia/lymphoma. Am J Surg Pathol 2017;41:
1139—49.

Vermeer MH, van Doorn R, Dijkman R, et al. Novel and highly
recurrent chromosomal alterations in Sezary syndrome. Canc Res
2008;68:2689—98.

Thorns C, Bastian B, Pinkel D, et al. Chromosomal aberrations in
angioimmunoblastic T-cell lymphoma and peripheral T-cell lym-
phoma unspecified: a matrix-based CGH approach. Genes Chromo-
somes Cancer 2007;46:37—44.

Chisholm KM, Bangs CD, Bacchi CE, et al. Expression profiles of
MYC protein and MYC gene rearrangement in lymphomas. Am J
Surg Pathol 2015;39:294—303.

Merz H, Lange K, Gaiser T, et al. Characterization of a novel human
anaplastic large cell lymphoma cell line tumorigenic in SCID mice.
Leuk Lymphoma 2002;43:165—72.

[29]

[30]

(31]

(32]

(33]

(34]

(35]

Vose J, Armitage J, Weisenburger D, International TCLP. Interna-
tional peripheral T-cell and natural killer/T-cell lymphoma study:
pathology findings and clinical outcomes. J Clin Oncol 2008;26:
4124-30.

Savage KJ, Harris NL, Vose JM, et al. ALK- anaplastic large-cell
lymphoma is clinically and immunophenotypically different from
both ALK+ ALCL and peripheral T-cell lymphoma, not otherwise
specified: report from the International Peripheral T-Cell Lymphoma
Project. Blood 2008;111:5496—504.

Falini B, Pileri S, Zinzani PL, et al. ALK+ lymphoma: clinico-
pathological findings and outcome. Blood 1999;93:2697—706.

ten Berge RL, de Bruin PC, Oudejans JJ, et al. ALK-negative
anaplastic large-cell lymphoma demonstrates similar poor prognosis
to peripheral T-cell lymphoma, unspecified. Histopathology 2003;43:
462—-9.

Ellin F, Landstrom J, Jerkeman M, Relander T. Real-world data on
prognostic factors and treatment in peripheral T-cell lymphomas: a
study from the Swedish Lymphoma Registry. Blood 2014;124:
1570-17.

Sibon D, Fournier M, Briere J, et al. Long-term outcome of adults
with systemic anaplastic large-cell lymphoma treated within the
Groupe d’Etude des Lymphomes de 1’Adulte trials. J Clin Oncol
2012;30:3939—46.

Lamant L, McCarthy K, d’Amore E, et al. Prognostic impact of
morphologic and phenotypic features of childhood ALK-positive
anaplastic large-cell lymphoma: results of the ALCL99 study. J
Clin Oncol 2011;29:4669—76.


http://refhub.elsevier.com/S0046-8177(20)30230-6/sref21
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref21
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref21
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref21
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref22
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref22
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref22
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref22
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref22
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref23
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref23
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref23
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref23
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref24
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref24
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref24
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref24
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref24
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref25
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref25
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref25
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref25
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref26
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref26
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref26
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref26
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref26
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref27
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref27
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref27
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref27
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref28
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref28
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref28
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref28
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref29
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref29
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref29
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref29
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref29
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref30
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref30
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref30
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref30
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref30
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref30
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref30
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref31
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref31
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref31
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref31
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref32
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref32
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref32
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref32
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref32
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref33
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref33
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref33
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref33
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref33
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref34
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref34
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref34
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref34
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref34
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref35
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref35
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref35
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref35
http://refhub.elsevier.com/S0046-8177(20)30230-6/sref35

	MYC expression is associated with older age, common morphology, increased MYC copy number, and poorer prognosis in patients ...
	1. Introduction
	2. Materials and methods
	2.1. Case selection
	2.2. Immunophenotypic analysis
	2.3. Fluorescence in situ hybridization
	2.4. Statistical analysis

	3. Results
	3.1. Clinical findings
	3.2. Pathologic findings
	3.3. Treatment and response
	3.4. Outcome

	4. Discussion
	1IntroductionAnaplastic large cell lymphoma (ALCL) is a T cell neoplasm usually characterized by large tumor cells with hor ...
	References


