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Unusual childhood extramedullary hematologic malignancy
with natural killer cell properties that contains tropomyosin
4—anaplastic lymphoma kinase gene fusion

Sandra J. Meech, Loris McGavran, Lorrie F. Odom, Xiayuan Liang, Lynne Meltesen,
Jacob Gump, Qi Wei, Soren Carlsen, and Stephen P. Hunger

This report describes an unusual ex-
tramedullary hematologic malignancy in
an 18-month-old child who presented with
a capillary leak syndrome that evolved
into hyperleukocytosis with malignant
cells. The circulating tumor cells did not
express an antigen profile typical of any
subtype of leukemia commonly observed

in children. Tumor cells were CD3 ~/CD56+;

had germline TCR genes; and strongly
expressed CD30, epithelial membrane an-
tigen, and anaplastic lymphoma kinase
(ALK) consistent with a null cell anaplas-
tic large cell ymphoma (ALCL). The malig-
nant cells contained a t(2;19)(p23;p13.1)
that interrupted ALK and translocated it

to the der(19). Reverse transcriptase-
polymerase chain reaction and nucleo-
tide sequence analysis revealed fusion of
ALK to tropomyosin 4, an ALK fusion
partner not described previously in hema-
tologic malignancies. The clinical presen-
tation and phenotypic features of this
malignancy were not typical for ALCL
because tumor cells expressed both my-
eloid (CD13, CD33, HLA-DR) and natural
killer (NK) cell antigens. The neoplastic
cells most resembled NK cells because in
addition to being CD3 ~/CD56* with germ-

line TCR genes, these cells were CD25 */

CD122*/granzyme B * and possessed the
functional properties of immature NK

cells. The unusual clinical presentation,
immunophenotype, and functional prop-
erties of these neoplastic cells suggest
that this malignancy may be derived from
the putative myeloid-NK precursor cell.
Furthermore co-expression of NK and
ALCL features supports the concept that
a minority of null-ALCL may be derived
from NK cells and expands the spectrum
of phenotypes that can be seen in tumors
produced by ALK fusion proteins. (Blood.
2001;98:1209-1216)
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Introduction

Anaplastic large cell lymphoma (ALCL) is a heterogeneousients is unknown. Recently, it has been postulated that ALCLs
subtype of non-Hodgkin lymphomas (NHLs) unified by a characteoriginate from cells with cytolytic potential, including cytotoxic T
istic pattern of lymph node invasion by malignant cells that expresslls and possibly natural killer (NK) cells because most ALCLs
epithelial membrane antigen (EMA) and CDBBecause EMA express cytotoxic proteins, including TIA-1, perforin, and gran-
and CD30 can be expressed by a variety of neoplastic celiyme B, proteins normally expressed only by activated cytotoxic T
co-expression of anaplastic lymphoma kinase (ALK) aids in theells and NK cellg0-12
diagnosis of ALCL. Aberrant ALK function is thought to play a  NK cells are thought to be derived from a bipotential common T
critical role in the pathogenesis of ALCL, because most ALCLsell/NK cell progenitor and express some cell surface antigens
contain chromosome translocations that create ALK fusion proteiassociated with T cells; they do not express T-cell-specific
with constitutive kinase activity2 The prototypic ALK fusion antigens, are by definition surface CD8D56", and have germ-
protein is nucleophosmin (NPM)-ALK, created by the t(2;5)(p23jne TCRandIg genes3-15 Functionally, NK cells do not require
g35)3 Four variant ALK chimeras have been identified recently igytokine stimulation or major histocompatibility complex recogni-
ALCL.%° Tumors containing variant ALK chimeras are charactetion to become cytolytically active and can lyse target cells without
ized by cytoplasmic-restricted ALK expressibn. major histocompatibility complex restriction or prior sensitiza-
The precise cellular origin of ALCL is unknown. The majoritytion.*> Malignancies arising from cells of NK origin are rare, but
of ALCLs express T-cell-associated antigens and have rearrangieely are increasingly recognized as distinct clinicopathologic
TCR geneg The remaining cases express neither T- nor B-cedintities. All neoplasms presumed to be derived from NK cells,
antigens and are termed null-ALCL. Most null-ALCLs are considincluding precursor myeloid/NK cell malignancies, express
ered to be of T lineage because they have eittifror v/d TCR CD561617 However, CD56 expression is not specific for NK
rearrangement¥. The derivation of the remaining rare cases thanalignancies, as some ALCLs, acute lymphoblastic leukemias,
lack expression of T- or B-specific antigens ar@RIg rearrange- acute myeloid leukemias (AMLs), and multiple myelomas also
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express this antigel¥:?2Recent reports that some NK malignanciesxpressed no T, B, or histiocytic cell-associated antigens but strongly
express myeloid antigens suggest that the putative T/NK bipoteﬁcpressed CD13 and CD30 and were negative for Tdt and cytochemical
tial progenitor may be myeloid-antigen posititfe. myeloperoxidase (MPO) staining. Cytogenetic studies of peripheral blood

In this report, we describe an 18-month-old boy with an unusu@pd bone marrow specimens detected abnormalities in the short arms of
malignancy characterized by a capillary leak and hemophagocy? romosomes 2, 5, and 19. FISH studies showed rearrangem@éwmtkof

d h leukocvtosi d circulati i t cell ﬁél h translocation to the der(19). Reverse transcriptase-polymerase chain
syndrome, hyperieukocytosis, and circuiating malignant Cells Wit qviq, (RT-PCR) foNPM-ALK fusion transcripts was negative. Because

minimal bone marrow involvement and no identified nodal 0§t e unusual clinical presentation and evidence of a variink
extranodal tumor mass. The tumor cells were CIED56%, {ransiocation in malignant cells that co-expressed CD30 and EMA, the
lackedTCRgene rearrangements, and had other features seen inghgent was felt to have an atypical ALCL.

subset of null-ALCLs of unknown derivation, including strong On the basis of this diagnosis, CsA was discontinued and plasmaphere-
expression of CD30, EMA, and ALK. They also contained ais and leukopheresis were performed daily for 5 days with significant
1(2;19)(p23;p13.1) that we determined creates a new variant ALiRiprovement in the patient's clinical condition. Induction chemotherapy
fusion protein, tropomyosin 4 (TPM4)-ALK. However, the clinicalPased on the Children’s Cancer Group regimens used to treat pediatric
picture was very atypical for an ALCL, and the tumor cells aISéLCL and other_chlld_ho_od NHLs was initiated. The patient achieved a
displayed some features suggesive of a myeloid malignan(giIPee TESEE U SRR TS SRR e O e
(CD13"/CD33"/HLA-DR ™) and others classically associated withclr g yein, cyclopnosp e

. . ) ) o abinoside, daunorubicin, etoposide, high-dose methotrexate, vincristine,
NK malignancies (granzyme Bwith the cytotoxic activity of ang inyrathecal cytosine arabinoside but excluded steroids. The patient is

incompletely differentiated NK cells). This unique case furtheg,rrently in remission 14 months after completion of therapy.
expands the spectrum of hematologic malignancies associated with

ALK fusion proteins. Specimens

Cytogenetic and FISH studies were performed at the Colorado Genetics
Laboratory. Malignant cells obtained by leukopheresis were used for
cytochemical stains, immunohistochemistry, flow cytometric analysis, and
functional killing assays. Cryopreserved samples of the patient’s neoplastic
cells were obtained for further studies from the leukemia cell bank of The
Children’s Hospital and analyzed under research protocol approved by the
Apreviously healthy 18-month-old boy presented with fever, hepatospleniastitutional Review Board.
megaly, peripheral edema, and symptomatic pleural effusions. Pleurocente-
sis revealed a sterile effusion with nonmalignant-appearing lymphocytosgytogenetics and FISH
Complete blood count showed hemoglobin of 100 g/L (10.0 g/dL), platelet. ) ) )
count of 281x 1(PL (281 0004xL), and a white blood cell (WBC) count of Giemsa-banded cytogenetic stu_dles were performed from unstimulated
11X 10°L (11 0004.L) with 81% neutrophils, 5% bands, and 6% lympho cu!tures of. bone marrow and penphergl blood. Samples were prepareq by
cytes. The patient was diagnosed with pneumonia and treated wHRing @ direct technlqu_e and overnight (_:ulture me_thods as desgrlbed
antibiotics. Over the next several days, he became critically il with higﬂrewously?lz“Cytoger_lenc results are described by using the International
fever, disseminated intravascular coagulation, and generalized edema wifstem for Cytogenetic Nomenclatfe. _
ascites. His pleural effusions worsened and he required intubation and FISH studies were performed by using a commemlzK probe (Vysis,
aggressive ventilatory support. No extranodal masses or adenopathy wp¥/ners Grove, IL) that was directly labeled with Spectrum Green and
identified on computed tomography scans of head, abdomen, and thor%R?th“m Orange and hybridized to both mterphase_ and metaphasg targets
but massive hepatosplenomegaly was present. Hemophagocytosis _(;gggwmg the manufacturer’s protocol. In the use of this probe, cells with an
noted on bone marrow and liver biopsies, and a serum interleukin¥aCtALK locus have a fused red/green signal on chromosome 2 At &n
receptor level was markedly elevated at 42 300 1U/dL (normal,000 translocation has occurred, then the probe is split. The prox'|mal Spectrum
IU/dL). A diagnosis of infectious-associated hemophagocytic syndronfgf€en-labeled probe remains on the der(2) and the distal Spectrum
was considered. Three separate bone marrow aspirates and biopSiE¥9e—labeled probe moves to the partner derivative chromosome.
obtained from multiple sites over 6 days were consistently moderate‘hgd't'on""I FISH studies were performed with chromosome 2 and 19 whole
hypercellular with trilineage hematopoietic elements and contained {g"omMosome paint probes and with probes for 5p-, 19p-, and 19q-specific
identifiable malignant cells. Cytogenetic studies of liver and bone marrca/Ptelomeric sequences under conditions recommended by the manufac-
specimens revealed a normal male karyotype. turer (Vysis).

The patient was treated initially with high-dose intravenous immuno-
globulin and methylprednisolone. An extensive investigation for virdriuorescence-activated cell sorter analysis

infections, including Epstein-Barr virus and herpesviruses such as h“"]ﬁﬂnunophenotyping of malignant cells was performed on the leukophere-
herpesvirus 8, was negative. Because of the patient’s deteriorating cIiniggl product by using directly conjugated fluorescent monoclonal or poly-
status, tentative diagnosis of infectious-associated hemophagocytic S¥Bhal antibodies to CD3, CD4, CD5, CD8, CD14, CD16/56 (combined),
drome, and symptoms suggestive of “cytokine storm,” Cyclosporin '&Dlg, CD45, CD45R0, HLA-DR, TCR:8, and TCRy5 (Becton Dickin-
(CsA) was added to the treatment regimen. Within 24 hours of starting C%n, Mountain View, CA); CD10, CD20 (Coulter, Miami, FL); CD13,
and after 1 week of methylprednisolone, the patient's WBC count abrup@/D61 (DAKO, Carpinteria, CA); CD2 (Immunotech, Miami, FL); and
increased from 5.%10°L (5500/.L) to 39.4 X 10°L (39 400f1L) over a CD7, CD25, CD30, CD33, CD34, CD95, CD95L, and CD122 (Pharmin-
36-hour period, and malignant cells were noted in the peripheral blood f@én, San Diego, CA). Cells were also separately stained with isotype
the first time. The day before the development of hyperleukocytosis, @ bQQigiy s for each antibody according to manufacturer’s protocol. Cells were

marrow was obtained that showed no malignant cells by microscoRigayed by flow cytometry within 24 hours of preparation at the University
examination, but retrospective cytogenetic and fluorescence in situ hybr, “Colorado Cancer Center Flow Cytometry Core or at The Children's

ization (FISH) studies revealed presence of the pseudodiploid clone with I%spital by using Coulter EpicsXL flow cytometers and software
ALK translocation. The WBC count eventually peaked at>x9#C°L

. o i . .
(94 000{.L) with 6_6 % circulating malignant cells. _ Immunohistochemistry

The neoplastic cells were homogeneous and monocytoid appearing.
Some cells contained numerous cytoplasmic vacuoles and exhibitedmunohistochemical staining was performed by using the heat-induced
cytoplasmic buddings. Initial analysis indicated that the malignant celistigen retrieval technique on paraffin-embedded cellblock sections made

Patient and methods

Case history
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Table 1. Sequence of oligomers used for reverse transcriptase—polymerase chain reaction

PCR target Primer Sequence Reference

NPM-ALK NPM forward 5-TCCCTTGGGGGCTTTGAAATAACACC Morris et al®
ALK reverse 5-CGAGGTGCGGAGCTTGCTCAGC

TPM3-ALK C-TPML1 (outer) 5-CGAGAAGTTGAGGGAGAAAGG Lamant et al®
ALK-1 (outer) 5-GCCAGCAAAGCAGTAGTTGGGGTTG
C-TPM3 (inner) 5-CTGGCAGAGTCCCGTTGCC
ALK-2 (inner) 5-GTCGAGGTGCGGAGCTTGCTCAGC

ATIC-ALK ATIC (outer) 5-CGCTCGCCCTGAACCCAGTG Ma et al®
ATIC (inner) 5-GTGTCCACGGAGATGCAGAG
ALK (outer and inner) 5-CGAGGTGCGGAGCTTGCTCAGC

TPM4-ALK TPM4Start 5-CGCGCCATGGCCGGCCTCAAC This report
ALKSM3R 5-AGCACACTTCAGGCAGCGTCTTC

ABL ABLX3 5-TTTCTCCAGACTGTTGACTGG Hunger et al*®
ABLX2 5-CCTTCAGCGGCCAGTAGCAT

PCR indicates polymerase chain reaction; NPM, nucleophosmin; ALK, anaplastic lymphoma kinase; TPM, tropomyosin; ATIC, 5-aminoimadazole-4-carboxamide
ribonucleotide formyltransferase/IMP cyclohydrolase; ABL, Abelson leukemia gene.

from peripheral blood leukocytes obtained from leukopheresis. The followtear cytoplasmic vacuoles, but no cytoplasmic granules or Auer
ing monoclonal antibodies were used according to protocols recommenggds were seen. Malignant cells were negative for Sudan black B,
by the manufacturers: Granzyme B (Chemicon; CA); CD57 (BectoRSE, and MPO cytochemical reactivity, although high expression
Dickinson); CD3, CD15, CD20, CD68, ALK-1, EMA, MPO, S-100 o vioplasmic MPO protein was detected by immunohistochemis-
(DAKO, Carpinteria, CA); and CD30 (Immunotech). Standard cytochem{i, (Figure 1B)
cal stains for MPO and nonspecific esterase (NSE) were performed on bot¥e ’

marrow aspirate smears. Immunophenotypic properties of malignant cells

NK cell cytotoxicity assays A fluorescence-activated cell sorter (FACS) light-scatter profile of

A standard short-term (4-hour)Cr-release NK cell functional assay usingce”S freshly Pbta'”ed by_le'JkOpheres'S Sh‘_’WGd 2 poDUIatlon_s of
NK-sensitive K562 and NK-insensitive Daudi tumor cells as targets w&€!IS expressing CD45 (Figure 2A). The malignant cells comprised
performed?® Peripheral blood mononuclear cells (PBMCs) were isolateth€ vast majority of CD45 cells and showed a side-scatter profile
from a healthy volunteer (control) or from the patient's leukopheresigharacteristic of monocytes (region I). A much smaller population
product by using Histo-pagque 1077 (Sigma, St. Louis, MO) gradief cells with the side-scatter profile representing normal lympho-
separation. PBMCs served as effectors in tHer-release assay. Targetscytes was also present (region Il). FACS analysis gated on the
were labeled with 10Q.Ci 5'Cr as sodium chromate (ICN Pharmaceuticalsmalignant cells (region 1) revealed an unusual immunophenotype.
Irvine, CA) in standard media for 1 to 2 hours at 37°C. Radiolabeled targgj| the malignant cells strongly expressed CD13, CD25, CD30,
cells (5000) in 10Q.L per well were plated in 96-well tissue culture pIatesCD45, CD45RO, HLA-DR, CD95 (Fas), and CD122. On dual-

Patient or control PBMCs in a volume of 1¢Q0. were added at ratios of . o .
50:1; 25:1; 12:1; and 6:1 to the target cells. Plates were pelleted fg}lor FACS analysis, 68% of malignant cells expressed CD16/

centrifugation and incubated for 4 hours at 37°C. Following incubation, 1 D56 (combined antibody reagent) but lacked CD3 expression
wL cell-free supernatant was transferred to separate tubes and radioactivity

was measured by using a gamma counter. Percentage of specific lysis was: ===

calculated by using the following formula: (e s/m— s) X 100, where e, s, A
and m equal the amount of radioactivity released from PBMCs incubated
with effector cells (experimental lysis), with 100L media instead of
effector cells (spontaneous lysis), or with 1QQ. 1% Triton X-100

(maximum lysis), respectively. Experimental, spontaneous, and maximum

lysis samples were plated in triplicate. Percentage of specific lysis was B, @ X A i
calculated as previously described. Fas/FasL killing assays were performed ittt ; -

) . - ¥ =0t e q:mz - ‘
in an analogous manner as previously descrifed. B e %’
Molecular analyses K ab ‘g__

RNA extraction and RT-PCR analyses were performed as described
previously?® The sequences of PCR oligomers are provided in Table 1 ",
Nucleotide sequencing of cloned PCR products and sequence analysis Wash =

performed as described previoudly. '

Results
Morphologic and cytochemical features of the malignant cells

The malignant cells present in Wright-stained peripheral blood [l &% :
were large and homogenous, and they contained large round to di@ire 1. The malignant blasts have the morphology and immunohistochemi-

nuclei slightly dense chromatin inconspicuous nucleoli arfﬂ' features of ALCL cells. (A) Wright stain of peripheral blood smear. Sections
! ! ! ted from cell blocks of the leukopheresis product stain positive with monoclonal

) re
gbundant blue CYt0plasm' Large cytoplasmlc blebs V_Vere also noiﬁ odies directed against (B) MPO, (C) CD30, (D) EMA, (E) ALK, and (F) granzyme
in some cells (Figure 1A). Many tumor cells contained multipl@. Note that ALK staining is present only in the cytoplasm of the malignant cells (E).
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Figure 2. Malignant cells display phenotypic and functional properties charac-
teristic of natural killer cells.  (A) FACS light scatter profile and CD45 expression of
freshly isolated cells from the patient’s peripheral blood leukopheresis product. Cells
located in region | represent malignant leukocytes. Cells located in region Il represent
normal lymphocytes. (B) FACS analysis of cells in region | demonstrates that a
majority of neoplastic cells express CD16/56 but lack CD3 surface expression
consistent with the phenotype of a NK cell. (C) Percentage of specific lysis of
NK-sensitive K562 cells by unstimulated patient malignant cells (l) versus control
peripheral blood mononuclear cells ([J) at various effector-to-target ratios as
determined by a standard 4-hour chromium release NK cell assay.
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consistent with the antigen profile of NK cells (Figure 2B). With
the use of single-color analysis, 56% of malignant cells
expressed CD56. Approximately 20% of malignant cells ex-
pressed CD3™, CD7im, CD33"ight and CD149ht however, it

was not possible to determine whether the same population of
cells simultaneously expressed a combination of these antigens
or whether CD16/56 cells also co-expressed these antigens
because single-color rather than multicolor FACS was per-
formed for these antigens. Less than 10% of the malignant cells
expressed T-cell-associated antigens CD2, CD4, CD5, and CD8
or B-cell-associated antigens CD19 and CD20. Tumor cells also
did not express CD10, CD34, CD61, Fas ligand, or surface TCR
o, B, vy, ord chains.

On cellblock sections made from peripheral blood, malignant
cells were readily identified and appeared similar to neoplastic cells
identified in Wright-stained peripheral blood (Figure 1A). Immuno-
histochemical staining demonstrated that the tumor cells did not
express cytoplasmic CD3, CD15, CD57 (mature NK antigen),
CD68, or S100 (histiocyte-associated antigens). All the malignant
cells stained strongly with antibodies to CD30 (Figure 1C). The
majority of neoplastic cells stained positive with antibodies to
EMA and ALK (Figure 1D,E). ALK-1 staining was confined to the
cytoplasm of the malignant cells. Nearly all neoplastic cells were
positive for the cytotoxic protein granzyme B, although only a
small percentage of cells stained strongly positive (Figure 1F).
TCRy, B, v, andd genes remained in germline configuration by
Southern blot analysis (data not shown).

Malignant cells display cytotoxic properties of NK cells

NK cells have the capacity to lyse tumor cells by 2 pathways. The
predominant pathway involves release of cytotoxic granules con-
taining perforin and granzyme B to target cells. A second pathway,
primarily found in fully differentiated/activated NK cells, uses Fas
ligand to kill Fas targets. In short-term (4-houd'Cr-release
assays, unstimulated NK cells are defined by their ability to lyse
NK-sensitive (K562) but not NK-insensitive (Daudi) target cells.
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Figure 3. G-banded karyotype from leukemic clone
demonstrates structural abnormalities of chromo-
6 some homologues 2, 5, and 19. Arrows denote the
abnormal chromosome 2, 5, and 19 homologs. FISH (see
Figure 4) resolved the karyotype as 46, XY, t(2;19)(p23;
X Y p13.1), der(5)t(5;19)(p15.3;q13.1).
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Because the neoplastic cells expressed antigens associated @ithtification of a novel ALK translocation

NK cells, we performed!Cr-release assays on freshly isolated ) ) ) .
unstimulated tumor cells to determine if they possessed I\ﬁiytogenetlc studies of unstimulated peripheral blood and bone

cytotoxic properties. PBMCs isolated from a normal contrdf@rrow specimens revealed structural abnormalities of chromo-

contained 12% NK cells as determined by FACS (data not showﬁf.mes 2,5, anjd 19 (Figure 3). FISHusing a 2-_co|_or split sightd ]
be cocktail revealed a rearrangement in interphase nuclei.

Isolated PBMCs from the patient contained less than 1% nornfdP .
lymphocytes, and no cells expressing an NK cell phenoty%etaphase FISH demonstrated that the proximaK sequences
(CD56'CD3") could be detected within the normal lymphocytd€mained on the der(2), whereas disflLK sequences were
population. Therefore, the vast majority of cells within the patieffansiocated to the der(19) (Figure 4A). This was not a cryptic
PBMC isolate were malignant and expressed the NK antigdtf:®) because RT-PCR foNPM-ALK fusion transcripts was
profile CD56'CD3". Similar to control PBMCs, unstimulated negative (data not shown). Additional FISH studies identified a
patient PBMCs were highly cytotoxic in a dose-dependent manr&ciProcal {(2;19) (Figure 4B,C) and showed that the der(5) results
toward NK-sensitive K562 (Figure 2C). In contrast, neither patieffiem an unbalanced translocation of 19q to distal 5p, leaving Sp
nor control PBMCs significantly lysed NK-resistant Daudi celpubtelomeric sequences intact (Figure 4D). These detailed FISH
targets (data not shown). Furthermore, neither control nor patiéitdies established the karyotype of the main clone to be 46, XY,
PBMCs were able to lyse Fastargets, indicating that these(2:19)(p23;p13.1), der(5)(5;19)(p15.3;q13.1).

cells did not express functional Fas ligand (data not shown). This,1/is a new ALK fusion partner

finding was consistent with FACS analysis showing no Fas ligand

on the malignant cells. Therefore, the tumor cells express tlm the basis of the FISH and RT-PCR results, we concluded that
functional property of immature NK cells, as they can lyse K56ALK was fused to a new 19p13.1 partner gene in this neoplasm.
but not Fas targets. Because the rearrangements were complicated, we undertook

nl 2
fusion

P A v

der(19) der(19)

der(2) der(2)

\

’

Figure 4. FISH demonstrates ALK rearrangement,
t(2;19), and der(5)t(5p;19q9). (A) ALK split-apart FISH
probe shows normal fused orange/green signal on nor-
mal No. 2 homologue, and split green signal on der(2)
and orange signal on der(19). (B) Same metaphase

rehybridized with 19p subtelomeric sequences, showing ' de r[ 19}
translocation of 19ptel to der(2). (C) FISH with dual-color
whole chromosome paint probes shows No. 19 se- /

guences (orange) translocated to der(2) and der(5) and
No. 2 sequences (green) on der(19). (D) Subtelomeric
sequences for 5p (green) and 19q (orange) show reten-
tion of 5ptel on der(5), and 19qtel translocated distal to
Sptel.
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A TPM4-ALK ré ABL ?G‘ se_cond_ member' of the tropomyosin gene family. Amplification
¢ 0 & o with primers designed to ampliffPM3-ALK transcripts occurred
) 2
R R fortuitously because thEPM3primers we used were homologous
to both TPM3 and TPM4 To confirm theTPM4-ALK fusion, we
designed arPM4specific oligomer that spanned the start codon.

508by
aaanf. PCR using this and an oligomer located mofeérBALK gave an
23;;:5 approximate 950-bp product that was cloned and sequenced. This

product containedTPM4 nucleotides 45-714 (100% match to
NM_003290) fused tALK starting at position 4084 (Figure 5B;
B GenBank accession No. AF310722).

1 cgcgecatgg ccggeoctcaa ctccctggag geggtgaaac 40
41 gcaagatcca ggccctgcag cagcaggcgg acgaggcgga B0
81 agaccgcgcg cagggcctgc agcgggagct ggacggcgag 120 H H
121 egecgagcgge gogagaaage tgaaggtgat gtggeccgecce 160 DISCUSSIOn
161 tcaaccgacg catccagctc gttgaggagg agttggacag 200

201 ggctcaggaa cgactggcca cggccctgca gaagctggag 240 We descripe a Ieykemic p_resentation of_ an u_nusual _extramgdullary
241 gaggcagaaa aagctgcaga tgagagtgag agaggaatga 280 hematologic malignancy in a young child with fulminant clinical
281 aggtgataga aaaccgggce atgaaggatg aggagaagat 320 symptoms. This case presented a diagnostic challenge because no
321 ggagattcag gagatgcagc tcaaagaggc caagcacatt 360 X R . i X A
361 gcggaagagg ctgaccgcaa atacgaggag gtagetcgta 400 solid tumor mas§ could be identified, the circulating tumor cells did
401 agectggtcat cctggagggt gagctggaga gggcagagga 440 not appear to arise from the bone marrow, and they did not express
441 gegtgcggag gtgtctgaac taasatgtgg tgacctggaa 480 an antigen profile typical of any subtype of leukemia commonly
481 gaagaactca agaatgttac taacaatctg aaatctctgg 520 b di hild B h linical . f child
521 aggctgcatc tgaaaagtat tctgaaaagg aggacaaata 560 observed in children. ecause t e clinical present_atlon of child-
561 tgaagaagaa attaaacttc tgtctgacaa actgaaagag 600 hood ALCL is diverse, is often associated with cytokine storm-like
601 getaagacce grgetgante. toeaghdige assakiacas g:g symptoms, and can rarely be associated with circulating tumor
641 aactggaaaa gacaattgat gacctggaag tgtaccgccg 32-37 . . . . ..
€61 guageacoag: gagotgoang coatgeagat geagetgcag 720 cglls, the.mallgna.nt cells were analyzed with this diagnosis in
721 agccctgagt acaagctgag caagctccge acctcgacca 760 mind. Consistent with a null-ALCL, tumor cells were CD3

761 tcatgaccga ctacaacccc aactactgct ttgctggcaa 800 CD56"; had germlinelTCRgenes; strongly expressed CD30, EMA,
801 gecctcctor atengkgacc tqaaguagat gecgcgaass 840 and ALK; and contained a novalLK translocation. Similar to all

841 aacatcaccc tcattcgggg tctgggccat ggcgectttg 880 . X X ) o

881 gggaggtgta tgaaggecag gtgtccggaa tgeccaacga 920 other varl_antALK fusion proteins described t(_) date, ALK staining
921 cccaagccce ctgcaagtgg ctgtgaagac gotgectgaa 960 was confined to the cytoplasm. On the basis of these features a
961 gtgtgc clinical diagnosis of atypical ALCL was made, and the patient was

Figure 5. The t(2;19)(p23;p13.1) fuses TPM4to ALK. (A) Photograph of ethidium  treated with and responded well to therapy (excluding steroids)
bromide-stained gel of RT-PCR products. An approximately 300-bp product was  ysed to treat ALCLs and certain other subtypes of childhood NHL.
marron (5M), wheres no procuet nas ampifed rom Conral e ines Kagz ang _1TIS Case contained a ((2;19)(p23;p13.1), which we found
RCH-ACV, or from a water-negative control. The results of control RT-PCR analyses ~ Cr€ated a new variant ALK fusion protein, TPM4-ALK. Chimeric
for a portion of the ABL complementary DNA, verifying the integrity of isolated RNA, ALK proteins are present in most childhood ALCLs, which are
are shown at right. (B) Nucleotide sequence of amplified portion of TPM4+ALK  congjidered to comprise a distinct histopathologic entity unified by
complementary DNA obtained using TPM4-specific and ALK primers. The initiation . . . .
codon in TPM4 is underlined and arrows denote the point of fusion between TPM4 their expression of ALK fusion pI’OtEII’?%bOUt 70% of these cases
(nucleotides 1 > 670) and ALK sequences (671 > 966). contain a t(2;5)(p23;935) that produces NPM-ALK, a constitu-
tively active tyrosine kinase that has oncogenic properties in a
studies to exclude the possibility of cryptic fusionAdfK to one of variety of experimental systemi§®-4! The other 30% contain
its other known partner genes and performed RT-PCR by usimgriant ALK fusion proteins created by translocations joining 2p23
primers designed to amplifATIC-ALK and TPM3-ALK fusion to other regions of the genome. To date, 4 different ALK fusion
transcripts. Although théTIC-ALK PCR was negative, we ob- variants have been identified in ALCL: t(1;2)(g25;p23) and TPM3-
served robust amplification of an approximate 300—-base-pair (bB)LK, inv(2)(p23;935) and ATIC-ALK, t(2;3)(p23;p21) and TFG-
product (and weaker amplification of larger products) with thALK, and t(2;22)(p23;q11.2) and CLTCL-ALK?® At the time this
TPM3-ALK primers from both peripheral blood and bone marrowatient presentedhLK translocations had only been described in
specimens of the patient with the t(2;19) but not from sampled CL. After we identified TPM4-ALK fusion in this case, Law-
lacking ALK translocations (Figure 5A). We cloned the PCRence et df reported thaTPM4-ALK andTPM3-ALK fusion genes
product and determined the nucleotide sequences of 2 independdsd occur in a nonhematalogic malignancy termed inflammatory
clones with inserts of 308 and 426 bp (GenBank accession Nuoyofibroblastic tumor (IMT)? Thus, ALK translocations can no
AF362886 and AF362887). The last 83 nucleotides of both clonksger be considered pathognomonic of ALCL.
were derived fromALK with the site of fusion identical to that seen  We identified 2 species oFPM4-ALK transcripts fortuitously
in other ALK chimeric complementary DNAs (nucleotide 4684 when we cloned and sequenced RT-PCR products obtained with
The B portion of both clones shared homology wittPM3 but TPM3andALK primers. The 3portions of the major 308-bp and
they were more homologous to alternatively spliced products ofinor 426-bp products we cloned match the type | and Il
TPM4. The longer clone started with the oui@?M3oligomer and TPM4ALK transcripts identified in IMT, whereas the first 81
the shorter clone started with the inl@?M3oligomer. The clones (major) and 103 (minor) bp are more divergent. GenBank searches
also showed differential splicing within the region homologous tperformed recently (Hunger SP, unpublished data, 2001) show that
TPM4, but both showed fusion betweehPM4 position 714 these 5 portions are highly homologous to recently described
(numbering as per GenBank accession No. NM_00329%nd alternatively splicedPM4isoforms. We later amplified and cloned
ALK 4084. TPM4 has been mapped to chromosome 19p#8.1 fusion transcripts containing the complete portionT&M4 fused
indicating that the complex t(2;19) in this case fusdldK to a to ALK (Figure 5B). These transcripts are identical to type I
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Table 2. Comparison of malignancies with a CD3

~/CD56*/CD57~ phenotype and leukemic presentation

MALIGNANCY WITH NK PROPERTIES AND TPM4-ALKFUSION 1215

Myeloid/NK cell Myeloid/NK cell Blastic NK cell Aggressive NK cell
Patient’s tumor acute leukemia precursor acute leukemia lymphoma/leukemia leukemia
Phenotype CD7-,CD13*, CD30+, CD33*,CD167, CD7*, CD33 or CD13"; CD4*/-,CD167, CD2*,CD5",
CD15-, CD33"/~, CD34", CD34%/-, CD34"; CD167; CD33-, TdT(IHC)*/-, CD16*/~,CD33",
HLA-DR™* HLA-DR™ CD15*/~; HLA-DR*/~ HLA-DR* HLA-DR*
Cytochemical MPO reactivity Negative Positive Negative Negative Negative
Cytoplasmic expression of Positive Unknown Frequently positive Negative Negative
MPO by IHC
Morphology Monocytoid Promyelocytoid Immature blastoid Lymphoblastoid Large granular
lymphocytes
Granzyme B Positive Negative Negative Negative Positive
Functional NK cytotoxicity Present Present only Absent Absent Present
following IL-2
stimulation
IL-2R (CD25) Positive Unknown Negative Negative Positive
Bone marrow involvement Secondarily involved Always Occasional Rare Common
Extramedullary disease Present Uncommon Common Occasional Common
Lymph node involvement Not detected Common Common Occasional Common
TCR rearrangement Germline Primarily germline Primarily germline Primarily germline Germline

NK, natural killer; IHC, immunohistochemistry; MPO, myeloperoxidase; IL-2, interleukin 2; IL-2R, interleukin-2 receptor; TCR, T-cell receptor.

TPM4ALK transcripts identified in IMT? The relevance of correspond with any previously described tumor of which we are
different species oTPM4ALK fusion transcripts and proteins isaware. Rather, this case has some features suggestive of an
unknown at this time and merits additional study. ALCL-like malignancy (CD30/EMA*/ALK * with anALK trans

Even in the presence of &LK translocation, the clinical featureslocation), some suggestive of a myeloid malignancy (CD13
presentin this patient and the phenotype of the malignant cells were VE33*/HLA-DR ™ and expressing cytoplasmic MPO but lacking
atypical for an ALCL and prompted us to perform additional investigdPO activity) and some features (granzymé/8D25'/CD122+
tions. These studies demonstrated that the tumor cells also had featwis the cytotoxic activity of incompletely differentiated NK cells
typically associated with both myeloid and NK malignancies. Althougbut CD2 /FasL™ and lacking association with Epstein-Barr virus)
the profile of CD3/CD56" and germlinéfCRgenes is consistent with that are intermediate to immature and mature tumors within the NK
a null-ALCL, this phenotype can also be present in myeloid and N&imor spectrum. This constellation of characteristics may be due to
tumors. This case did not meet accepted criteria for an AML, arivation of this malignancy from the putative myeloid-NK
cytochemical stains for MPO were negative and there was no significantcursor cell. Co-expression of NK cell and ALCL-related fea-
marrow involvement. However, the malignant cells did express cytoplasres by the same tumor provides some support to the theory that
mic MPO by immunostaining and expressed several cell surfaB&CL may arise from cells containing cytolytic potential and that a
antigens typically associated with AML (CD13, CD33, and HLA-DR)subset of null-ALCL truly may be derived from NK cells or their
Evidence of NK cell derivation was more compelling. Tumor cellprecursors. However, it is critical to distinguish this subset from
expressed granzyme B, which is predominantly restricted to NK cells|.CLs that simply express CD56 but do not have other NK
cytotoxic T cells, and malignancies derived from these cell typesell-associated featurésin the future, it will be important to
Granzyme B has also been found in normal CD3%matopoietic evaluate null-ALCLs more comprehensively by using CD56 and
progenitor cells mobilized by chemotherapy combined with granulocyt¢her NK-associated antigen expression and functional studies to
colony-stimulating factor and in AML cell lines exposed in vitro todetermine whether other cases might also have features of NK-
genotoxic agents, but granzyme B expression has not been describetkiived malignancies. Similarly, further studies are necessary to
myeloid leukemias to our knowledd&** The malignant cells also clarify whether some myeloid/NK-cell precursor malignancies
possessed functional properties of incompletely differentiated NK cetltso express the ALCL triad of CD3(EMA*/ALK * seen in this
because freshly isolated nonstimulated tumor cells were able to Iysenor. Finally, this case exemplifies issues raised by evolving
NK-sensitive but not NK-insensitive or Fas-positive cell lines in shorthanges in classification of hematologic malignancies that raise the
term cytotoxicity assays. Taken together, these findings suggest thatdjuisstion of whether tumors should be classified and treatment
neoplasm may be related to a spectrum of malignancies recently categbected on the basis of clinicopathologic characteristics or sentinel
rized as being derived from the putative myeloid/NK progenitor cell.  molecular lesions.

The classification of NK cell malignancies is evolving and
becoming increasingly complex. Recently proposed classification
schemes differentiate immature (precursor) from mature NK Ceﬁlcknowledgments
malignancies and from NK-like T-cell malignanci¥s’” Precursor
NK cell disorders resemble acute leukemia and include myeloid/NK c®lle thank Stephan Morris for generously sharing reagents, data on
precursor leukemia, blastic NK cell leukemia/lymphoma, and possibATIC-ALK before publication, and thoughtful advice. We also
myeloid/NK cell acute leukemit:*>46Neoplasms derived from maturethank Mitchell Bitter for his expert review of the pathology of this
NK cells include extranodal NK/T-cell lymphoma (nasal type) andase and for review of this manuscript, Karen Helms and her
aggressive NK-cell leukemia/lymphorf@Table 2compares the colleagues in the flow cytometry core lab for expert assistance,
features of these closely related entities with each other and wiktte Jamieson for help with morphology studies, and Billie Carstens
the malignancy that we characterized. for expert figure layout and design. In particular, we thank reviewer B

The clinicopathologic features of the patient we describe do nfair a very detailed and useful critique of this manuscript.
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