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Fusion of a Kinase Gene, ALK to a Nucleolar
Protein Gene, NPM, in Non-Hodgkin’s Lymphoma

Stephan w. Morris,* Mark N. Kirstein
Kristopher G. Dittmer, David N. Sh

The 2:5 chromosoma| translocation OCCUrS in most anaplastic large-cel non-Hodgkin's lym-
Phomas arig; ng from activated T fymphocyt . This réarrangement yag Shown to fuse the NPy
Nucleolar phosphcprotein gene on ch

es.
romosome 5035 1o a Previously Unidentifieg protein
lyrosine kinase gene, ALK on chromosome o,

P23. In the predicted hybrid protein, the amino
terminus of nucleophosmin (NPM) is linked to the catalytic domajn of anaplastic lymphoma
kinase (ALK). Expressed inthe smaj| intestine, testis, and braj butnotin normay lymphoig cells,
ALK shows greatest sequence similarity tq the insulin receptor Subfamily of kinases. Unscheg-
uled e

Xpression of the truncated ALKk may contribute to malignant transformation in these

_lymphomas
———

Largc—ce“ lymphomas Comprise ~2509; genes on these chromosomes contrib-
all non-Hodgkin's lymphomas in chi 5- Lymphomas with
and young adults. Approxi the t(2:5) typically involye lymph nodes,
skin, ung, soft tissue, b

i one, and the gas-
chromasomg] translocarion (1), which sug- trointestina] rracy and arise prcdommantfy
gests that rearrangement of cellular progn. from activaged T iymphucytes (2)
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antigen, 3 re.
ceptor for 4 ligand related o tumor necrogjs
factor (3). By the updated Kije lymphoma
dassiﬁcarion. Most tumors with the t(2;5)
are classified g anaplastic large-ce]y non-
Hodgkin's lymphomas (4).

o clone the Benes altered by the t(2;5),
We used a positiona] Strategy that wag based

abs Inc,, Redwood City, ca
To Whorm Curresporldence should be addressed.

SCIENCE VOL. 263 4MARCH1994

1281

for 3 hourg Cells were then
Ditated wiih
13-259 according
ncogene Sciencs
Products were re-
S-polyacrylamlde Oels (15%%) and

J. vap Corven, A Groemink. K Jolink, T

em. 56, 77g
U, Proc. Nag Acad. Scj Usa
mber of cells on day

and K is the Calculated
893/K) x 24




TS R

on fluorescence in situ hybridization (FISH)
ordering of regionally derived cosmid clones
(5). Bidirectional chromosome walks were
performed from cosmids ~290 kilobases
(kb) apart that flanked the breakpoint on
chromosome 5; each walk spanned a ge-
nomic region of 150 kb. With genomic
probes isolated 70 kb from the telomeric
cosmid (6), we observed rearranged re-
striction fragments in the DNAs of two
lymphoma cell lines containing the t(2:5)
(Fig. -1A). One of the probes (p21-3/3E)
was hybridized to a complementary DNA
(cDNA) library prepared from the UOC-B1
pro-B leukemia cell line, which is t(2;5)-
negative. Multiple cDNA clones were iso-
lated that hybridized to a ubiquitously ex-
pressed 1.6-kb mRNA encoding nucleo-
phosmin (NPM; also known as B23 or
numatrin), a highly conserved nucleolar
phosphoprotein that shuttles ribosomal
components between the nucleolus and the
cytoplasm in the later stages of ribosome
assembly (7). Northern (RNA) blot analy-
sis with a probe corresponding o 5'-specific
NPM sequences revealed that t(2;5)-posi-
tive cell lines expressed both the normal
1.6-kb NPM transcript and a 2.4-kb tran-
script, whereas t(2;5)-negative cell lines
expressed only the 1.6-kb transcript (Fig.
1B). In contrast, a probe containing 3'-
untranslated NPM sequences detected only
the normal 1.6-kb NPM transcript in all
cell lines (8).

By screening a ¢DNA library prepared
from the SU-DHL-1 t(Z;5)-positive cell
line, we isolated more than 20 clones that
hybridized to 5' but not 3" NPM probes.
Sequences from the 5' ends of the three
longest clones were identical to 5 NPM
cDNA sequences but diverged after the
codon for Val''7. NPM sequences 3’ of this
codon were replaced by 1223 nucleotides
(nt), resulting in an open reading frame of
1575 nt (Fig. 2A). A probe (pS1.2) repre-
senting the 3’ end of the fusion ¢cDNA
identified the same 2.4-kb transcript that
had been detected with the 5'-specific
NPM probe in RNAs from t(2;5)-positive
cells (Fig. 1B). This fragment was localized
to chromosome 2p23 by hybridizaton to
DNAs of human-rodent somatic cell hy-
brids and by metaphase FISH analysis (9),
which indicates that the 2.4-kb mRNA was
encoded by a fused gene created by the
t(2;5).

The 3" portion of the chimeric t(2;5)
cDNA encodes conserved residues charac-
teristic of the catalytic domain of protein
tyrosine kinases (PTKs) (10) (Fig. 2, A and
B). The newly identified anaplastic lym-
phoma kinase (ALK) showed the greatest
sequence similarity to members of the insu-
lin receptor kinase subfamily, including leu-
kocyte tyrosine kinase (LTK; 64% amino
acid identity), TRKA (38%), ROS (37%)
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Fig. 1. (A) Southern blot
analysis of DMAs from a
human lymphocyte cell
line that is karyotypically
normal and Epstein-Barr
virus—immortalized  (con-
trol lanes) and from the
t(2,5)-positive  cell  lines
SU-DHL-1 and SUP-M2
with the p16-3/1.28 probe.
Arrowheads indicate rear-
ranged restriction frag-
ments. (B) Northern blot
analysis of RANAs from
1(2,5)-negative B  Ilym-
phoid (NALM-8), T lym-
phoid (MOLT-4 and CEM),
and rhabdomyosarcoma
{Rh30) cell lines and from
the t(2,5)-positive  lines
SU-DHL-1, SUP-M2, and
UCONN-2. The probes
were a 5' fragment from
the NPM cDNA (top) and
a 3' fragment from the
NPM-ALK cDNA (pS1.2)
(battom) (19). Each lane
contains 20 pg of total

A
Hind Il
—

SU-DHL-1
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SUP-M2
Control

| Control

X

R R R e

Bam HI
Pm——

‘uap jutad asea)

o3 01
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FADY 941 0]

Byl ll
S |

SU-DHL-1
SUP-M2
LUGCONN-L2
Rhao

CEM

SU-DHL-1
| SUP-m2

ANA, except for lane 7, © Human

which contains 8 pg of - o
polyadenylated [poly(A)*] c 8 E_§ g 8 _ &
RNA. (C) Analysis of RNAs 8 EB2EFE 2 Tc8osERg
[2 g Of poly(A) * RNA per FEERBEE83 888534585
lane; Clontech, San Diega, kb s 2 L

California] from various 95— §

human tissues with & 3° 7.5—

NPM-ALK cDNA probe Roie

(pS1.2). Open circles, 6.5- 2'4

kb ALK transcripts; closed
circles, 8.0-kb transcripts;
open square, 4.4-kb tran-
seript, arrowheads, B.0-kb
transcripts. Coritrol hybrid-

izations with a B-actin cDNA probe are shown below. The blols hybridized with pS1.2
autoradiographic exposures; the blots hybridized with the B-actin probe are 4-hour EXPOSUIES

small intestine; sk. muscle, skeletal muscie,

and its Drosophila homolog Sevenless
(35%), the B chain of the insulin-like
growth factor recepror (IGF-1 receptor;
37%), and the B chain of the insulin
receptor (IR; 36%).

We determined the structure of normal
ALK proteins by isolating ¢DNA clones
from the Rh30 rhabdomyosarcoma cell line
with the pS1.2 probe. Analysis of the in-
serts of the two largest clones, pRMS4 and
pRMS17-2, revealed 3' ALK sequences
identical to those in the fusion gene cDNA,
which indicates that mutations had not
occurred in the chimeric protein. Se-
quences of ALK immediately upstream of
the NPM-ALK junction encoded 23 hydro-
phobic amino acids typical of a transmem-
brane domain, whereas those from the ex-
treme 5’ ends of the ALK clones were 50%
identical to sequences encoding insulin-like
growth factor binding protein (IBP-1) (8,
I1). These comparisons indicate that the
normal ALK product is a membrane-span-
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ning tyrosine kinase receptor. N
transmembrane and putative
domains are not included in the INE
chimeric protein. ;

ALK mRNAs of 6.5 and
abundantly expressed in rhi
coma cell lines and in small i
were weakly expressed in br
adult), colon, and prostate
C). Large amounts of 4.4-kb
mRNAs were detected in It
only a 6.0-kb mRNA was detel
centa and fetal liver. All four m
also detected with a probe conf
3" untranslated ALK sequences
gests that they represent
spliced ALK mRNAs, not cr
transcripts of other PTK gené
scripts were not detected in N6
ysis of RNA prepared from he
cells, including normal spleen, &
ripheral blood leukocytes, B
toid cell lines, phytohemaggld
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L [A) Deduced amino acid sequence of NPM-ALK (20). Solid circles, potential phosphorylation
protein kinase C; dashed underline, potential metal binding domain; arrows, boundaries of
catalytic domain; asterisks, conserved residues of the consensus adenosine triphosphate
recognition sequence and the ATP-binding lysine residue; and solid underlines, consensus
nces specific for tyrosine kinases. (B) Alignment of the ALK catalytic domain with those in the
feceptor subfamily of PTKs. Line 1, ALK, line 2, LTK; line 3, TRKA, line 4, ROS; line 5,
ess; line 6, IGF-1 receptar; and line 7, IR. Gaps are indicated by dashes, and amino acid
is indicated by shaded boxes. All sequences are for human proteins, except for Sevenless,

is a Drosophila protein (10).

T lymphocytes, or t(2;3)-negative
emia-lymphoma cell lines of myeloid or
BT lymphoid derivation.

BEISH mapping indicated that NPM and
e transcribed in centromeric to telo-
orientations on chromosomes 3 and
ctively, with the 2.4-kb fusion tran-
BE arising from the derivative 5 translo-
chromosome. Northern blot analysis
ed no evidence for expression of a
procal ALK-NPM chimeric transcript,
h could have been generated from the
Wative 7 chromosome.

0 RNA-based polymerase chain reac-
(RNA-PCR) method (12) confirmed
ecificity of the fusion junctions in
Tie transcripts expressed in lympho-
'ha‘.rmg the t(2;5) (Fig. 3). Conversely,
R transcripts were not detected in
Negative cell lines, including several
Smyosarcoma lines that expressed
nscripts. [dentical NPM-ALK junc-
fquences were found in the RNAs of
eren t(2:5) positive samples, including

3 U-DHL-I. SUP-M2, and UCONN-

L2 cell lines and diagnostic samples from
four patients with anaplastic large-cell lym-
phomas (13). The breakpoints of the 2;5
translocation therefore appear to consis-
tently involve the same introns of the NPM
and ALK genes, leading to identical junc-
tions in the fusion mRNAs.

The normal NPM protein is a nonribo-
somal nucleolar phosphoprotein involved
in the assembly of preribosomal particles
into both small and large ribosomal sub-
units (7). It binds cooperatively with high
affinity to single-stranded nucleic acids, ex-
hibits activity that destabilizes the RNA
helix, and is found in association with the
most mature nucleolar preribosomal ribonu-
cleoproteins (14). NPM transcription and
translation are cell cycle-regulated, reach-
ing peak levels just before the entry of the
cells into the S phase, with a decline to the
base linie just before the onset of the G,
phase (15). We postulate thar the NPM
gene contributes an active promoter to
drive expression of the ALK caralyric do-
main in lymphoma cells containing the
SCIENCE *
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Fig. 3. Southern blot analysis of NPM-ALK and
NPM RNA-PCR products. Total RNAs (1 pg)
from t(2;5)-positive cell lines (SU-DHL-1, SUP-
M2, and UCONN-L2) and patient (Pt.) samples
(1 to 4) were analyzed. ANAs from the t(2:5)-
negative B and T lymphoid leukemia cell lines
(NALM-& and CEM, respectively) and the Rh3Q
rhabdomyasarcoma cell line, which expresses
normal ALK, were included as negative con-
trals, as was a blank without an ANA template

t(2;5). This role for NPM would appear to
be crucial, because the ALK promoter is
normally silent in lymphoid cells. An on-
cogenic role, if any, remains to be estab-
lished for the NH,-terminal NPM coding
sequences incorporated into NPM-ALK,
including those encoding potential protein
kinase C phosphorylation sites (Ser® and
The™) and a potential Cys-X5-His-X,-His
metal binding motif (residues 104 to 115,
where X is any amino acid) (7).

A consistent feature of tyrosine kinase
oncogenes, including TRKA, BCR-ABL,
EGFR, ERBB2, CSF-IR, and LCK, is that
much of their potency can be attributed to
mutations or gene fusions that lead to a
constitutively active catalytic domain (16).
Thus, in NPM-ALK fusion proteins, one
would predict thar the truncated ALK is
deregulated and phosphorylates intracellu-
lar substrates to trigger malignant transfor-
mation. Anaplastic large-cell lymphomas
arise from activated T lymphoeytes, which
depend on IL-2 for growth and viability
(17). Conceivably, NPM-ALK phosphoryl-
ates substrates that are normally phosphoryl-
ared in response to [L-2 receptor—or T cell
receptor-mediated signals (18), leading to
constitutive activation of one of these sig-
nal transduction pathways.
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Diversity of Endogenous Epitopes Bound to MHC
Class Il Molecules Limited by Invariant Chain

Helen Bodmer,* Stéphane V

Diane Mathis

The invariant chain (li) binds nascent major
molecules, blocking peptide binding until
This may serve to differentiate the MHC class

enable class Il molecules to efficiently bind peptides in the endosomes. This hypott
was addressed by probing spleen cells from a combination of knock-out and transg
mice with a large panel of T cell hybridomas.
of a range of endogenously synthesized epitopes, but some epitopes actually requ
li. Thus, the influence of Ii on presentation does not follow simple rules. In additio

expressing |i were not tolerant to epitopes
possible implications for autoimmunity.

The primary function of MHC class II
molecules is to present peptides to CD4* T
cells, often those derived from foreign,
endocytosed proteins and encountered by
class 11 molecules as they trafic through
endocytic vesicles (1). In theory, peptides
from exogenous antigen must compete for
presentation with the vast quantities of
endogenous proteins that transit through
the endoplasmic reticulum (ER) and Golgi
compartments and are known to engender
MHC-binding peptides (1-3). It has been
hypothesized that efficient loading of class
Il molecules in the ER and Golgi is prevent-
ed by li, a transmembrane protein that
targets class II molecules to endosomes (4—
6) and interferes with MHC class M-pep-
tide interactions (7). However, this hy-
pothesis has been challenged as unnecessary
because many class [I-peptide interactions
are inefficient at the neutral pH of the ER
and Golgi, requiring the more acidic con-
ditions of the endosomes (8). In addition,
recent studies on mice lacking li showed
that, in the absence of li, class Il molecules
have a conformation which suggests that
they are empty of peptide (5, 6). We have
evaluated the effect of Ii on the presenta-
tion of endogenous proteins, using bona
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histocompatibility complex (MHC) clas

land Il antigen presentation pathways z
The li molecule blocked the presentatiop
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