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Molecular Analysis of Acute Promyelocytic Leukemia
Breakpoint Cluster Region on Chromosome 17

JULIAN BORROW, AUDREY D. GODDARD, DENISE SHEER,

ELLEN SoLoMON

Acute promyelocytic leukemia (APL; FAB M3) is characterized by a predominance of
malignant promyelocytes that carry a reciprocal translocation between the long arms
of chromosomes 15 and 17, t(15;17)(q22;q11.2—q12). This translocation has become
diagnostic for APL, as it is present in almost 100 percent of cases. A Not I linking
clone was used to detect this translocation initially on pulsed-field gel electrophoresis
and subsequently with conventional Southern (DNA) analysis. The breakpoints in ten
APL cases examined were shown to cluster in a 12-kb region of chromosome 17,
containing two CpG-rich islands. The region is the first intron of the retinoic acid

receptor a gene (RARA).

CUTE PROMYELOCYTIC LEUKEMIA

(APL) is associated with hypofibrin-

ogenaemia and severe early hemor-
rhage attributable to the abundance of neo-
plastic promyelocytes (1). Treatment of this
attendant coagulopathy necessitates early
and accurate diagnosis of the disease. The
presence of a consistent chromosomal trans-
location t(15;17) (2) (Fig. 1) in the promy-
elocytes of the majority of APL patients
suggests the location of oncogenic se-
quences that are rearranged during the leu-
kemogenic process and whose identification
would help elucidate the mechanisms of trans-
formation. In other leukemias in which non-
random translocations have been observed,
such as Burkitt’s lymphoma (3) and chronic
myelogenous leukemia (4), breakpoint analy-
sis was only possible because there was previ-
ous knowledge of the genes that mapped to
the breakpoint region. In APL the candidate
genes MPO, thra-1, and c-erbB2 have not
been reported to be molecularly rearranged
(5), requiring a broader physical approach to
the cloning of the breakpoint.

Translocation breakpoints can be visual-
ized as alterations in rare-cutter fragment
sizes on pulsed-field gel -electrophoresis
(PEGE) (6). The use of linking clones (7),
which span rare-cutter sites, simplifies the
detection of these rearrangements (8) and
helps in the construction of long-range
physical maps. In addition, these clones
mark the position of a subset of the genes in

J. Borrow, A. D. Goddard, E. Solomon, Somatic Cell
Genetics Laboratory, Imperial Cancer Research Fund,
London WC2A 3PX, United Kingdom.

D. Sheer, Human Cytogenetics Laboratory, Imperial
Cancer Research Fund, London WC2A 3PX, United
Kingdom.

a defined region (9). We constructed a Not I
linking library from an interspecies hybrid
TRID62 (10), which contains 17q as its
only human material, to identify Not I sites
that flank the APL breakpoint. This library
and the sublocalization of 112 human clones
over a chromosome 17 mapping panel will
be described elsewhere.

The linking clones LCN4A3 (D178273)
and LCN2C11 (D178163) that were found
to flank the APL breakpoint (Fig. 1) were
used as probes on PFGE. Unique probes
were isolated from both sides of the Not I
site and hybridized to somatic cell hybrids
containing either the 15q+ or 17q— APL
derivative chromosome and to normal con-
trols. Subclone LCN4A3/A (Figs. 2B and
3), which mapped distal to the breakpoint,
detected abnormal PFGE band sizes. In Not
I digests, the normal fragment of 170 kb was
rearranged to 310 kb by the translocation
(Fig. 2A). This 310-kb band was the only
band detected in two independent 15q+
interspecies hybrids [PJT2A1 (11) and
PLTILS (12)] constructed from different
patients with APL, whereas both the normal
and translocated bands were present in bone
marrow samples from three other patients
(APL 512, APL 511, and APL 510). A
sample from patient APL 510 during remis-
sion (APL 510-R) did not show the 310-kb
band, demonstrating a strong correlation
between the genomic rearrangements and
the neoplastic state. Single cases of both
FAB M1 and FAB M2 leukemias (undiffer-
entiated and myeloblastic acute nonlympho-
cytic leukemia, respectively) also appeared
structurally normal in this region as expect-
ed, since the t(15;17) is not associated with
these diseases. An extension of the PFGE
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analysis revealed further band shifts from
530 kb to 790 kb and from 220 kb to 800
kb for Cla I and Mlu I, respectively (13).
The second cluster of rare-cutter sites
between LCN4A3/A and the breakpoints
(Figs. 2B and 3) prevented detection of
bands with Bss HII, Eag I, Sac
II, or Nar I with this probe, although the
two islands are only 3 kb apart. Subclones
from the distal (LCN4A3/B) and proximal
(LCN4A3/C) sides of these two clusters
(Fig. 3) revealed additional CpG-rich is-
lands ~23 kb in both directions (Figs. 2B,
3). Cosmid clones were obtained that en-
compassed all four islands and contained the
entire APL breakpoint region.
Hybridization of conventional gel electro-
phoresis blots with appropriate single-copy
probes from this region revealed alterations
in all 11 APL samples analyzed, 7 of which
arc shown in Fig. 3. DNA from a human-
mouse hybrid, PCTBA1.8 (14), containing
chromosome 17 as its only karyotypically
visible human material, showed human
bands of 10 kb and 5.4 kb and one mouse
band (Fig. 4A, lane 1) when digested with
Eco RI and probed with LCN4A3/A. The
same probe detects novel Eco RI fragments
and not the normal ts in the somatic
cell hybrids PJT2A1, PLTI1S, and GBTS8
(15), which contain only 15q+ derivative
chromosomes and no normal chromosome
17 (Fig. 4A, lanes 3, 4, and 5). The hybrid
GBT8 was derived from patient APL 511,
whose blood is shown in Fig. 4A, lane 6.
The hybrid and blood DNA share the same
rearranged band, whereas the blood has
additional 10- and 5.4-kb bands because of
the presence of the normal chromosome 17.

Novel Eco RI fragments were also observed
N

¢

Fig. 1. Schematic representation of the APL
translocation showing the derivative 15q+ and
17q— chromosomes. The positions of the Not I
linking clones that flank the APL breakpoint
(LCN4A3 and LCN2Cl11) are shown, together
with the approximate positions of former candi-
date , erbB2, thra-1, and myecloperoxidase
(MPO). TK, thymidinc kinase.
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in an additional four blood samples (Fig.
4A, lanes 7, 8, 13, and 14). In these samples
LCN4A3/A detected both the altered 15q+
derivative bands and the normal Eco RI
bands of 10 kb and 5.4 kb. A further two
padents (514 and 524) also showed rear-
in this region (16) (Fig. 3).

Subclone LCN4A3/C was absent from
the three 15q+ hybrids, indicating that it
lies on the 17q— translocation product. This
probe was used to detect the reciprocal
17q— derivatives in four of the APL pa-
tients as aberrant Eco RI fragments (Fig.
4B, lanes 6, 7, 8, and 14). Thus, the recipro-
cal breakpoints in these four tumors lic
within the 10 kb defined by the boundaries
of probes LCN4A3/A and LCN4A3/C and
no substantial loss of genomic material oc-
curred on translocation. The 15q+ break-
points in hybrids PJT2A1 and PLTI1S also
occur in this region (Figs. 3 and 4A). Bone
marrow (BM) and blood lymphocyte (BL)
remission samples from patient APL 510
[APL 510-R (BM) and APL 510-R (BL)]
(Fig. 4A, lanes 9 and 10) had lost the altered
bands. FAB M1 and FAB M2 (Fig. 4A,

Fig. 2. (A) Pulsed-field gel analysis
with probe LCN4A3. A 3-kb Bam
HI-Not I from LCN4A3
(LCN4A3/A, Fig. 3) was hybrid-
ized to Not I digests of the follow-
ngNAsamples Normal, normal
id line; PCI'BA18.
chromosome ' 17—only
PJT2Al and PLTILS, 15q+ hy-

A

lNormnl

310-»

- brids; APL 511, APL 510, and

APL 512, blood samples from APL
patients; APL 510-R, bonc mar-
row from patient APL 510

ing remission, FAB M1 and

nonlymphocytic
spectively. DNA  was
from cells resuspended in 0.6% low
melting point agarose at a concen- B
tration of 1 X 10° cells per block as
described (27) and di with 40
units of Not I per Pulsed-
field were run on the LKB

l%agaroscgelwasruanZSX i
tris-borate-EDTA buffer at 170
volts with a 25-s pulse time for 40

e B8

lanes 11 and 12) were also unrearranged in
this region, confirming our PEGE results.
For patient APL 2726, a Hind III digest
was required to reveal a band shift with
probe LCN4A3/A, whereas the breakpoint
of the 17q— hybrid P12.3B6 (17) was locat-
ed about 20 kb proximal to the other break-
points (18) (Fig. 3). Thus, 10 of 11 translo-
cations (both 15q+ and 17q—) fell within a
12-kb region. Only the int in the
17q— contained in the hybrid P12.3B6 was
located outside this region. Analysis of the
corresponding 15q+ chromosome would
determine if the break in P12.3B6 is recipro-
cal or associated with a deletion.
LCN4A3/B was used to screen an HL60
cDNA library. The five positive clones ob-
tained were sequenced (19) and mapped
with respect to one another and the corre-
sponding genomic DNA (Fig. 3B). Se-
quence comparison with the EMBL data-
base revealed the cDNA to be that of RARA
(20). Since RARA had been mapped to
17q21.1 (21), distal to the APL breakpoint
region (17q11.2-12), we wanted to demon-
strate that the gene located at the APL
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a KLT8 cosmid library, mapped immediately proximal to APL (30), and used to
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Fig. 3. (A) restriction map of the APL break-
point region. The location of the breakpoints in
nine APL samples are indicated with arrows
above the smallest restriction fragment to which
the breaks have been positioned. B, Bam HI; E,
Eco RI; H, Hind III; N, Not I; Ea, Eag I; Bs,
Bss HII; S, Sac II; and R, Nar L. Clusters of
rare-cutting enzyme sites are indicated below
the map. Fragments used in analysis of the
region are indicated by rectangles above the
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taining exons of RARA. (B) RARA cDNA.
Open box, coding sequences. DNA binding and
retinoic acid binding domains are indicated.
The 5’ and 3' untranslated sequences (UTRs)
are shown as solid lines. The cDNAs isolated
from a PMA-stimulated HeLa cDNA library are
indicated below the ¢DNA by solid bars.
Dashed lines show location of the first intron
and the approximate location of exons in the
genomic DNA.

breakpoint was indeed RARA rather than a
similar member of the nuclear receptor su-
perfamily. The ¢cDNA was hybridized to
both total human and cosmid DNA from
the region to show that our breakpoint
region restriction map and the bands detect-
ed by DNA hybridization matched the pub-
lished band pattern detected with a RARA
cDNA (20). By mapping the positions of
the 5’ ends of two of our cDNAs (H2 and
H3) onto genomic DNA we were able to
demonstrate that the cDNAs hybridized to
sequences on either side of the translocation
breakpoints, but not in the 12 kb breakpoint
region (Fig. 3). From the published amino
acid and cDNA sequences we deduced that
this discontinuity between the genomic and
cDNA clones represented the first intron of
RARA (20). All of the 15q+ APL break-
points lie within this region (Fig. 3A).

Analysis of nonrandom translocations as-
sociated with other hematopoietic malig-
nancies has led to identification of both
previously known and novel oncogenes
(22). For example, translocation of c-myc
into the immunoglobulin loci results in its
deregulation in Burkitt’s lymphoma. The
novel fusion proteins expressed by bcr/abl
and E2A/prl, produced as the result of trans-
locations in chronic myelogenous leukemia
and pre-B leukemia, respectively, have been
implicated in malignancy (22). In the T-
ALL cell line RPMI 8402, multiple gene are
deregulated by the translocation (22).

Since RARA is interrupted in an intron it
is most likely that the product of the translo-
cation is a fusion protein. As at least one
17q—breakpoint is outside this region (see
P12.3B6, Fig. 3A), this suggests that the
15q+ derivative is the crucial product of the
translocation. The fusion protein encoded
by the 15q+ derivative would retain the
DNA- and ligand-binding domains of
RARA. The transcription-activating func-
tion of the 5’ end of the RARA (23) would
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be replaced with a novel NHj-terminus
hence potentially changing the profile of
genes activated. The involvement of RARA
at the APL breakpoint may explain why the
use of retinoic acid as a therapeutic differen-
tiation agent in the treatment of the acute
myeloid leukemias is limited to APL (24).
To obtain the sequences on chromosome
15 that are juxtaposed next to RARA, we
prepared a genomic library from the 15q+
hybrid PLTI1S and screened with

Fig. 4. Detection of the
APL breakpoints on South-
ern blot analysis. DNA from
blood samples from APL
patients and mouse-human
hybrids containing APL-de-
rivative chromosomes, when
digested with Eco RI, dem-
onstrate rearranged junction
fragments. DNA samples
APL 511, APL 512, APL
510, APL 2596, APL 2646,
and APL 2726 represent six
different APL  patients;
PJT2A1, PLTI1S, and
GBT8, three APL 15q+
mouse-human hybrids
(GBT8 is derived from pa-
tient APL 511); P12.3B6,
an APL 17q— mouse-hu-
man hybrid; PCTBAL.S,
chromosome 17-only hy-
brid; APL 510-R (BM) and
APL 510-R (BL), bone
marrow and blood lympho-
cyte remission samples from
patient APL 510; and FAB
M1 and FAB M2 are cases
of undifferentiated and my-
eloblastic acute nonlympho-
cytic leukemia, respectively.
(A) Subclone LCN4A3/A
detects the 15q+ rearrange-
ments in seven of eight sam-
ples on Eco RI digests. The
rearranged band in APL
2596 is fainter than the oth- 5258
er novel bands as it is de-
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LCN4A3/A (25). A breakpoint clone,
fqpl2, was obtained that contained se-
quences on both chromosomes as judged by
its hybridization to somatic cell hybrids
PCTBA1.8 (17 only) and HORL-I (26),
which contains only human chromosome 15
and a fragment of human chromosome 11.
Preliminary data with a subclone from
fqpl2 confirmed the clustering of break-
points on chromosome 15 in the three
patients analyzed. Characterization of these
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rived from the 5.4-kb normal band and not the 10-kb normal band. (B) After stripping the filter,
subclone LCN4A3/C, a unique 200-bp Bam HI-Pst I fragment (Fig. 3), was used to detect the 17q—
derivative chromosome on Eco RI digests in four APL patients.
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sequences, together with RARA should al-
low a full molecular description of APL.

Note added in proof. Lemmons et al. have
also reported the cloning of the APL break-
point region (31).
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Flip and Flop: A Cell-Specific Functional Switch in
Glutamate-Operated Channels of the CNS

BERND SOMMER,* KARI KEINANEN,*t TODD A. VERDOORN,
WiLLiaM Wi1SDEN, NAIL BURNASHEV, ANNE HERB, MARTIN KOHLER,
TAMAKI TAKAGI, BERT SAKMANN, PETER H. SEEBURGTH

In the central nervous system (CNS), the principal mediators of fast synaptic excitatory
neurotransmission are L-glutamate—gated ion channels that are responsive to the
glutamate agonist a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA).
In each member of a family of four abundant AMPA receptors, a small segment
preceding the predicted fourth transmembrane region has been shown to exist in two
versions with different amino acid sequences. These modules, designated “flip” and
“flop,” are encoded by adjacent exons of the receptor genes and impart different
pharmacological and kinetic properties on currents evoked by L-glutamate or AMPA,
but not those evoked by kainate. For each receptor, the alternatively spliced messenger
RNAs show distinct expression patterns in rat brain, particularly in the CAl and CA3
fields of the hippocampus. These results identify a switch in the molecular and
functional properties of glutamate receptors operated by alternative splicing.

-GLUTAMATE (L-GLU), THE MAJOR
excitatory neurotransmitter in the
mammalian CNS exerts its diverse

effects through pharmacologically distinct
receptors (1). Fast synaptic neurotransmis-
sion is thought to be mainly mediated by
cationic channels intrinsic to AMPA-gated
receptors. Kainate has been suggested to
gate a second subtype of glutamate receptor
mediating fast neurotransmission. Synaptic
transmission mediated by a third receptor
subtype, the N-methyl-p-aspartate (NMDA)
receptor, is characterized by a slow rise
time, voltage-dependent block by Mg?*,
and Ca®>* permeability; these channels in-
duce various forms of activity-dependent
synaptic plasticity such as long-term potenti-
ation (LTP) (2). However, maintenance of
the LTP-associated synaptic enhancement
can require, at least in part, a change in
postsynaptic AMPA receptors (for example,
in the CA1 area of the hippocampus) (2, 3).
We have analyzed by molecular cloning
the family of AMPA receptors in the CNS
(4). These receptors bind AMPA, and their
channels are gated by AMPA, 1-Glu, and
kainate, indicating a blurred distinction be-
tween AMPA and kainate receptors that
varies depending if they are classified by
gating or by ligand binding. The properties
of these receptors are consistent with elec-
trophysiological data from hippocampal
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neurons that suggest that AMPA and kain-
ate act predominantly on the same receptor
(5). We now describe the existence and
function of a second molecular version of
the four AMPA receptors, generated by
alternative splicing.

Molecular cloning and detailed analysis of
cDNAs encoding the AMPA-selective gluta-
mate receptors GluR-A, -B, -C, and -D (4)
revealed that in each receptor a segment of
115 bp exists in one of two sequence ver-
sions. This segment encodes 38 amino acid
residues within a conserved receptor domain
preceding the predicted fourth transmem-
brane region (Fig. 1) and hence is probably
located intracellularly (4, 6). The alternative
versions were named “flip” and “flop,” with
the previously described primary structures
(4) as the flop forms. In each of the recep-
tors, the sequences of the two alternative
segments are very sithilar, and most nucleo-
tide substitutions are silent changes with
respect to the protein sequence. According-
ly, the flip and flop versions of each poly-
peptide differ in only a few (9 to 11) amino
acids, and these substitutions are often con-
servative. A tetrapeptide is consistently dif-
ferent between the two versions of the four
receptors. Neither of the alternative tetra-
peptides conforms to known consensus se-
quences.

The exchange of small homologous do-
mains in four glutamate receptors suggested
that the two receptor versions for each of the
four family members arose from alternative
splicing. Such a mechanism was further im-
plied by high resolution mapping and DNA
sequence analysis of the murine gene for the
GIuR-B receptor. In this gene, the flip and
flop sequences are on adjacent exons, sepa-
rated from each other by an intron of ap-
proximately 900 bp and from their neigh-
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