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Characterization of a Zinc Finger Gene Disrupted by
the t(15;17) in Acute Promyelocytic Leukemia

AUDREY D. GODDARD, JULIAN BORROW, PAUL S. FREEMONT,

ELLEN SoLOMON*

The translocation t(15;17) associated with acute promyelocytic leukemia results in the
fusion of the retinoic acid receptor alpha (RARA) gene to the PML gene. Character-
ization of PML revealed that it is a putative zinc finger protein and potential
transcription factor that is commonly expressed, with at least three major transcription
products. PML breakpoints cluster in two regions on either side of an alternatively
spliced exon. Although leukemic cells with translocations characteristically express
only one fusion product, both PML/RARA (on the 15q+ derivative chromosome) and
RARA/PML (on the 17q— derivative) are transcribed.

CUTE PROMYELOCYTIC LEUKEMIA

| (APL) is characterized cytogeneti-
cally by a consistent translocation
between chromosomes 15 and 17,
t(15;17)(q21;q11.2-12). Both products of
the reciprocal translocation are found in
these cells (1). Investigators have shown that
it is the RARA gene on chromosome 17
that is disrupted by the translocation (2, 3).
APL represents an example of a malignancy
that is due to a failure of differentiation in
which a block in the granulocyte-macro-
phage pathway leads to the accumulation of
abnormal promyelocytes. Treatment of APL
promyelocytes with all-trans retinoic acid
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(RA) in vitro overcomes the block, and this
agent has been effective in inducing remis-
sion in APL patients (4). This observation
supports the concept of a role for the RA
receptor in the etiology of this disease but
leaves .open the question of the role of the
translocated gene PML (formerly myl (3)]
on chromosome 15.

To isolate PML cDNA clones, we used a
genomic clone (fqpl2) (2) spanning the
t(15;17) breakpoint. With the chromosome
15-specific portion of this clone, we ex-
panded our coverage of the region into 40
kb of genomic DNA (Fig. 1A). Using a
genomic fragment (cosl5-11/H3.9) as a
probe (Fig. 1A), we isolated a total of nine
independent overlapping cDNA clones (5).
Using these cDNAs as probes, we first de-
termined that the normal PML locus gives
rise to four main transcripts visible on
Northern (RNA) blots (Fig. 2). The three
largest (4.5, 3.8, and 3.0 kb) are more

abundant than the smallest message of 2.1
kb. Northern blots of polyadenylated
[poly(A)*] RNA and slot blots of total
RNA from a variety of fetal and adult tissues
indicated that PML was expressed in all
tissues examined, including adult brain, gut,
liver, lung, muscle, placenta, and testes and
fetal brain, gut, liver, and muscle (6, 7). The
cell lines Daudi’ (B cell), Molt4 (T cell),
HL60 (myeloid), U937 (myeloid) and
NB100 (neuroblastoma) were also found to
express PML (3, 7). The four major bands
were observed in all RNA samples analyzed.
on Northern blots. However, some varia-
tion in the relative intensity of bands was
observed, suggesting some differential regu-
lation is exerted in different tissues.

The nine cDNA clones were sequenced,
revealing that three of the four major mes-
sages seen on Northern blots were repre-
sented in the cDNA clones and that the size
differences could be accounted for by alter-
native 3'-ends. We have designated these
PML-1, PML-2, and PML-3 (Figs. 1B and
3). The longest of the messages (PML-1) is
4463 bp in length and contains a long
open-reading frame extending from the ini-
tiation codon at position 81 to the first stop
codon at position 2261 (8). The sequence of
the alternative 3'-end (PML-2; Fig. 1B)
deviates from PML-1 after codon 548 (they
share 1724 bp of cDNA sequence) and
represents a transcript 3640 bp in length.
The profile of transcripts produced by the
PML locus is further complicated by the use
of alternative splicing. The third class of
cDNA clone, PML-3, which encodes a 3.0-
kb transcript, arises as the result of exclusion
of 641 bp from the PML-2 transcript (base
pairs 1725 to 2365) (Fig. 1B) and makes
use of an open-reading frame in the PML-2
3'-untranslated (UTR) sequences.

The three main classes of transcripts
should all encode proteins (Fig. 3) in which
the first 548 amino acids are identical. How-
ever, 144 bp of alternatively spliced se-
quence are in this common sequence, and
exclusion of this exon from the transcripts
results in a loss of 48 amino acids from this
part of the putative protein (Figs. 1B and
3A). Beyond residue 548, the three COOH-
termini differ. An additional 312 amino
acids are encoded in PML-1,-41 in PML-2,
and 254 in PML-3. In addition, a third
alternatively spliced exon removes 17 amino
acids from the PML-1-specific COOH-ter-
minal sequences (Fig. 1B).

Whereas the putative PML protein se-
quences do not exhibit a great degree of
overall similarity to any known proteins (9),
the possibility that PML protein is involved
in transcriptional regulation is suggested by
the presence of three clusters of cysteines
located towards the NH,-terminus of all the
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PML proteins, followed by an amphipathic
a helix. Amino acids 35 to 69 appear similar
to a family harboring a Zn finger-like motif
(10) that has been observed towards the
NH,-termini of a number of proteins (Fig.
4). This Zn finger-like motif is found in two
transcription factors: the human Rpt-1 pro-
tein, which regulates expression of the inter-
leukin-2 receptor and the human immuno-
deficiency virus-1 genes, and the herpes
simplex virus type 1 immediate early protein
IE110, which is involved in transcriptional
activation of viral late genes (11). MEL-18,a
gene isolated from a murine melanoma, also
encodes a protein that contains this motif
and has DNA-binding capacity. The pres-
ence of the MEL-18 protein Zn finger is
required for the protein to successfully bind
DNA (12). Furthermore, the ability of this
motif to bind Zn and DNA has been dem-
onstrated through a series of biophysical and
biochemical studies, including nuclear mag-
netic resonance, circular dichroism, and op-
tical spectroscopy, that have shown that the
cysteine motif of the RING1 protein (10)
binds Zn and DNA specifically and that the
tertiary structure of the motif is stabilized by
Zn binding (13). These observations are
consistent with the prediction that the pro-
teins that contain this motif are analogous to
other Zn finger—containing proteins because
they require Zn for DNA binding and sug-

gest that the PML protein may bind DNA
in a sequence-specific manner.

The second and third cysteine-rich regions
(amino acids 107 to 129 and 167 to 205)
may form structures more similar to that
formed by the C6 cluster characterized by
GALA4 and other transcription factors (14)
than to the Zn finger-like modf of the first
cluster. The PML proteins do not contain a
known nuclear localization signal (15).

The PML proteins are predicted to con-
tain a long a-helical region with a distribu-
tion of amino acids suggestive of an amphi-
pathic helix, starting at amino acid 210 and
extending to position 324 (16). Amphi-
pathic « helices in which all of the negatively
charged residues are exposed on one side of
the helix can function as trans-activation
domains (17), or alternatively this domain
could mediate dimerization with other pro-
teins. Trans-activation functions have also
been found in association with proline- or
glutamine-rich regions (18). PML protein
also has two proline-rich regions. The first
25 amino acids are predominantly proline
(36%), and the COOH-terminus of PML-2
protein (positions 482 to 571) is 16% pro-
line and 20% serine, whereas the analogous
regions in PML-1 protein (amino acids 482
to 569) and PML-3 protein (482 to 589) are
also proline and serine rich.

Using a variety of probes, we have been
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T | 1 T 171 I |
cos 15-11
cos 15-22
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3006 bp
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Fig. 1. (A) A map of the chromosome 15 genomic region rearranged in APL. The two breakpoint
cluster regions and the numbers of breakpoints mapped to each region are indicated above the map.
Also indicated are the two cosmids spanning this region and the location of the probe cos15-11/H3.9
we used to isolate cDNA clones from the PML locus. The PML locus is oriented with its 5' end
centromeric to its 3’ sequences. B, Bam HI; H, Hind III; the map is not complete with respect to Hind
III sites. (B) The three classes of transcripts and their putative protein products. The location of the
three cysteine (C) clusters (stipled boxes with the labeled Zn finger-like domain), the long amphipathic
a helix, the breakpoints, and the alternatively spliced exons (striped boxes) are indicated. The
COOH-terminal sequences unique to each protein diverge from one another after residue 548, and the
lengths of the predicted proteins [in amino acids (aa)] are given at the end of the boxed open-reading
frame for each class of transcript. The PML-3 COOH-terminus is derived from the PML-2 3'-UTR.
The cDNA sequence from nucleotides 1725 to 2365 is excluded from the PML-2 consensus to produce
the PML-3 message so that the PML-3 COOH-terminus is encoded by an open-reading frame from
nucleotides 2366 to 3126 in the PML-2 cDNA sequence.
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able to show on Southern (DNA) blots that
PML is disrupted by the translocations in all
APL samples tested (7). However, unlike
RARA, which is principally disrupted in
one region, the breakpoints in PML cluster
in two distinct genomic regions (Fig. 1A).
This clustering of breakpoints corresponds
to disruption of the PML transcripts at two
unique points. To demonstrate this directly,
we isolated fusion transcripts from two APL
patients samples shown to rearrange in ei-
ther breakpoint cluster region (19). The
sequence of the fusion transcripts confirmed
that the breakpoints occurred at two distinct
points in the PML cDNA sequence: in
sample APL512 between positions 1197
and 1198 and in sample APL511 between
base pairs 1671 and 1672 (Figs. 1B and
3A). Presumably, these positions mark
exon-exon boundaries, and as in RARA, the
molecular rearrangement fuses PML and
RARA intronic sequences.

The 5’ breakpoints at position 1198 in
the cDNAs contribute 372 amino acids to
the PML/RARA fusion, and the break-
points occurring at position 1672 contrib-
ute 530 amino acids. The 3’ breakpoints
include the alternatively spliced 144-bp exon
in the PML/RARA product, whereas the 5’
breakpoint cluster translocates this exon to
the 17q— derivative chromosome, and the
potential for alternative splicing from this
exon is restricted to the RARA/PML fusion.
We found approximately equal numbers of
individuals with each breakpoint (Fig. 1A).

A similar situation of two breakpoint re-

Fig. 2. Northern blot of £ 2
PML-specific transcripts g 3

in adult brain and lung kb
poly(A)* RNA. The up- &5
per panel shows the 285— _4'5
PML transcripts that : ien
were detected with a P _3'_0
cDNA probe (pAGU3).

The sizes of the four wh —241

185—

main transcripts are indi-
cated along with other
reference points. The
lower panel shows the
same samples hybridized
to a control probe

(pED1) (22). Total -—1 2
RNA was extracted by

the guanidinium thiocy-

anate—cesium chloride method (23). Poly(A)*
RNA was isolated by the Micro-FastTrack
mRNA isolation kit (Invitrogen) or purchased
from Cambridge Bioscience (Cambridge, United
Kingdom) and size-fractionated through a 1%
formaldehyde-agarose gel, followed by transfer to
Hybond N membranes (Amersham) according to
the manufacturer’s instructions. Filters were pre-
hybridized and hybridized to 32P-labeled cDNA
probes at 65°C in 0.5 M NaPO, (pH 7.2), 7%
SDS, and 1 mM EDTA (24). The final washing
was performed in 0.04 M NaHPO,, 1% SDS,
and 1 mM EDTA at 65°C.
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Fig. 3. Predicted amino
acid sequence of the . weprereses
PML cDNA clones (25, a1
26). Sequencing of PML 33,

A PML-1

CEQOLLCAKCEF

cDNAs and PCR prod- 161 KTNNTF
201 SELKCDISAE
ucts was performed by 21 aaveorcrar
. . s 281 ARYQRDYEEM
the dideoxy-chain termi- 321 QEVLODMHGFL

nation method with the
Sequenase enzyme and

LQDLSSCITQ

RQPSPSPSPTER REOOCTOR 40
P

GKDAAVSKKASPEAASTPRDPIDVDL[REEA

: : . 40 SYGEIDVSNTTTAQKRKCSQTQCPRKVIKMESEEGKEARLA 480
kit (Uthd States Bio- 481 RSSPEQPRPSTSKAVSPPHLDGPPSPRSPVIGSEVFLPNS 520
chemical). Primers spe- o wEvasca 4 . :
. s GEAEERVVVISSSEDSDAENSISSRELDDSSSES 560
cific to the vectors 561 SDLQLEGPSTLRVLDENLADPQAEDRPLVFFDLKIDNETQ 600
601 KISQLAAVNRESKFRVVIQPEALFS[L'YSKAVSLEVGLOHF 640
(pCDM8 and PBluc' 641 LSIFLSSMRRPILACYKLWGPGLPNFFRALEDINRLWEFQE 680
: initial- 681 AISGFLAALPLIRERVPGASSFKLKNLAQTYLARNMSERS 720
f‘cnptzlwcrcustmlu.al 720 AMAAVLAMRDLCRLLEVSPGPQLAQHVYPFSSLQCFASLQ 760
760 PLVQAAVLPRAEARLLALHNVSFMELLSAHRRODRQGGLEKK 800
Y, an scqucncccgnqgs 80l YSRYLSLQTTTLPPAQPAFNLQALGTYFEGLLEGPALARA 840
wcrccomplctcdwmhm- 841 EGVSTPLAGRGLAERASQQS* 860
sert-specific oligonucleo-
tides PcDNA gscquence B puL-2
L2 T IVSGPEVQPRTPA 560
flatadwasasffmblcdalanaé 561 SPHFRSQGAQPQOVTLRLALRLGNFPVRHGX 589
yZC, ant translate:
with the Intelligenetics C PML-3
Programs (Rc[cgsc 5,4) - ICMEPMETAEPQS 560
561 SPAHSSPAHSSPVOSLLRAQGASSLPCGTYHPPAWPPHQP 600
andtth()Gchucncc ggi AEQAATPDAEPHSEPPDHQERPAVHRGIRYLLYRAQRATIR 640
L LREALRLEPQLHRAPIRTWSPHVVQASTPAITGPLNHPAN 680
Package Version 6.2 _e,gi AQEHPAQLOQRGISPPHRIRGAVRSRSRSLRGSSHLSQWLN 720
. . NFFALPFSSMASQLDMSSVVGAGEGRAQTLGAVVPPGDSV 760
(27).(A)AmmoaCldse‘ 761 RGSMEASQVQVPLEASPITFPPPCAPERPPISPVPGARQA 800
quence predicted for the % ¢%* 8oz

PML-1 transcript. The

Zn finger-like domain is boxed, and the other cysteine-rich regions are underlined with a straight line.
The amino acids encoded by the alternatively spliced exons are underlined and enclosed in brackets. The
positions of the two breakpoint regions at amino acids 372 and 530 (corresponding to nucleotide
positions 1197 and 1671 in the cDNA) are indicated by arrows above the sequence. The point beyond
which the different cDNA classes diverge (after nucleotide position 1724, codon 548) is indicated by

a vertical line after the last residue in common to

all three classes. The termination codon is indicated

by an asterix. (B) Alternative COOH-terminus predicted for the PML-2 cDNA. The 41 amino acids
unique to this isoform are given after the vertical line. (C) Alternative COOH-terminus predicted for
the PML-3 cDNA. The 254 amino acids unique to this isoform are given after the vertical line.

Fig. 4. (A) The Zn fin- A
ger-like motif in the e oruffdh AEAKCP KL Edscctlas cvoFRidoarueL
PML protein shows sim- Rpt-1 EEVICHIG ELLKEPV sa TLN Y JGKC VPYPF
ilarity to a number of EN0  EGoVERvCE DEIAPHL RCDTF TH MOL RNTEHLINAKLVY
. MEL-18  PHL LG GYFIDAT TIVE] TCIVRY LET NKY DVQ VHK
protcms or known or b';:fJ PHLMCWVLC GYFIDAT TIIE TCIVRY LET KYCHICPVQ VHK
. QETTICRV] QYFAERM ML DGGHMICCACLARC WGT Al
susPCCth gene PrOduCts RAG-1 KSI C HILADPV ET 'CRVCILRC LKV b-:-“ vv n'b::
to interact with DNA  RAD18  rrrRRHIcC DFLKVPYV vrelddFdsticTRTH NN QPNEHUCLFEFRE-
N vavsl DN T
(26). Abbreviations used 71z pyoubivd gy v BLL Faoon . VEERCr e
are as follows: RAG-j’ :;gfﬂ EEVTCHIQ DPFVEPV SI ECGHESFCRECISQV GKG QRFLLK
EL DMLKNTM TTK CSDCIVTA LRS GNKELHICRKK LVS
the gene product of the CG30 VKLOCNICFSVAEIKNYFLQP IDRLTIIPVLELDT LG IRKI RKR KKVPECHLCRVESLH
human V(D)J recombi- PE38  FKFEQ ETYSQQSN DTCPFLIPTY GFKCYINLOSNAMN IPHSTVCCHIGNTQUK
nase-activating gene  Comsensus ——-—C-IC-=-=----= X(11-27) ——=-=mmmm C-H-FC--CI-———- X(5-16) ~—=CP=Commmmmem
v I v
RAG-1; the Saccharomy- I o1

ces cerevisize postreplica-

tion repair protein RAD-18; the varicella zoster virus VZ1’61 gene; the B

baculovirus genes CG30 and PE- 38;the trypanosome T-LR gene; the
human $S-A/Ro 52-kD antigen associated with several rheumatic

diseases; RING1, a human gene located proximal

hlstocompatablhty complex (28); two human genes implicated in
transformation, rfp and bmi-1 (29); and X, any amino acid. Numbers _//
indicate variable numbers of amino acids. (B) A representation of the
Zn finger-like domain showing the formation of two adjacent Zn

fingers from the consensus sequence in (A).

gions exists for the t(9;22) Philadelphia
chromosome in which two distinct forms of
fusion product are produced, p210*7* and
p190¥7# as the consequence of the use of
the major or minor breakpoint cluster re-
gions in ber. In this case, the two forms are
predominantly seen in different leukemias
(20). Approximately 25% of individuals
with APL display features of the variant or
microgranular form of APL. It will be inter-
esting to see if use of one breakpoint region
or the other will correlate with the diagnosis
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to the human major

of variant APL.

Cytogenetically, APL is characterized by
the presence of both translocation products
(the 15q+ and 17q— derivatives) (1), sug-
gesting that both chromosomes are impor-
tant for leukemogenesis. The 15q+ fusion
message contains the PML promoter and
potential DNA binding and dimerization—
trans-activation domains fused to the
RARA sequences encoding the RARA
DNA and RA binding and dimerization
domains. We have isolated and sequenced a

full-length 17q— transcript, in which the 5’
sequences of RARA, including the promot-
er and exons coding for the NH,-terminal
transactivation domain, are fused to the
PML-2 3' sequences. Both the PML/RARA
and the RARA/PML fusions are in frame.
Both the PML and RARA promoters are
active in hematopoietic cell lines; thus, it is
not unexpected that both the PML/RARA
and RARA/PML fusion products are tran-
scribed in APL. In other hematopoietic ma-
lignancies associated with the production of
fusion proteins, only one of the two deriva-
tive chromosomes is always maintained in
the leukemic clone. Thus, in chronic myel-
ogenous leukemia only the bcr/abl chimera is
present, and in pre-B acute lymphocytic
leukemia the E24/PBX fusion is observed.
The maintenance of both rearranged alleles
in APL suggests that both may be important
in the etiology of the malignant clone.

The contribution ‘made by PML to the
oncogenicity of the fusion products is em-
phasized by three observations. First, no
mutations affecting RARA alone have been
observed in the twenty APLs we have ana-
lyzed (2, 7). Second, two APLs cytogeneti-
cally lacking t(15;17) chromosomes have
been shown to carry rearrangements of both
PML and RARA (7). Third, PML, and not
RARA, has been molecularly rearranged in a
variant APL translocation in which chromo-
some 15 has been translocated to another
chromosome with no visible involvement of
chromosome 17 (21). These results support
a role for the rearrangement of PML in the
etiology of APL.

Note added in proof: Since the submission
of this manuscript, other workers have pub-
lished similar observations (21a).
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The N-End Rule in Bacteria

JorN W. Tosias, THoOMAS E. SHRADER, GABRIELLE RocAp,

ALEXANDER VARSHAVSKY

The N-end rule relates the in vivo half-life of a protein to the identity of its
amino-terminal residue. Distinct versions of the N-end rule operate in all eukaryotes
examined. It is shown that the bacterium Escherichia coli also has the N-end rule
pathway. Amino-terminal arginine, lysine, leucine, phenylalanine, tyrosine, and tryp-
tophan confer 2-minute half-lives on a test protein; the other amino-terminal residues
confer greater than 10-hour half-lives on the same protein. Amino-terminal arginine
and lysine are secondary destabilizing residues in E. coli because their activity depends

on their conjugation to the primary destabilizing residues leucine or phenylalanine by
leucine, phenylalanine—transfer RNA—protein transferase. The adenosine triphos-
phate—dependent protease Clp (Ti) is required for the degradation of N-end rule

substrates in E. coli.

MONG THE FUNCTIONS OF PRO-
tein degradation in living cells are
the elimination of abnormal pro-
teins and the temporal control of many
cellular processes that involve short-lived
regulators (1). The metabolic instability of a
regulatory protein allows for rapid adjust-
ment of its intracellular concentration
through changes in the rate of its synthesis
or degradation. Features of a protein that
confer metabolic instability are called degra-
dation signals. An essential component of
one degradation signal is the protein’s
N-terminal residue (2). The presence of this
signal, named the N-degron (3), is manifest-
ed as the N-end rule, which relates the
metabolic stability of a protein to the iden-
tity of its N-terminal residue. Distinct ver-
sions of the N-end rule operate in all eukary-
otes examined, from yeast to mammals (2-
8). The eukaryotic N-degron comprises two
distinct determinants: a destabilizing N-ter-
minal residue and a specific internal lysine
residue (or residues) (5, 7). The latter is the
site of formation of a substrate-attached
multiubiquitin chain that is required for
degradation of the substrate (7).
The N-end rule is organized hierarchical-
ly: N-terminal Asp and Glu (and Cys in
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mammalian reticulocytes) are secondary de-
stabilizing residues in that they are destabi-
lizing through their conjugation, by Arg-
tRNA-protein transferase, to Arg, one of
the primary destabilizing residues (2, 6, 8,
9). N-terminal Asn and Gln are tertiary
destabilizing residues in that they are desta-
bilizing through their conversion, by a spe-
cific deamidase, into the secondary destabi-
lizing residues Asp and Glu (6).

In eukaryotes, linear ubiquitin (Ub) fu-
sions to a test protein such as B-galacto-
sidase (Bgal) are deubiquitinated by Ub-
specific processing proteases irrespective of
the identity of the residue at the Ub-Bgal
junction (2). This finding has made it pos-
sible to expose in vivo different residues at
the N-termini of otherwise identical test
proteins. The Ub fusion technique has so far
been inapplicable in bacteria, which lack Ub
and Ub-specific enzymes (10). The isolation
of UBP1, a gene for a Ub-specific processing
protease of Saccharomyces cerevisiae (10), has
allowed us to bypass this difficulty and to
test for the presence of the N-end rule in
bacteria.

When expressed in E. coli (11), the yeast
Ubpl protease efficiently deubiquitinated
Ub-X-Bgals (X is the junctional residue)
both in E. coli extracts (10) and in vivo (Fig.
1). As expected (2, 10), Ub-X-Bgals re-
tained their N-terminal Ub moieties in con-
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