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ABSTRACT The promyelocytic leukemia zinc finger gene
(PLZF) is involved in chromosomal translocation t(11;17)
associated with acute promyelocytic leukemia. In this work, a
201-kilobase genomic DNA region containing the entire PLZF
gene was sequenced. Repeated elements account for 19.83%,
and no obvious coding information other than PLZF is present
over this region. PLZF contains six exons and five introns, and
the exon organization corresponds well with protein domains.
There are at least four alternative splicings (AS-I, -II, -III, and
-IV) within exon 1. AS-I could be detected in most tissues
tested whereas AS-II, -III, and -IV were present in the stom-
ach, testis, and heart, respectively. Although splicing donor
and acceptor signals at exon–intron boundaries for AS-I and
exons 1–6 were classical (gt–ag), AS-II, -III, and -IV had
atypical splicing sites. These alternative splicings, neverthe-
less, maintained the ORF and may encode isoforms with
absence of important functional domains. In mRNA species
without AS-I, there is a relatively long 5* UTR of 6.0 kilobases.
A TATA box and several transcription factor binding sites
were found in the putative promoter region upstream of the
transcription start site. PLZF is a well conserved gene from
Caenorhabditis elegans to human. PLZF paralogous sequences
are found in human genome. The presence of two MLLyPLZF-
like alignments on human chromosome 11q23 and 19 suggests
a syntenic replication during evolution. The chromosomal
breakpoints and joining sites in the index acute promyelocytic
leukemia case with t(11;17) also were characterized, which
suggests the involvement of DNA damage-repair mechanism.

Promyelocytic leukemia zinc finger (PLZF), first identified as
a partner gene fused to retinoic acid receptor a (RARa) in a
variant chromosomal translocation t(11;17) (q23;q21) in acute
promyelocytic leukemia (APL), is a nuclear transcription
factor of the BTByPOZ (for bric-a-bracytramtrackybroad
complex, poxvirus and zinc-finger) family (1–3). Recent stud-
ies showed that the PLZF-RARa fusion gene is able to induce
leukemia in transgenic mice (4, 5), and PLZF also may be
involved in the pathogenesis of APL with t(15;17) (6). Impor-
tantly, APL patients with PLZF-RARa had poor response to
all-trans retinoic acid treatment, in contrast to those with
promyelocytic leukemia (PML)-RARa (7–9). Recent studies
revealed that the BTByPOZ domain of PLZF-RARa binds to
the co-repressor complex even in the presence of high con-
centrations of all-trans retinoic acid (4, 10–16). The wild-type
PLZF gene was expressed in the developing rhombomere
boundaries and in CD341 hematopoietic precursors (17–18).

The PLZF knock-out mice showed striking hip devilment and
impaired spermatogenesis in male animals (19). All of this
indicates an important role of PLZF in both normal develop-
ment and leukemogenesis.

In the present work, we cloned and sequenced the genomic
region covering the entire PLZF gene by using the ordered
shotgun sequencing (OSS) approach (20, 21). Comparison of
genomic with cDNA sequences led to the characterization of
the structural organization of this large gene. Homology
search of PLZF-like sequences provided important informa-
tion on the evolution of a multiple gene family. In addition, the
chromosome breakpoints and joining regions in an APL case
with t(11;17)(q23;q21) were cloned and analyzed to explore
possible molecular mechanisms of aberrant gene rearrange-
ment in APL.

MATERIALS AND METHODS

Library Screening. Using a specific PLZF cDNA probe, we
screened a human genomic DNA EMBL phage l library (2,
22) and obtained seven positive clones. One cosmid clone
(clone 45) was kindly provided by the National Center for
Human Genome Research (Bethesda, MD). With the help of
the Center for Genetics in Medicine, Washington University,
we screened a bacterial artificial chromosome (BAC) library
by using PLZF cDNA sequence-tagged site, a 163-bp PCR
product on exon 6, and obtained three BAC clones. One clone
that covers 95% of the PLZF gene was used for large-scale
DNA sequencing.

BAC Subcloning, Long-Range PCR, and T3yT7 End Se-
quencing. BAC DNA extracted with minipreparation (23) was
partially digested with Sau3AI, and the resulting overhangs
were partially filled in with the Klenow fragment of DNA
polymerase I and dGTP and dATP. The DNA was fraction-
ated, and fractions of 8–12 kilobases (kb) were recovered and
cloned into BlueSTAR l vector to yield a mini-library. Totally,
192 clones of 8–10 kb and 96 clones of 10–12 kb were obtained.
To ensure efficient recovery of end sequences from inserts,
long-range PCR amplification of subclones was conducted
with GeneAmp XL-PCR kit (Perkin–Elmer). To prepare the
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sequencing template, each PCR product was treated with
exonuclease I and shrimp alkaline phosphatase (EXoIysAP)
(24, 25). Dye-primer T3yT7 end sequencing was performed on
a 377 automatic sequencer (26).

OSS Map Construction and Complete Sequencing of Am-
plified l Inserts. OSS strategy (20, 21) was adopted in this
work. As outlined in Fig. 1, the building of contigs was initiated
with an AUTOASSEMBLER (Perkin–Elmer) or PHREDyPHRAP
(University of Washington) program to find overlaps among
end sequences, and then a framework physical map was built
by connecting groups of clones based on pairwise relationships
of end sequences from individual BlueSTAR l clones. Full
sequencing was initiated for the clones constituting a minimal
tiling path, including those anchored to known parts of the
BAC vector arm. To do this, long-range PCR products from
selected BlueSTAR l clones were sonicated and size-
fractionated for shotgun sequencing. The fractions of 1.6–2.0
kb were selected and cloned into M13 or pUC vectors.
Templates were prepared by symmetric PCR, and Dye-
terminator or Dye-primer cycle sequencing was performed.
With a 10-fold coverage, sequences were assembled by using
AUTOASSEMBLER and PHREDyPHRAP programs. Gap closure
was performed by primer extension on BAC DNA by using
dye-terminator reactions.

Computer Analysis of Sequence Data. Several software tools
were used to analyze the genomic sequence of PLZF (27, 28):
(i) Repetitive sequences were determined by the program
REPEATMASK (http:yyrepeatmasker.genome.washington.eduy
cgi-binyRMZ-req.pl). (ii) GC content was sought by GRAIL 1.3,
which also was used to find latent exons with GENSCAN, GENIE,
GENLANG, GENVIEW, GENEID, FGENES, FGENESH, and EBEST
(All above are from http:yyares.ifrc.mcw.eduyMetaGeney).
(iii) For analyzing regulatory sequences in the putative pro-
moter region, NNPP (Promoter Predication by Neural Net-
work), PROMOTER SCAN, TSSW, TESS, and TRANSFAC were
applied together to make a comprehensive prediction. (iv)
cDNA was aligned with genomic sequence of PLZF by using
SIM4 and BLAST to give a view of the actual splicing sites. In
addition, NNSSP (Splice Site Prediction by Neural Network),
NETGENE2 and SPL (search for potential splice sites) were used
to find possible alternative splicing sites in the genomic
sequence while RNASPL was used to search for potential
exon–exon junctions in cDNA (All above are from http:yy
dot.imgen.bcm.tmc.edu:9331yseq-searchygene-search.html).
(v) The position of PLZF with regard to adjacent loci, for
example, MLL(ALL-1, HRX), was established by radiation
hybrid (29) and by searching the Unigene cluster and GEN-
EMAP98 in the National Center for Biotechnology Information
(30). (vi) Ortholog analysis was carried out for PLZF homologs
from different organisms, including Caenorhabditis elegans,
Gallus gallus, mouse, and human.

Rapid Amplification of cDNA Ends (RACE). To get the 59
and 39 ends of PLZF transcript, the bone marrow and brain
ready cDNA (CLONTECH) was used as template for PCR.
AP1 and AP2 at each end of ready cDNA were used as anchor
primers. PLZF-specific primers were designed according to

cDNA sequence (Fig. 2). Successive rounds of nested PCR
were carried out to get the 59and 39 ends of PLZF cDNA.

Reverse Transcription (RT)–PCR Analysis. Total RNA was
extracted from MDS cells treated with A23187 (31) and from
different tissues by single-step acid guanidinium-thiocyanate-
phenol method or by using TRIZOL reagent. RNA was
treated with DNase I, and RT-PCR was performed with the
Advantage cDNA amplification kit (CLONTECH) or the Taq
thermal polymerase (Perkin–Elmer). To determine the alter-
native splicing patterns of PLZF, a series of PLZF-specific
primers were designed according to the PLZF cDNA or
genomic sequences (Fig. 2).

Molecular Analysis of Genomic Regions Encompassing
PLZF-RARa and RARa-PLZF Reciprocal Translocations.
Based on the genomic sequences of PLZF and RARa, primers
were designed to amplify both PLZF-RARa and RARa-PLZF
fusion regions in a Chinese patient with t(11;17) (1, 2). A 5-kb
fragment containing the PLZF-RARa genomic fusion was
obtained and then sequenced with OSS method. By compar-
ison of this 5-kb fragment with PLZF and RARa genomic
sequences, the breakpoints in both PLZF and RARa genes
were precisely determined, and the reciprocal joining region in
RARa-PLZF also was amplified. The sequence of wide-type
RARa encompassing the breakpoint also was determined.

RESULTS

Implementation of Sequence. Using the OSS strategy, we
obtained complete genomic DNA sequence of the PLZF gene
in a series of clones, including one BAC, one cosmid, and seven
EMBL l phage clones. The BAC clone was partially digested
into 8- to 12-kb fragments and was subcloned into the Blue-
STAR l vector. We were able to amplify 98% of DNA inserts
from these subclones, and 90% of the amplified inserts yielded
end sequences, a prerequisite for the success of an OSS
approach. Sequence information from both ends of 288 sub-
clones led to the construction of a contig with minimum
overlap consisting of 23 l clones. Total random shotgun
sequencing of the 23 l, 1 cosmid, and 7 EMBL l phage clones
produced 4,168 sequence tracts with AUTOASSEMBLER and
PHREDyPHRAP programs, of which 3,983 (96.6%) with average
usable length of 763 bp were assembled into 6 contigs. Internal
redundancy levels were from 3- to 15-fold (10.5-fold coverage,
on average). Most (98%) of the sequences were determined on
both strands, but, at a few sites, the opposite strand was not
recoverable. In these cases, consensus sequences were ob-
tained by sequencing templates in the same orientation with
two different sequencing chemistries (dye-terminator and
dye-primer). The five gaps were closed by amplifying the
intervening sequences from BAC DNA(32). The complete
genomic DNA sequence of PLZF was 201,303 bp (submitted
to the GenBank database under accession no. AF060568).

Computer-Assisted Sequence Analysis. Comparison of
genomic sequence with PLZF cDNA showed a good concor-
dance (99.99% identical) and enabled us to assess the accuracy
of the sequencing results. Minor discrepancies between cDNA

FIG. 1. PLZF genomic DNA sequence map shows coverage of BAC (BWXD 109) by l clones (B), phage clones (L), and a cosmid clone (C).
Sequenced ends are indicated by open (T3 end) or closed (T7 end) triangles. Selected subclones completely sequenced are shown as solid lines
while clones with only ends sequenced are shown as dashed lines. Shaded vertical bars represent overlapping segments between subclones. ‘‘B gap
1–5’’ are not covered by the l clones but are closed by amplification of BAC DNA. Exons are shown as black boxes, and arrows indicate the
breakpoints identified in six patients previously described (7).
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and genomic sequences may result from individual variation or
technical difficulties.

In repeat masker analysis, several frequently repeated ele-
ments in human DNA were detected. Total, there are 100 short
interspersed elements (SINES) (47 Alu, 53 MIR), 46 long
interspersed elements (LINES), 7 long terminal repeats, and
18 DNA elements, accounting for 10.28, 6.09, 1.41, and 2.05%,
respectively, of the total sequence content. There are six
GC-rich regions (Table 1). Further analysis suggested that,
immediately upstream of the first GC-rich region, lies a
possible promoter.

We used the powerful METAGENE ENGINE (http:yy
ares.ifrc.mcw.eduyMetaGeney) to launch GENESCAN, GENIE,

GENEID, GENEVIEW, GENEFINDER, GRAIL, GENLANG, NNPP, and
EBEST and used its feature annotation tools to analyze the
result. GENESCAN seems to give the best result. Among the
seven predicted exons that have a Tscr (a score system for exon
prediction depending on the information of length, splice sites,
and coding region) .9, only one was located in the reverse
strand. All of the predicted exons in the forward strand
corresponded well to the actual exons. EBEST revealed three
clusters on the forward strand. Cluster 1 contains 26 expressed
sequence tags (ESTs) dispersed along the genome sequence.
Yet, assembly of these ESTs resulted in a sequence slightly
similar to human b-globin region. Each of the other two
clusters had one EST and was not analyzed because of a
shortage of candidates.

After searching the whole 201-kb genomic sequence against
the human EST database through the BLAST service of the
National Center for Biotechnology Information, we picked the
top 113 hits out of the GenBank database, with PyZyE ranging
from e-42 to 0.0. These ESTs fell into six clusters through
Applied Biosystem’s AUTOASSEMBLER. However, except for
one cluster that contains only two ESTs, all clusters showed
high similarity to PLZF cDNA. Autoassembly analysis of these
ESTs with PLZF cDNA sequences reduced the cluster number
to two, one consisting of the PLZF cDNA and 73 ESTs, which
extended the sequence from the 59 end of published PLZF
cDNA by 600 bp. The other contains 38 ESTs, which showed
high similarity to Alu. Therefore, PLZF may be the only coding
information over the 201-kb region.

FIG. 2. (A) Sequence of the 59 f lanking region and exon 1 of PLZF. Open triangle points to the putative transcription start site. Possible binding
sites of transcription factors are shadowed, and primers for PCR are indicated. Filled triangles indicate alternative splicing sites (AS-I through
AS-IV). (B) Schematic representation of RACE and RT-PCR results of the extended exon 1. The upper solid lines indicate alignment of PCR
fragments. The three thick lines at the right represent RACE results. Vertical lines within the exon 1 box denote alternative splicing sites. Arrows
indicate primers for amplification of alternatively spliced fragments (see Fig. 3 A and B).

Table 1. Results of computer analysis of PLZF genomic sequence

GC-rich region
Percent
of GC Predicted exon Tscr Actual exon

7,026–7,312 56.74
7,516–9,574 69.85 11,488–12,7591 152.52 6,849–12,755

18,337–18,624 54.57
104,557–104,6541 16.85 104,557–104,654
135,173–135,2591 9.64 135,173–135,259

147,370–147,624 73.06 147,664–147,2482 16.73
153,311–153,606 54.43 190,371–190,5411 24.31 190,371–190,541
197,693–197,949 55.97 195,403–195,5701 37.22 195,343–195,570

198,537–198,7661 38.59 198,537–198,860

1, forward strand; 2, reverse strand.
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Exon–Intron Organization of the PLZF Gene. The reported
PLZF cDNA was only 2.2 kb long, but Northern blot analysis
showed an '8.5-kb transcript in most tissues investigated (33).
To obtain full length PLZF cDNA, 39 and 59 RACE were
performed by using bone marrow and brain ready cDNA. 39
RACE showed that the real 39 end could be already reached
because three independently obtained clones all stopped near
the previously reported polyadenylation signal AATAAA.
Starting from the most 59 PLZF cDNA sequence encoding the
BTByPOZ domain, three successive rounds of 59 RACE were
performed and extended the 59 end by 1.5 kb. However, the
total cDNA length was still shorter than predicted by Northern
blot analysis. Interestingly, using NNPP, TSSW, TESS, and PRO-
MOTER SCAN, we found a typical TATA box and a transcription
start site '4.4 kb upstream of the most 59 end of our cDNA
contig. RT-PCR was performed to obtain the upstream se-
quence by using DNase I-treated RNA from MDS cells.
Sequence analysis on the PCR products confirmed that they
formed a contig that corresponded exactly to the genomic
region (Fig. 2 A). However, one pair of primers flanking the
predicted TATA box and transcription start site did not
produce any band in RT-PCR but primed amplification of a
specific band of 500 bp from genomic DNA in which the
transcription start site is located. Hence, the total length of the
PLZF cDNA was extended to '8.1 kb, with a 59UTR of 6.0 kb.

Alternative Splicing Within Exon 1 of PLZF. As suggested
by previous studies on human PLZF-RARa fusion transcript
and mouse PLZF cDNA, possible alternative splicing patterns
of the large exon 1 exist. As shown in Fig. 3A, when PCR
primers 3.6 kb upstream of the initiation codon and at the 39
end of exon 1 were used, a band of 1.4 kb was obtained in 5 of
11 tissues tested. In three tissues (heart, stomach, and placen-
ta), in addition to the 1.4-kb band, there was an 1.1-kb band.
Sequence analysis showed that the 1.4-kb band (designated

here as AS-I) resulted from a splicing pattern similar to a
mouse PLZF cDNA whereas the 1.1-kb band was generated by
AS-I together with a previously reported alternative splicing
(referred to AS-IV) to produce the short isoform of PLZF-
RARa fusion transcript (Fig. 3). Using primers at the 39 ends
of AS-I intron and exon 1, however, we obtained shortened
bands in the stomach, testis, placenta, and heart (Fig. 3B).
These bands were reproducible in three independent experi-
ments while a band of expected size was also present in these
tissues, providing an internal control. When these PCR prod-
ucts of smaller sizes were subjected to sequence analysis, all
turned out to be transcripts with intact ORFs. Southern blot
analysis using specific oligonucleotide probes for putative new
splicing joining sites also confirmed the above results. As
shown in Fig. 3, the alternatively spliced products in stomach
(AS-II), testis (AS-III), and heart, placenta, and stomach
(AS-IV) were generated as a result of splicing between codons
3 and 249, 177 and 359, and 255 and 377, respectively. Of note,
although AS-I occurs in the 59UTR and therefore does not
alter the protein sequence of PLZF, AS-II, -III, and -IV could
delete the BTByPOZ domain, a domain rich in negatively
charged amino acids and a proline rich domain. Our data thus
suggest that the PLZF gene consists of six exons and five
introns and that the huge exon 1 has at least four types of
alternative splicing. The location of exon–intron junctions and
flanking sequences are shown in Fig. 3D. Although splicing
donor and acceptor signals at exon–intron boundaries for AS-I
of exon 1 and other exons were classical (59 donor-gt, 39
acceptor-ag), AS-II, -III, and -IV within exon 1 were associ-
ated with atypical splicing sites.

Analysis of the Regulatory Region of PLZF Gene. Analysis
of the sequences upstream of transcription start site predicted
presence of several potential transcription factor binding sites:
a TATA box at 233 to 230 bp, two GAGA factor binding sites

FIG. 3. PCR analysis of alternative splicing. P6 and Pt2, Pt1 and Pt2 (Fig. 2) were used in A and B, respectively. (C Left) Relationship between
functional domains in PLZF protein and exon–intron organization, as well as the position of exon 1 alternative splicing with regard to gene
organization. (Right) Corresponding PLZF protein isoforms as a result of AS I–IV. (D Left) Splicing signals in exon–intron boundaries of exons
1–6. The sizes of exons and introns are indicated. (Right) Sequences used as splicing signals in ASI–IV.
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at 2160 to 2146 bp and 2186 to 2173 bp, a TFIID binding
site at 2199 to 2189 bp, a GR site at 2321 to 2311 bp, and
an AP1 binding site at 2462 to 2444 bp (Fig. 2).

Evolution of the PLZF Gene. Search against public databases
revealed sequences highly homologous to PLZF in several
species, including C. elegans (CE19548), G. gallus PLZF
(Z47402) (17) and leukemiaylymphoma-related factor (LRF)
(AF086831) (34), mouse PLZF (Z47205) (17) and LRF
(AF086830) (34), and human BCL-6 (U00115) and human
Miz-1 (Y09723). Of note, a sequence highly similar to PLZF,
designated as PLZF2, was found in a cosmid clone (AC003005)
from human chromosome 19. Within this 45-kb cosmid lies
another gene with high homology to MLL, referred to as
MLL2. Interestingly, the MLL gene was located on 11q23, a
region harboring the PLZF gene. Radiation hybrid analysis
was thus carried out to determine the relative position of MLL
and PLZF (35). As shown in Fig. 4A, the two genes are '2,587
kb apart, according to the current sequence-tagged site map.
Using PAUPSEARCH and PAUPDISPLAY (GCG package), we
constructed the phylogenetic tree of PLZF (Fig. 4B).

Identification and Analysis of PLZF-RARa and RARa-
PLZF Joining Regions. In a previous study on the index
Chinese APL patient with t(11;17)(q23;q21), the breakpoint of
PLZF gene was in an intron separating the exons encoding the
second and third zinc fingers whereas that of RARa was at the
39 end of the second intron. The alignment of the sequences of
PLZF-RARa and RARa-PLZF joining regions obtained here
by PCR against those of normal PLZF and RARa genes
revealed a deletion of 24 nucleotides and an insertion of 1
nucleotide (Fig. 5). No recombination signals like heptamer
and nanomer were found in regions flanking the breakpoints
on both genes, eliminating the possible involvement of recom-
binase responsible for somatic rearrangement of antigen re-
ceptor genes. An intermediate repetitive sequence MIR was
found adjacent to the breakpoint of the PLZF gene whereas an
MER (one type of the DNA elements) was present on the
RARa gene side. Because MIR and MER belong to two
different categories of repetitive elements, it is unlikely that
the translocation was mediated by homologous recombination.
Trying to reconstruct a plausible translocation pathway, we
realized that the sequence features could be best explained by
a recently proposed ‘‘DNA damage-repair’’ model (38) if two
double-strand and two single-strand cleavages are proposed
for breaks on chromosomes 11 and 17, respectively (Fig. 5).

DISCUSSION

Features of the PLZF Gene. To better understand the
structure and function of PLZF, an important gene implicated
in leukemogenesis, we cloned and sequenced the PLZF
genomic DNA. Our study shows that PLZF is a large gene
spanning a 201-kb genomic sequence. To determine its exon–

intron organization, we also obtained the PLZF cDNA se-
quence. Several interesting features were noted. In spite of
several big introns in the region, the PLZF gene does not seem
to harbor other coding information. Exon 1 of PLZF contains
a 59 UTR of 6.0 kb, which is rare for known genes. The PLZF
gene exhibits complex patterns of splicing. Although it has a
basic structure of six exons and five introns, four alternative
splicing patterns were detected in the first exon, one (AS-I) in
the 59UTR and the other three (AS-II, -III, and -IV) in the
ORF. It is unclear whether alternative splicing of 59UTR may
result in different levels of transcriptional expression, but
AS-II, -III, and -IV may generate PLZF protein isoforms
lacking the BTByPOZ domain, the region rich in negatively
charged amino acids, and the proline rich domain. Because
these domains are seen typically in transcription factors and
may possess important functions like transcriptional repression
or dimerization, the three isoforms may show functional
variations. That these alternative splicings occur in a tissue-
specific manner adds more functional meanings. For example,
AS-IV was mainly seen in the heart, stomach, and placenta but
not in other tissues, such as bone marrow. Alternative splicing
patterns AS-II, -III, and -IV use atypical splicing donor andyor
acceptor signals, and the donor and acceptor signals in AS-II
also were found in Ig genes. Special cellular mechanisms may
exist to recognize these unique signals, which may be involved
in crucial gene regulation events. The presence of a TATA box
and many transcription factor binding sites in the putative
promoter region indicates that PLZF gene expression may be
accurately regulated by a complex network of regulators.

Orthologs and Paralogs of PLZF. Computer-assisted ho-
mologous sequence search revealed that PLZF-related se-
quences are present as orthologs in several species at different

FIG. 4. (A) Comparison between the regions of PLZFyMLL on chromosome 11q23 and PLZF2yMLL2 on chromosome 19. 1 cR corresponds
approximately to 30 kb. (B) Phylogenetic tree of PLZF homologous sequences through evolution. Note that PLZF ortholog is present in C. elegans.

FIG. 5. Sequences around the breakpoints. One nucleotide (in
bold) was inserted, and 24 nucleotides (underlined) were deleted in the
joining regions. Thick arrows indicate double-strand DNA breaks, and
thin arrows point to single-strand DNA breaks. The der(11) and
der(17) could be generated by ligations of the blunt-ends of PLZF
breaks with overhanging ends of RARa.
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stages of evolution, including C. elegans, G. gallus, and mouse.
A gene highly similar to PLZF (PLZF2) was reported in a
cosmid clone containing genomic DNA from human chromo-
some 19. PLZF2 also has a BTByPOZ domain at the N
terminus and a proline-rich region, but there are only three
zinc finger motifs on the C terminus. Little has been learned
about its function. Interestingly, PLZF2 is closely linked to a
gene highly homologous to MLL (MLL2), which was also
found in the same cosmid. This is reminiscent of the fact that
PLZF and MLL genes are both mapped on 11q23. Therefore,
the two paralogous PLZF sequences may have arisen from a
syntenic duplication in evolution, followed by a rearrangement
event to place them onto different chromosomes (36).

Abnormal DNA Recombination in PLZF. A subgroup of
APL patients has t(11;17)(q23;q21) translocation resulting in
the formation of both PLZF-RARa and RARa-PLZF chimeric
genes (2, 7, 37). The presence of some unique morphological
and immunophenotypical features, together with the poor
response to all-trans retinoic acid in these patients, made some
authors consider this leukemia a new, APL-like syndrome (7,
37). Most t(11;17) APL patients had chromosome 11 break-
points mapped to intron 2, and rare cases to intron 3 of PLZF
(7), both fusing to RARa in an ‘‘in frame’’ manner. The
clustering of breakpoints in a limited region of the large intron
2 suggests that not only the translocations were biologically
selected for cells to acquire growth advantage, but some
sequenceystructure features also could favor the breaking and
fusing events. To understand the molecular mechanism of this
translocation, we obtained and analyzed the sequences of
joining regions of both PLZF-RARa and RARa-PLZF. The
presence of a deletion of 24 nucleotides and an insertion of 1
nucleotide suggests that this translocation is reciprocal but not
balanced at the fine structural level. It is unlikely that topo-
isomerase II is responsible for this translocation because it
usually causes 4-bp duplication but no deletion. The absence
of heptamer–nanomer signals and of homologous sequences
on both chromosomal breaks implies that neither antigen
receptor gene recombinase error nor homologous recombina-
tion could be the underlying mechanism. Of note, a recently
proposed model implicating DNA damage-repair machinery
could be more appropriate to explain this abnormal rearrange-
ment event based on the sequence structure around the
breakpoints of both fusion partners (38). Short deletion and
duplication may thus indicate initial DNA damaging events in
the form of two double-strand and two single-strand DNA
breaks on chromosomes 11 and 17, respectively, followed by
ligation of a blunt end with an overhanging end for both
derivative chromosomes 11 and 17.
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