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TRANSLOCATIONS IN LEUKEMIA

The chromosomal translocations that are frequently observed in leukemias are

thought to contribute to carcmogenesis (reviewed in [1-2]). Their characterization showed

that they result in either a deregulated expression of an oncogene or in the fusion of two

genes leading to a chimeric protein with new functional properties (reviewed in [3-4]). A

specific t(15,17)(q22;ql 1.2-12) balanced and reciprocal translocation is found in every

APL patient [5-6]. The observation that APL is RA-sensitive played an important role in
suggesting that the the retinoic acid receptor a (RARa) -known to map to 17q21 - might

be involved [7-11]. Using either RARa as a candidate gene or chromosome walk

strategies, several groups cloned the t(15,17) breakpoints and showed that RARa was

rearranged in all patients tested [12-15]. The chromosome 15 breakpoints were also tighly

clustered in a region that contained a new gene initially called myl and later renamed PML
(for ProMyelocytic Leukemia [12-14,16]. The t(15,17) fuses PML and RARa resulting in

the synthesis of PML/RARa and RARa/PML fusion transcripts from both the direct and

reciprocal translocation evens [17-21],

THE TWO PROTAGONISTS: RARa AND PML

Retinoids and retinoic acid (RA) are a group of vitamin A-derived substances

which have striking effects on cell proliferation, differentiation and vertebrate

development (for reviews see [22-24]). The identification of three closely related retinoic
acid receptors (RARa, p and y) as members of the nuclear receptor superfamily led to

important insights into the molecular mechanism of retinoids action [25-30]. Nuclear
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receptors are a group of structurally similar proteins that mediate the transcriptional effects

of steroids, thyroid hormones, vitamin D3, retinoids, peroxisome proliferators and yet

unidentified ligands...These receptors activate or repress gene expression, in a ligand-

dependent fashion, through binding to specific DNA sequences located in the regulatory

regions of target genes. Extensive analysis of the molecular anatomy of these receptors

identified two major functional domains : the zinc finger DNA-binding region and the

hormone binding domain (reviewed [31-32]).The three RARs have very similar DNA and

hormone-binding domains; nevertheless, their affinities for all trans RA range from 10"
10]vl(RARy) to lO'^M (RARa). Some synthetic retinoids exhibit receptor subtype

specificity. Whether these receptors activate identical sets of genes is not known.
Three retinoid X receptors (RXR a, P, y) distantly related to the RARs and that

respond to, but do not bind all-trans RA, have recently been described [33-35], The ligand

of the RXRs has recently been identified as 9 cis RA, a previously known natural isomer

of all trans RA that activates both RARs and RXRs [36-37]; thus 9 cis RA is not a RXRs

specific ligand. A RAR/RXR heterodimer appears to be the structure that ensures high

affinity DNA-binding, suggesting a functional convergence between these two families of

retinoid activated receptors [35,38]. However, RXR-specific target genes have been

identified, implying that RXRs and RARs do not mediate identical retinoid effects [39].

Clear differences in the tissue distribution of both the RARs and RXRs suggest that each

subtype within each group makes distinct contributions to retinoid physiology [34,40-

41]; but the respective contribution of the RARs or RXRs receptors and of trans-RA or 9-

cis RA to the regulation of gene expression is poorly determined.

Each group of cells seems to produce its own pool of retinoids from plasma derived

retinol; thus these agents are autocrine or paracrine mediators rather than hormones.

Synthesis and degradations rates are crucial determinants of tissue concentrations, but little

is know about those. At least three active natural retinoids have been described to date: all

trans RA, 9 cis RA that derives from RA by isomerisation, and 3,4 di-dehydroRA which is

synthetized directly from retinol [42]. Other biologically potent natural retinoids may

exist. High affinity RA or retinol binding proteins (CRABPs and CRBPs, for cytoplasmic

retinoic acid (retinol) binding protein) are also important partners in this signal

transduction pathway [43], CRABPs and CRBPs were proposed to sequester retinoids in

the cytoplasm and have also been implicated retinoid catabolism. Importantly, it seems

that RA-regulation of molecules implicated in retinoid physiology is a common rule: the
two major isoforms of RAR£ and one of RARa, CRABP I and II, CRBPI and II, and
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enzymes presumed to be implicated in retinoid synthesis (ADH3) are all directly regulated

by RA [39,40,44-49].
The sequence of PML points to important structural motifs: a presumed zinc finger

domain that could corespond to a DNA or RNA-binding site [50], a leucine zipper

dimerization motif and several serine phosphorylation sites [17-21,51]. The PML gene

encodes a set of proteins that diverge by their C-terminal end and arise by differential

mRNA splicing [52]. PML is closely related both in the finger and zipper regions to

oncogenes (RFP and T18), transcription factors (RPT1) and a component of the

ribonucleoprotein complex found as an autoantigen in lupus erythematosus: (RO-52K)

[20]. Of particular interest is the observation that two of those (RFP and T18) -like PML-

are deleted and fused to other genes by oncogenic activation. This may suggest that

structural alterations of members of this group of proteins are oncogenic, reminiscent of

what is observed for some anti-oncogenes. Immunofluorescence studies of PML

expression show that the protein localization is nuclear with a speckeled distribution

analogous to the ones of ribonucleoproteins [20, and our unpublished data]. Preliminary

studies suggest that PML is ubiquitously expressed.

STRUCTURE OF THE FUSION PRODUCTS

Since the t(15,17) is a balanced reciprocal translocation, two fusion genes are found

in APL cells, corresponding to the two t(15,17) breakpoints. The first one is the
PML/RARoc fusion transcribed from 15q+ derivative [17-20,51], These proteins contain

the N-terminal part of PML, including the putative DNA-binding domain and leucine-
zipper fused to the DNA-binding domain and hormone-binding domain of RARa. While

the breakpoints on chromosome 17 always occur in intron 2, the breakpoints on

chromosome 15 are clustered in two different introns and one exon of PML, leading to
distinct fusion proteins. With a defined type of breakpoint, several PML/RARcc chimeras

are found because of alternative splicing within the PML moiety. No consensus name has

been agreed upon for the various PML breakpoints (bcrl, type A, long, for PML intron 6 ;

bcr3, type B, short, for intron 5; Breakpoints into exon 6 have been described by two

groups and named bcr2). Schematically, the intron 5 or 6 breakpoint represents 40 to 50%

of the cases each and exon 3 breakpoint 0 to 20% depending on the study [53-59]. C-

terminus truncated PML gene product, that may have a role in leukemogenesis, are also

transcribed in most cases. In many, but not all, patients a 17 p+ derived mRNA encoding
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a putative RARoc/PML protein is transcribed. Again, depending upon the type of

breakpoint and the splicing pattern, numerous RARoc/PML fusion transcripts have been

characterized [21,56,60].

FUNCTIONNAL SIGNIFICANCE OF THE FUSION PRODUCTS

As the transforming potential of a fusion gene products has not been directly

established, investigators have concentrated on the properties of the fused proteins as
transcription factors. RARa/PML is devoid of known functional domains and present in

only 70% of APL patients [21,56,60], thus, most experiments have focused on the
properties of PML/RARcc on RA target-genes, since none are known for PML. In these

cotransfection assays, PML/RARa is not a normal RAR, although the type of alteration

(repression or over activation) is dependent upon both the reporter genes used and the cell
type [17-20]. In APL cells PML/RARa appear to be much more abundant than the wild

type RARoc encoded by the intact chromosome 17 [19,20]. These observations suggest that

PML/RARa may exert a dominant effect over RARa. How this interference is achieved at

the molecular level is not determined. PML/RARa was binds RA with a wild type

activity [61]. It was shown that contrarily to RARa that requires RXRs, PML/RARa can

dimerize and bind target sites [62], It was also proposed that PML/RARa might sequester

the RXRs and consequently inhibit RAR binding to DNA sites [35]. Within the cell, PML
appears to dimerize with PML/RARa [20]. In transfected cells, the immunofluorescence

aspect of PML (speckeled nuclear) contrasts with the one of PML/RARa (cytoplasmic and

nuclear in the absence of exogenous RA, predominantly nuclear after RA administration)
and co-expression of PML/RARa delocalizes PML, perhaps providing a molecular basis

for a dominant effect of PML/RARa over PML [20].

Can these observations account for the proposed leukaemogenic role of the t(15,17)
in APL? It is clear that PML/RARa must act dominantly over PML, RARa or an

unidentified partner. There are suggestions that retinoic acid might be involved in normal
granulocytic differentiation: granulocytes over express RARa mRNA [7]; HL60 cells (that

correspond to a variant M2 myelogeneous leukemia) differentiate into granulocytes upon
RA administration [63] an effect thought to be mediated by RARa [64]. Assuming that

RA induces promyelocytic maturation, the hybrid receptor may contribute to

leukemogenesis by antagonizing differentiation. One important suggestion for this model
is the demonstration by several groups that expression of the PML/RARa gene in HL60 or
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U937 cells impairs or blocks retinoic acid induced differentiation (C. Chomienne and F.

Farzaneh, P.O. Pelicci, personnal communications). An alternative or complementary

model would assume that PML is a key regulatory gene implicated in promyelocytic

differentiation or growth control. Fusion of a nuclear receptor hormone-binding domain to

a transcription factor results in a hormone dependant function as first shown for Myc and

the hormone binding domain of the oestrogen receptor [65]. Similarly, fusion of PML to
RARa might render PML function RA-dependent and inactivate PML through

dimerization.

WHY DOES RA DIFFERENTIATE APL CELLS?

The spectacular and highly specific effect of retinoic acid in APL remains very

poorly understood at the molecular level. The observation that cells-lines that carry a

chimeric receptor (NB4 APL cells) or that do not (HL60) respond to retinoic acid in a

comparable manner [63,66] is most puzzling. One central question would be to determine

whether the differentiation pathways activated by RA administration in NB4 or HL60 cells

are identical, or whether the convergence between the two models is incidental. Assuming

that the primary defect is a dominant negative interference with the RA transduction

system one could suggest that at high RA doses, retinoid receptors would compete out
PML/RARa. In support of this hypothesis are the observations that RXRs are activated at

high RA concentrations only, and that RARa is RA-inducible, in particular in

promyelocytes [33,48,67], While both leukemogenesis and RA-sensitivity in APL relate

to the presence of the fusion protein, the lack of a testable in vivo model precludes

elucidation of the molecular mechanism of leukemogenesis and furthermore of the basis of

RA response.

RELEVANCE OF PCR FOR DIAGNOSIS AND DETECTION OF RESIDUAL
DISEASE

Several studies have addressed the potential use of PCR technology for the

diagnosis and follow-up of patients. All PCR analysies were performed on reverse
transcribed RNA (cDNAs) and demonstrated the presence of a PML/RARa junction in

every untreated APL patient. A PCR detection of PML/RARa seems to predict RA
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response as strongly suggested by the absolute concordance observed between the two

[53,68]. In the rare established APL cases where a t(15,17) translocation could not be
detected by cytogenetics, a PML/RARa fusion was found probably resulting from a

complex cytogenetical event involving more than 2 chromosomes [53,56,69], At the
present time, APL, PML/RARa fusion and RA-sensitivity in vivo are indistinghingable,

pushing the case for a new, molecular definition of APL [53-59]. However, in an unique
APL case, RARa was shown to be fused to a zinc finger gene, as the consequence of a

t(ll,17) translocation ([59] and Chen and Zelent, personnal communication). When

studied in greater detail such variant translocations may provide important insights into the

molecular basis of leukemogenesis and differentiation.
The demonstration of distinct breakpoint clusters in PML predicts the existence of

several classes of amplified junctions. Differences in junction types has not been

associated to any clinical, pathological or prognostic variable and in particular not to the

M3V hypergranular variant. In contrast to what is observed for the bcr-abl fusion in CML,

the breakpoint type does not appear to be very informative [1].

Several attemps to study minimal residual disease have been undertaken. There has

not been to date a report of a large group of patients with a definied therapy (RA,

chemotherapy or both). However, it appears that when patients are treated with RA alone,
PML/RARa transcripts can still be detected while the bone marrow appears normal,

suggesting that morphologicaly normal cells are in fact derived from the leukemic clone

[53-54],Some patients treated with chemotherapy were negative by PCR analysis. Future

studies may determine the influence of the PCR status on the prognosis and justify the

tailoring of therapy for high risk patients.
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Discussion - MOLECULAR GENETICS OF ACUTE PROMYELOCYTIC LEUKEMIA:

THE t(15,17) TRANSLOCATION

M. Oren

What you showed us in fact argues very strongly that retinoic acid is an

obligatory morphogen in normal myeloid differentiation because you say once you

interfere with that you get leukemia. Is there any additional evidence that, in vivo, the

concentration of retinoic acid in the bone marrow is sufficient to account for this kind

of assumption?

H. De The

There is evidence suggesting that there is a participation of retinoic acid in

normal myeloid differentiation. It is very difficult to measure retinoic acid inside cells

because, apparently, each cell has its own set of enzyme which allows it, more or

less, to produce its retinoic acid and there is no idea what is the concentration of

retinoic acid within bone marrow cells. Besides, if you look carefully at the literature

you will see effects of retinoic acid described with an ED50 of 10"7 and others

described with an ED50 of 10~11. Therefore, even finding a retinoic acid concentration

somewhere between these concentrations will not tell you it cannot have a normal

role. In the future, when very strong retinoic acid antagonists are available, one will

be able to put these in normal bone marrow and see whether they block differentiation.

E. Dmitrovsky

At least from our own experience in treating acute promyelocytic leukemia

patients with retinoic acid, APL is actually two diseases. In the RTPCR assay that we

have developed and applied to these patients, we see that morphologically APL is one

disease that most hematologists can agree upon, but only about 85 or 90% of people

with APL actually express the transcript by RTPCR. The interesting thing is that those

patients who are RTPCR negative do not respond to retinoic acid. Is that your

experience too?



199

H. De The

It is also our experience. This is a very good point. Actually, many

haematologists are now thinking of reclassifying acute promyelocytic leukemia as

necessarily a disease that has a 15,17 translocation and a PML/RAR fusion and is

retinoic acid sensitive.

E. Dmitrovsky

I think it is important to recognise that retinoic acid response does not

necessarily require the presence of a mutated receptor, because there are other

examples in human disease where retinoic acid has antitumour activity and there is

no evidence of a mutated receptor.

H. De The

Definitely, yes.

J. Massague

You mean all receptors? Is it possible that one of the other receptor isoforms

or even the RXR receptor might be implicated in these variant situations?

H. De The

If I understood correctly, Dmitrovsky's point, he means there are a number of

tumours in which all retinoic acid receptors appear to be normal and yet respond very

dramatically to retinoic acid.

R. Benezra

Does the fusion protein bind to DNA, and if so, have you ever tried site

selection with PML?

H. De The

It binds and we have tried it, but we have not been able to succeed. As I said,

the C3HC4 family contains a large number of proteins, but there is no convincing
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evidence for DNA binding for any of these proteins, including PML

R. Benezra

How about with PML/RAR alpha fusion protein in the presence of retinoic acid?

H. De The

It binds to the typical retinoic acid response elements, but we have not tried a

selection with a fusion protein.

K. Nasmyth

Why does retinoic acid produce remissions?

H. De The

We have no molecular model that we can test and establish at the present time,

but there is a number of hypothesis that can be put forward to account for these

remissions. We have not been able to demonstrate that one of these mechanisms is

correct.

K. Nasmyth

If the fusion protein blocks differentiation by retinoic acid and you can still get

differentiation if you increase the concentration, wouldn't that be the simplest

hypothesis to explain the remissions?

H. De The

Since we do not know how the chimera interferes precisely with differentiation,

we do not know what is the molecular mechanism by which differentiation is induced.

One possibility would be, for instance, that the fusion protein has a low affinity for

retinoic acid and needs very high doses to activate it, although some facts would point

against it. Another possibility is that with very high doses of retinoic acid you form 9-cis

retinoic acid that will activate RXRs and that the RXRs, once activated, will compete

with the chimera from the target gene that it presumably blocks. Retinoic acid
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physiology is complicated and some parts of it are still very poorly understood and

many molecular mechanism are possible.

I.B. Weinstein

It might be of interest then to cotransfect RAR alpha, to sort out whether it is

the deficiency or the dominant effect of the fusion protein?

H. De The

Yes that would be a good idea. In fact some work by the group of Pierre

Chambon shows that the PML/RAR alpha fusion protein appears to be considerably

more abundant in cells than the normal RAR alpha receptor. Despite the fact that the

normal transcript is present in large excess to the fusion transcript, it is the reverse in

terms of protein. The excess of fusion protein to RAR alpha is in the 5 to the 10 fold

range, and this could argue for a dominant mechanism.

I.B. Weinstein

Do the APL cell lines in culture require a higher concentration of retmoic acid

for induction? Let us say, do they require concentrations in the 10"6 range rather than

10~8?

H. De The

Yes.




