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To turn a disease from highly fatal to highly curable is extremely difficult, especially when the disease
is a type of cancer. However, we can gain some insight into how this can be done by looking back over
the 50-year history of taming acute promyelocytic leukaemia (APL). APL is the M3 type of acute
myeloid leukaemia characterized by an accumulation of abnormal promyelocytes in bone marrow, a
severe bleeding tendency and the presence of the chromosomal translocation t(15;17) or variants.
APL was considered the most fatal type of acute leukaemia five decades ago and the treatment of APL
was a nightmare for physicians. Great efforts have been made by scientists worldwide to conquer this
disease. The first use of chemotherapy (CT) was unsuccessful due to lack of supportive care and
cytotoxic-agent-related exacerbated coagulopathy. The first breakthrough came from the use of
anthracyclines which improved the complete remission (CR) rate, though the 5-year overall survival
could only be attained in a small proportion of patients. A rational and intriguing hypothesis, to
induce differentiation of APL cells rather than killing them, was raised in the 1970s. Laudably, the
use of all-trans retinoic acid (ATRA) in treating APL resulted in terminal differentiation of APL cells
and a 90-95% CR rate of patients, turning differentiation therapy in cancer treatment from
hypothesis to practice. The combination of ATRA with CT further improved the 5-year overall
survival. When arsenic trioxide (ATO) was used to treat relapsed APL not only the patients but also
the ancient drug were revived. ATO exerts dose-dependent dual effects on APL cells: at low
concentration, ATO induces partial differentiation, while at relatively high concentration, it triggers
apoptosis. Of note, both ATRA and ATO trigger catabolism of the PML-RARa. fusion protein which
is the key player in APL leukaemogenesis generated from t(15;17), targeting the RARa (retinoic acid
receptor o) or promyelocytic leukaemia (PML) moieties, respectively. Hence, in treating APL both
ATRA and ATO represent paradigms for molecularly targeted therapy. At molecular level, ATRA
and ATO synergistically modulate multiple downstream pathways/cascades. Strikingly, a clearance of
PMIL-RARa transcript in an earlier and more thorough manner, and a higher quality remission and
survival in newly diagnosed APL are achieved when ATRA is combined with ATO, as compared to
either monotherapy, making APL a curable disease. Thus, the story of APL can serve as a model for
the development of curative approaches for disease; it suggests that molecularly synergistic targeted
therapies are powerful tools in cancer, and dissection of disease pathogenesis or anatomy of the
cancer genome is critical in developing molecular target-based therapies.
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1. INTRODUCTION

Leukaemia represents a group of haematological
malignancies characterized by clonal expansion of
haematopoietic cells with uncontrolled proliferation,
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decreased apoptosis and blocked differentiation. This
group of diseases ranked fifth for male mortality and
sixth for female among all human cancers, and is the
number one cancer Kkiller in young people, with some
300 000 new cases and 222 000 deaths each year
worldwide (Ahn et al. 1991; Yang & Zhang 1991;
Jemal et al. 2005; Parkin ez al. 2005). According to the
disease progression and haematopoietic lineages
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Box 1. Important discoveries in dissecting and taming APL.
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involved (Bennett ez al. 1985), leukaemia can be divided
into acute or chronic, lymphoid or myeloid types, with a
number of subtypes further classified based on distinct
stages of differentiation block along with each lineage.
Importantly, the responses of leukaemia to therapies
differ from one type or subtype to another, rendering the
disease pathogenesis-based and individualized thera-
peutic strategies extremely important. Translational
research across bench and bedside may not only shed
new light on leukaemogenesis and gain insights into
therapeutic mechanisms, but also provide opportunities
for designing more sophisticated therapeutic protocols,
as highlighted by the development of curative
approaches for acute promyelocytic leukaemia (APL).

2. ACUTE PROMYELOCYTIC LEUKAEMIA

AS A UNIQUE SUBTYPE OF ACUTE

MYELOID LEUKAEMIA

APL as an independent clinical entity was described for
the first time by a Swedish physician, Leif Hillestad, after
a careful review of a group of his own cases as well as
others reported in the literature (Hillestad 1957). More
detailed features of APL were then described by Bernard
et al. (1959) and Caen ez al. (1957; box 1). Owing to the
very rapid natural course of the disease and its severe
complications such as the bleeding syndrome, APL was
considered as ‘the most malignant form of acute
leukaemia’. In 1976, the French—American—British
Nomenclature Committee assigned APL as the M3
subtype of acute myeloid leukaemia (AML M3), based
on the unique morphology of promyelocytes in the bone
marrow (Bennett ez al. 1976). Thereafter, two variants of
APL, the hypogranular variant (Bennett ez al. 1980) and
the hyperbasophilic microgranular variant (McKenna
er al. 1982), were also reported. In the same year, the
characteristic phenotype of APL was linked to a specific
chromosomal marker, the balanced reciprocal transloca-
tion between the long arms of chromosomes 15 and 17
(t(15517)(q22;q21)) identified by Rowley ez al. (1977),

Phil. Trans. R. Soc. B (2007)

g
a2

o
~— N

chro a
15q22
11g23
5935

gene X

promyelocytic leukaemia (PML)
promyelocytic leukemia zinc finger (PLZF)
nucleophosmin (NPM)

11913 nuclear matrix associated (NuMA)

17q11 Stat5b

(chro: chromosome)

Figure 1. Chromosomal translocations in APL.

which was present in 98% of APL patient samples.
Interestingly, 17q21 was subsequently shown to be
involved in all variant chromosomal translocations of
APL, including t(11;17)(g23;q21) (Chen ez al. 1993a),
1(5;17)(q35;q921) (Corey ez al. 1994), t(11;17)(q13;q21)
(Wells ez al. 1996) and dup(17)(q11;q21) (Arnould ez al.
1999; figure 1), suggesting that a locus in this region was
important for normal haemopoiesis and its disruption
crucial for disease pathogenesis of APL. To date, APL has
been shown to be characterized by three features (Zhou
etal. 2005): the accumulation of abnormal promyelocytes
in bone marrow; the occurrence of fibrinogenopenia
and disseminated intravascular coagulation that is often
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worsened by chemotherapy (CT); and the presence of
the chromosomal translocation t(15;17)(q22;q21) or
variants.

3. DEVELOPMENT OF CURATIVE THERAPEUTIC
AGENTS FOR ACUTE PROMYELOCYTIC
LEUKAEMIA

The second half of the twentieth century had witnessed
the successive emergence of three types of therapeutic
agents for APL. From the 1960s to mid-1980s, CT was
the only available treatment for APL, with significantly
improved clinical response after the introduction of
anthracyclines and supportive care in the 1970s. The
discovery of the clinical efficacy of all-zrans retinoic acid
(ATRA) by Chinese haematologists in the mid-1980s
turned a new page in the history of leukaemia therapy.
ATRA is a derivative of vitamin A and its application
has dramatically augmented the complete remission
(CR) and long-term survival rates of APL patients
(Huang et al. 1988). In the mid-1990s, the first
controlled clinical trial of arsenic trioxide (ATO)
further improved the clinical outcome of refractory or
relapsed APL (Sun ez al. 1992; Shen ez al. 1997; box 1).

(a) Chemotherapeutic agents

The clinical management of APL in the first decade after
its formal recognition was recorded as a nightmare for
physicians owing to its unpredictable onset of life-
threatening bleeding disorders (Degos 2003). CT was
first used against APL in 1967 but its efficacy turned out
to be unsatisfactory. At that time, there was a shortage of
proper supportive care and the cytotoxic drugs used as
induction treatment often exacerbated coagulopathy,
with approximately 10-30% of patients dying due to
haemorrhage (Drapkin et al. 1978). However, an
important observation was made by Bernard and his
colleagues in 1973 (Bernard er al. 1973) that APL
appeared to be particularly sensitive to anthracyclines.
Subsequently, the use of anthracyclines such as
daunorubicin and appropriate management of the
APL-related coagulopathy were proven to be effective
in improving the CR rate (55-80%) during the 1980s
(Slack et al. 2002; Tallman ez al. 2002; Degos 2003).
However, even with consolidation and maintenance
therapy, the median duration of CR was no more than
1-2 years, with only 20-35% of patients reaching a
5-year disease-free survival under CT treatment alone.
The remaining patients died from haemorrhage, relapse
or refractory disease (Chan ez al. 1981; Cordonnier ez al.
1985; Kantarjian er al. 1986; Sanz er al. 1988).

(b) Treatment of acute promyelocytic leukaemia
with all-trans retinoic acid: the first example

of differentiation induction therapy of

human cancer

For a long time, the central dogma in leukaemia
therapy was to inhibit malignant cell proliferation or to
kill them by using cytotoxic agents such as CT and/or
radiotherapy. However, the fact that differentiation
arrest, e.g. the accumulation of APL blasts blocked at
the promyelocytic stage of granulocytic differentiation,
was one of the major features of human cancer,
suggested the possibility of inducing cell differentiation
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as an alternative way to treat leukaemia. This notion
also matched the philosophy of traditional Chinese
medicine (TCM): transforming a bad element into a
good one was better than simply eliminating the
element. Nonetheless, to translate this idea into a
treatment strategy represented a great challenge. A
breakthrough was made in the 1970s by Sachs ez al.
(Paran ez al. 1970; Fibach ez al. 1973) was showed that
myeloid leukaemic cells could be induced by cytokines
to resume normal differentiation and become non-
dividing mature granulocytes or macrophages. Based
on this observation, Sachs (1978a,b) hypothesized that
treatment with agents which induce leukaemic cells to
complete differentiation could be a novel therapeutic
strategy. As a continuation of this endeavour, Breitman
et al. (1980, 1981) reported that retinoic acid (RA)
could induce terminal differentiation of human APL
cells in vitro. However, clinical trials of APL patients
with 13-cis RA revealed quite unsatisfactory results
(Runde ez al. 1992; Warrell ez al. 1993).

Our team from the Shanghai Institute of Hematol-
ogy (SIH) started to undertake a series of experiments
on differentiation therapy for leukaemia in 1980.
Among a number of compounds screened, ATRA
appeared to be a strong inducer of terminal differen-
tiation in HL-60, a cell line with promyelocytic
features, and in fresh leukaemic cells from APL
patients. This intriguing result was the impetus for an
in vivo clinical trial which was carried out in 1986.
Dramatically, 23 out of 24 (95.8%) APL patients
treated with ATRA at a dose of 45-100mgm ™2 d !
went into CR without developing bone-marrow
hypoplasia or abnormalities of clotting. The remaining
patient achieved CR when CT was added. The most
striking feature of the treatment was the gradual
terminal differentiation of malignant cells in the bone
marrow, as indicated by the presence of Auer rods
in some mature granulocytes, followed by the re-
emergence of normal haematopoietic cells when
patients achieved remission (Huang er al. 1988).
Hypothesis-oriented cancer differentiation therapy
was therefore brought into practice for the first time.
Subsequently, a great number of randomized studies
from haematology/oncology centres around the world
not only confirmed these results, but also showed
improved rates of CR, decreased severe adverse effects
and prolonged duration of remission (Warrell ez al.
1993; Tallman ez al. 1997; Fenaux et al. 2000; Wang
2003; Zhou et al. 2005). Trials combining ATRA with
anthracycline-containing CT were soon initiated, and
the results showed that an ATRA/CT combination
could achieve CR in 90-95% of patients and 5-year
disease-free survival (DFS) in 50-75% of cases (Slack
et al. 2002; Tallman et al. 2002; Degos 2003; Wang
2003), an unprecedented result in the treatment of
AML. However, one-third to half of patients still
relapsed probably due to a selection of clones resistant
to ATRA and CT.

(c) Arsenic trioxide: an ancient remedy revived
due to highly effective and selective effects

in acute promyelocytic leukaemia

To overcome the limitations of ATRA in relapsed or
refractory patients, efforts were made by investigators
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worldwide to search for effective alternative therapies.
Fortunately, great benefit was brought to these patients
as well as to those newly diagnosed by application of
ATO, a breakthrough also first reported in China.
Arsenic is a common, natural substance that exists in
organic and inorganic forms. The organic arsenicals
consist of an arsenic atom in its trivalent or pentavalent
state linked covalently to a carbon atom. There are
three inorganic forms of arsenic: red arsenic (As;S,,
also known as ‘realgar’), yellow arsenic (As,Ss, also
known as ‘orpiment’) and white arsenic, or arsenic
trioxide (As,O3) which is made by burning realgar or
orpiment (Zhu er al. 2002a).

For a long time, arsenic compounds were used in
TCM as therapeutic agents for some severe diseases
with the ancient philosophy of ‘treating an evil with a
toxic’ (Li SH, 1578 in the Ming Dynasty of China, in
Li 1982). Arsenic was also used to treat chronic
myeloid leukaemia (CML) in the eighteenth and
nineteenth centuries in Western countries, but was
discarded as a treatment in the early twentieth century
owing to its toxicity and the advent of radiation and
cytotoxic CT. In the 1990s, Sun and his colleagues
(Sun er al. 1992) showed that intravenous infusions of
Ailing-1, a crude solution composed of 1% ATO with
a trace amount of mercury chloride, induced CR in
two-thirds of patients with APL with an impressive
10-year survival rate (30%). In 1996-1997, the SIH
reported studies of pure ATO being used to treat
relapsed APL (Chen er al. 1996, 1997; Shen et al.
1997). In these studies, 15 relapse patients who
previously achieved CR by ATRA-containing treat-
ment were intravenously administered with ATO at a
dose of 0.16 mg kg~ ' d ™! for 28-54 days. Clinical CR
was achieved in 9 out of 10 (90%) patients treated
with ATO alone and in 5 out of 5 patients treated with
ATO combined with low-dose chemotherapeutic
drugs or ATRA. During the treatment course, no
bone-marrow depression or other severe side effects
were encountered. The SIH also conducted the first
pharmacokinetics study of ATO and found that the
im vivo drug accumulation could be significantly
reduced after the treatment courses (Shen er al.
1997). These results showed that ATO is an effective
and relatively safe drug for APL patients refractory to
ATRA and conventional CT.

Since 1996, a large number of reports have shown
that arsenic compounds induce CR in 85-90% of
patients with newly diagnosed or relapsed APL (Wang
2003). However, in relapsed patients after a new
remission induced by ATO, the 2-year DFS was only
42% (Niu et al. 1999). Tetra-arsenic tetra-sulphide
was also reported to be effective in APL treatment
(Lu et al. 2002). Furthermore, after CR achieved by
arsenic compounds, a molecular remission (i.e.
negative for promyelocytic leukaemia-retinoic acid
receptor o (PML-RARa) transcript detected by
reverse transcriptase polymerase chain reaction (RT-
PCR)) can be obtained either with arsenic
compounds or with ATRA plus CT as a consolidation
treatment. It seems that arsenic compounds appro-
priately used in post-remission therapy may prevent
recurrence and allow a longer survival (Soignet ez al.
2001; Lu et al. 2002; Wang 2003).
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Figure 2. The schematic represents induction of APL cell
differentiation and apoptosis by ATRA and ATO. At
pharmacological concentration (10 ™% M), ATRA can induce
degradation of the PML-RARa oncoprotein, leading to
activation of repressed target genes. ATRA can also activate
PML-RARa to recruit coactivators. A two-step model of
promyelocytic differentiation is also shown. The first step is a
priming for differentiation, presumably through derepression
of PML/RARa repressed genes by ATRA. This can be
bypassed by rexinoids. The second is maturation per se and
can be induced by high doses of ATRA or differentiating
agents such as cytokines or cAMP. ATO at low concentration
induces partial differentiation of promyelocytes, while
combined use of cAMP or cytokines can trigger terminal
differentiation. The mature granulocytes can enter into
programmed cell death. ATO can also induce apoptosis by
targeting PML-RARGa and activation of apoptotic machinery.

4. MECHANISM OF ACTION OF ALL-TRANS
RETINOIC ACID THERAPY IN ACUTE
PROMYELOCYTIC LEUKAEMIA

(a) Cellular mechanism of all-trans retinoic acid
The action mode of ATRA appears to be quite different
from that of CT. The persistence of t(15;17) in a large
number of morphologically mature granulocytes during
in vivo remission induction is a strong indicator that
ATRA drives the differentiation of immature neoplastic
cells into mature granulocytes (Huang er al. 1988;
Castaigne et al. 1990; Warrell ez al. 1991; Elliott er al.
1992). It has been assumed that ATRA acts on at least
two stages of myeloid cell development: promyelocytes
and earlier neoplastic progenitor cells which are capable
of self-renewal but are already committed to the myeloid
lineage (Warrell er al. 1993). After an irreversible
commitment to differentiation is induced by ATRA,
the maturing cells originating from the leukaemic clone
eventually enter into programmed cell death (PCD;
figure 2; Martin er al. 1990; Gianni ez al. 2000; Altucci
et al. 2001). Refined cell biology work on an ATRA-
sensitive APL cell line NB4 and ATRA-resistant NB4
subclone NB4-R1 allowed the establishment of a two-
step model for induction of APL cell differentiation
(Ruchaud ez al. 1994; Zhu ez al. 2001). This model
suggests that there are two discrete steps in the



Synergistic molecular targeting therapy

G.-B. Zhou et al. 963

maturation process: an RA-dependent priming step that
maintains proliferation while the cells become compe-
tent to undergo maturation in response to retinoids, and
a cyclic adenosine monophosphate (cAMP)-dependent
second step that triggers RA-primed cells to undergo
terminal maturation. Further work showed that even
endogenously presented physiological concentrations of
ATRA (10~ °-10 ¥ M) were able to induce terminal
differentiation of APL cells in the presence of cAMP.
The recent finding by the SIH that ATRA induces an
immediate increase in the intracellular cAMP level and
activation of the protein kinase A (PKA) pathway in
APL cells after exposure to the drug, and this effect
appears to be abrogated by PKA antagonists, suggests a
coordinated activation mechanism between RA nuclear
signalling and cell-membrane-associated cAMP/PKA
signalling (Zhu ez al. 2002b).

(b) Molecular mechanism of all-trans

retinoic acid: PML-RAR« as a Rey player in acute
promyelocytic leukaemia leukaemogenesis

The molecular characterization of t(15;17) by de The
and his colleagues and several other groups including
the SIH in the early 1990s provided essential infor-
mation on both APL pathogenesis and the molecular
mechanism of ATRA therapy. It was demonstrated that
one of the genes encoding a retinoic acid receptor
(RAR), RARa, which is located on 17q21, was
juxtaposed to the promyelocyric leukaemia (PML) gene
on 15q21, resulting in the PML-RARo fusion gene.
Owing to the heterogeneity of the chromosomal break-
points on 15q22, distinct exon sets of PML can be fused
to exon 2 of RARq. to form long (PML exons 1-6), short
(PML exons 1-3) or variant (PML exon 1 through to
truncated exon 6) PML—RARoq. The PML-RARa gene
was soon considered not only a molecular marker for
diagnosis and monitoring the minimal residual disease,
but also, and more importantly, a major player in
disturbing several pathways indispensable for promye-
locytic differentiation. It has been well established that
retinoids exert a wide range of physiological effects
including those for haemopoiesis via their two families
of nuclear receptor, RARs and retinoid X receptors
(RXRs), each consisting of three subtypes, a, B and y
(Melnick & Licht 1999). Like other members of the
nuclear receptor superfamily, RARs and RXRs function
as ligand-inducible transcription factors. The active
form of RARa is a protein complex with RXR, and the
RAR/RXR heterodimer binds to the RA response
element (RARE) located on the regulatory region of
target genes. The RAR/RXR heterodimer transacti-
vates gene expression in the presence of physiological
concentrations of ligands, i.e. retinoids. It has been
demonstrated that the receptor undergoes a configura-
tional change upon retinoid binding, which allows the
dissociation of a corepressor complex with histone
deacetylase (HDAC) activity and the recruitment of a
coactivator complex with histone acetylase activity. The
PMIL-RARa chimeric protein acts as a dominant
negative mutant over wild-type RARa in several ways.
Unlike the wild-type receptor, the chimeric protein
forms a homodimer and prevents activation of key RA
target genes by sequestering proteins essential for
normal RARa functions, such as RXR and other
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RARo cofactors. Moreover, the PML-RARo homo-
dimer is able to bind to RARE, either on its own or
with RXR, and thus recruit higher amounts of HDAC
complexes with a higher affinity to repress transcription
(Melnick & Licht 1999). Interestingly, this recruitment
of corepressor complex can be mediated through both
RARa and PML moieties of the chimeric protein; it was
recently reported that the K160 sumoylation site in the
PML moiety is responsible for the binding of a potent
repressor, Daxx, which seems to be required for PML—
RARa transforming activity (Zhu ez al. 2005). On the
other hand, PML-RARa interferes with the normal
function of PML, a protein with an essential role in
growth suppression and apoptosis. PML is a tumour
suppressor characterised by a multiprotein nuclear
structure, the PML oncogenic domain or PML-nuclear
body (PML-NB), a doughtnut-shaped macromolecular
structure of approximately 0.2—-1.0 um. Cells typically
contain 10-30 of these macromolecular structures.
Cytoplasmic PML is a critical transforming growth
factor B (TGFB) regulator (Lin ez al. 2004). It becomes
apparent that PML and the PMIL-NB act as molecular
hubs for controlling apoptosis in a protein level-
dependent manner (Jensen er al. 2001; Salomoni &
Pandolfi 2002; Bernardi & Pandolfi 2003). At lower
levels, PML is essential for the proper function of
proapoptotic transcription factors, ultimately leading to
caspase activation, while at higher levels PML may
trigger apoptosis independent of transcription or
caspase activation through protein sequestration into
the PML-NB (Quignon ez al. 1998; Salomoni &
Pandolfi 2002). PML also regulates cell proliferation
and senescence. In APL, PMIL-RAR« delocalizes PML
into aberrant microspeckled nuclear structures through
physical association, leading to disruption of the PMIL—
NB (Melnick & Licht 1999) and inhibition of
cytoplasmic PML function (Lin er al. 2004). PMIL~
RARoa may affect transcription in other pathways
including those in which the transcription factor AP1
and interferon (IFN)-responsive factors are involved.
PMIL-RARa also binds to promyelocytic leukaemia zinc
finger (PLZF) protein and potentially affects its
functions (e.g. growth suppression, transcription
repression and control of developmental programme
and differentiation; Melnick & Licht 1999; Zhou et al.
2005). Recently, it was reported that PML-RARa was
cleaved in several positions by neutrophil elastase (NE)
which was produced at maximal levels in promyelocytes.
Interestingly, NE-mediated cleavage of PML-RARa
may alter its activity and is important for the develop-
ment of APL in mice (Lane & Ley 2003). This result,
together with the fact that PML is also involved in
transcriptional repression by interacting with Daxx at
the residue K160 sumoylation site, could explain why
PML is the most common fusion partner of RARa in
APL. Definite evidence of the leukaemogenic effect of
PML-RAR« has been provided by studies in transgenic
mice in which APL is induced by the fusion gene (Brown
etal. 1997; Grisolano eral. 1997; He ezal. 1997). Detailed
analysis using this platform revealed that dimerization of
PML-RARa was essential for the transformation
(Kogan et al. 2000). Moreover, it appears that PML-
RARa may cooperate with activated mutations in protein
tyrosine kinases, such as FLLT3 (Shih ez al. 2003), which
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confer proliferative and/or survival advantage to haema-
topoietic stem/progenitor cells. FLLT3 mutations were
detected in a sizable portion of patients with APL,
particularly those with short-form PML-RARa. While
PMIL-RARa alone induces APL-like disease in mice with
a long latency and low penetrance (15-30%), FLT3/
PML-RARa coexpression results in a short latency APL-
like disease with complete penetrance (Kelly ez al. 2002;
Sohal ez al. 2003).

Similar to PML-RAR«, fusion genes resulting from
variant chromosomal translocations in APL also encode
chimeric proteins capable of dimerization, functioning as
double-edged swords to interfere with the signalling
pathways of both RA and its partner protein (gene X,
figure 1), and induce leukaemia phenotypes in transgenic
animals. For example, PLZF-RARa chimeric proteins
generated by t(11;17)(q23;q921) (Chen ez al. 1993a,b)
can bind as homodimers to RAREs (Melnick & Licht
1999) and act in a dominant negative manner to inhibit
the activity of wild-type RARa (Melnick & Licht 1999).
Itis noteworthy that PLZF-RARa homodimers bind to a
direct repeat of the GGGTCA sequence separated by
5 bp (DR5QG) at similar levels as PML-RARa, but the
binding affinity is stronger than that of PML-RAR« to
the repeat of the GGTTCA sequence (Dr5T; Dong ez al.
1996; Melnick & Licht 1999). Although it is possible that
PLZF-RARa homodimers display altered target-gene
specificity, in the presence of RXR the PLZF-RARw/
RXR heterodimer binds to RARES iz vitro with a higher
affinity than PLZF-RARa homodimers (Licht er al.
1996). PLZF-RARa interacts with corepressors SMRT,
NCoR, Sin3A and HDAC 1, both i vitro and in vivo, and
thereby may cause a deeper repression of target gene
expression. Of note, APL patients with t(11;17) exhibit
resistance to the differentiation-inducing effect of ATRA
while PLZF-RARa alone induces an early onset
leukaemia with a disease phenotype reminiscent of
CML in transgenic mice. Contrary to PLZF-RARo,
fusion genes generated by other variant translocations
have been shown to be linked to an ATRA-sensitive
phenotype (Melnick & Licht 1999).

(c) All-trans retinoic acid-induced catabolism of
PML-RARa« as the basic mechanism in acute
promyelocytic leukaemia cell differentiation
PMI-RARa is a ‘drugable’ target of ATRA (Raelson
et al. 1996). Under the pharmacological concentration
of ATRA (1077—1076 M), configurational modulation
of the PML-RARa homodimer caused release of
corepressors and HDAC, and recruitment of coacti-
vator complex, resulting in relief of transcriptional
repression. While this model needs further exploration,
particularly with regard to the modulation of the PML-
binding site of Daxx, it gets support from the clinical
and experimental data of APL with t(11;17) and
PLZF-RARa chimeric protein. It has been shown
that though the interaction with corepressors and
HDAC of the RAR« moiety in PLZF-RARa could be
modulated by 107°® M ATRA, binding of the PLZF
moiety to the corepressor complex on the N-terminal
POZ domain was retained even under a very high
ligand concentration (107> M). As a result, ATRA
alone cannot induce maturation of PLZF-RARa-
harbouring cells; HDAC inhibitor is required to
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cooperate with ATRA to induce differentiation of
these cells (Melnick & Licht 1999). More recently,
proteolysis of PML-RARa via different pathways has
drawn much attention. Although it was reported that
ATRA could trigger a caspases-mediated cleavage
of the PML-RARa chimeric protein on PML (Nervi
et al. 1998), further dissection of the pathways involved
in PML-RARa catabolism led to the discovery of
a ubiquitin/proteasome system (UPS)-mediated
degradation of PML-RARa and RARa, which was
dependent on the binding of SUG-1 in the AF2
transactivation domain of RARa with the 19S protea-
some (vom Baur er al. 1996; Brown et al. 1997). The
degradation of PML-RARa contributes to the restor-
ation of normal retinoid signalling and PML-NB
functions, although this event seems to occur relatively
late compared to the modulation of chimeric protein’s
trans-regulatory activity.

ATRA also induces cAMP, a differentiation enhancer
that boosts transcriptional activation, reverses the
silencing of the transactivating function of RXR,
restores ATRA-triggered differentiation in mutant
ATRA-resistant cells (Kamashev ez al. 2004) and
inhibits cell growth by modulating several major players
in G(1)/S transition regulation. Although the precise
mechanism of this induction is not yet understood, the
downstream PKA activity is able to phosphorylate
RARa, and probably also PML-RARa, and modulate
the receptor’s interaction with corepressor and coacti-
vator complexes. Therefore, the final effect of the
modulation/degradation of either PML-RARa or
wild-type RARa as hormone-inducible transcription
factors should be translated into a profound change of
the cellular transcriptome. Indeed, systems analysis of
transcriptome and proteome in ATRA-induced APL
cell differentiation reveals: induction of an array of
transcription factors and cofactors, activation of
calcium signalling, stimulation of the IFN pathway,
activation of the UPS necessary for degradation of
PMIL-RARa and restoration of the PML-NB, cell-cycle
arrest, induction of cyclooxygenase 1 (Rocca et al.
2004), inhibition of angiogenesis (Kini ez al. 2001),
downregulation of tissue factors (Zhu ez al. 1999a) and
gain of apoptotic potential. At the SIH, a number of
novel genes were cloned and designated as RA-induced
genes (RIGs, such as RIG-G, E, K and I) with very
interesting functional features (Liu er al. 2000).
Consequently, the abnormal promyelocytes differ-
entiate terminally and die through PCD.

5. MECHANISM OF ACTION OF ARSENIC
TRIOXIDE THERAPY IN ACUTE
PROMYELOCYTIC LEUKAEMIA

(a) Cellular mechanism of arsenic trioxide

The fact that ATO is effective in APL resistant to
ATRA suggests that the compound may target the same
primordial disease mechanism but in a distinct way.
Indeed, ATO exerts dose-dependent dual effects on
APL cell cultures, triggering apoptosis at relatively
high concentrations (0.5-2X10~°M) and inducing
partial differentiation at low concentrations (0.1-0.5
X 10~ ° M; Chen et al. 1997). In line with these in vitro
data, clinical response of APL to ATO is associated
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with incomplete cytodifferentiation and the induction
of apoptosis with caspase activation in leukaemic cells
(Shen er al. 1997; Soignet et al. 1998). It has been well
established that ATO binds to adjacent -SH groups of
cysteins in cellular proteins to form a five-member ring
structure and many of the effects of ATO depend on the
redox status of the cells. In APL cells, some major
actions of ATO, such as induction of apoptosis, can be
prevented by pre-treatment with -SH-group reducing
agents while cotreatment with -SH-group oxidants
enhances the effects of ATO (Miller ez al. 2002).

(b) Molecular mechanisms of arsenic trioxide
Examination of the PML protein sequence indicated
the presence of a cysteine-rich region that could be the
principal candidate for interaction with trivalent
arsenic. Interestingly, ATO at 0.1-2X10 ®*M can
induce the modulation and catabolism of PML-RARa
proteins, but with a pattern and a kinetics distinguish-
able from those induced by 107°M ATRA. Hence,
within 24 hours of ATO treatment, APL cells experi-
ence a series of changes, including reaggregation of
PML-NB antigens, recruitment of PML-RARa
proteins onto NBs and degradation of PML-RARa
(Zhu er al. 1997). That ATO targets the PML moiety of
PMIL-RARa is supported by the observation that a
similar modulation process of wild-type PML, but not
RARGa, also occurs in APL or non-APL cells. Through
a yet unknown mechanism, ATO causes PML to be
located at the nuclear matrix and sumoylated at two
important residues with different consequences: sumo-
lyation at K160 is necessary for 11S proteasome
recruitment and subsequent ATO-induced degradation
and sumolyation at K490 is necessary for nuclear
localization (Muller ez al. 1998; Lallemand-Breitenbach
et al. 2001). Recently, Hayakawa & Privalsky (2004)
reported that ATO treatment also induced phosphoryl-
ation of the PML protein through a mitogen-activated
protein (MAP) kinase pathway.

With regard to the mechanisms underlying ATO-
triggered APL cell apoptosis, a number of events can be
important: downregulation of Bcl-2 (Chen ez al. 1996)
which cooperates with PML-RARa to block neutrophil
differentiation (Kogan er al. 2001), collapse of mito-
chondrial transmembrane potentials (MTP) in a thiol-
dependent manner (Zhu ez al. 1999b; Chen ez al. 2001),
activation of caspases (Soignet er al. 1998; Huang er al.
1999) and modulation of PML (Zhu et al. 1997).
Interestingly, increased PML phosphorylation seems to
be associated with increased sumoylation of PML and
increased PML-mediated apoptosis. Conversely, MAP-
kinase-cascade inhibitors, the introduction of phos-
phorylation or sumoylation-defective mutations of
PML impair ATO-mediated apoptosis. Thus, phos-
phorylation by MAP kinase cascades and potentiates
the antiproliferative functions of PML and helps to
mediate the proapoptotic effects of ATO. On the other
hand, though ATO is able to promote APL cell
differentiation, its mechanism of action is obviously
different from that of ATRA. ATO induces a partial
differentiation whereas ATRA results in granulocyte
maturation. Moreover, ATO has no significant influence,
in contrast to ATRA, on the trans-regulatory properties
of either PML-RARGa or RARa. To this end, a surprising
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finding was made by the SIH that the differentiation-
inducing effect of ATO on APL cells could be greatly
potentiated by cAMP and that the treatment of NB4 cells
with both the agents achieved terminal differentiation.
Hence, a scenario in agreement with the previously
mentioned two-step model of APL cell differentiation
can be proposed (Ruchaud ez al. 1994; Zhu et al. 2001).
The effect of ATO may correspond to a priming process
when a critical set of target genes repressed by PML-
RARGa is derepressed owing to rapid degradation of the
chimeric protein. However, ATO treatment alone may
not be able to provide a situation where a high enough
expression level of these genes or a cross-talk with other
important pathways could occur, as in the case of ATRA
treatment. Instead, the expression of these genes only
reaches an intermediate or low level. As a result, the
primed cells will only undergo partial differentiation and
then quickly enter into apoptosis. Nevertheless, a second-
step activation of the essential pathways or networks by
cAMP, cytokines or HDAC inhibitors will ensure a full
differentiation. Evidence further supporting this scenario
came from a recent systems analysis of the transcriptome
of ATO-induced APL cell differentiation/apoptosis
(Zheng et al. 2005) showing that many ATRA-regulated
genes were also regulated by ATO, but at a much lower
level.

6. INCORPORATION OF EFFECTIVE THERAPIES:
SYSTEMS-BIOLOGY-BASED SYNERGISTIC
TARGETING THAT MAKES ACUTE PROMYELO-
CYTIC LEUKAEMIA A CURABLE DISEASE
Although the remarkable contribution of ATRA or
ATO to the induction and maintenance of CR in APL
were well established by the end of the twentieth
century, haematologists/oncologists were still facing a
great challenge at the beginning of the new millennium:
was it possible to reach the goal of making APL a
curable disease in the great majority of cases by taking
advantage of the ‘triad’ tools? As discussed previously,
evidence derived from multi-lines suggests treatment
regimen containing agents against different targets, or
the same targets but through different mechanisms,
may confer a superior outcome. Indeed, ATRA
integrated with CT yields a higher CR rate and a
longer overall survival (Slack er al. 2002; Tallman ez al.
2002; Degos 2003; Wang 2003; Zhou ez al. 2005). To
this end, exploring the complexity of APL pathogenesis
and its mechanisms of differentiation/apoptosis may
lead to a workable selection of therapeutic approaches.

(a) Rationale for all-trans retinoic acidlarsenic
trioxide combination based on promising
pre-clinical studies

An intriguing question was raised in a discussion at the
SIH in 2000: could synergistic effects be attained when
ATRA and ATO are combined to treat newly
diagnosed APL so as to further increase the 5-year
DFS? The striking common feature of the two
otherwise unrelated agents is the modulation/degrada-
tion of the PML-RARa oncoprotein (Zhu et al. 2001;
Zhou et al. 2005). In fact, effects of the ATRA/ATO
combination in accelerating differentiation or inducing
apoptosis in arsenic-resistant NB4 cells were reported
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(Gianni er al. 1998). The major concern was that
the effects of the in virro study might not necessarily
be reproduced in i vivo settings and also that the
drug combination might bring not just enhanced
therapeutic effect but also toxicity. Using transplants
of a PML-RARa transgenic APL mouse model,
Lallemand-Breitenbach et al. (1999) demonstrated
that combining arsenic with RA accelerated tumour
regression through enhanced differentiation and apop-
tosis. Although RA or arsenic alone only prolonged
survival two- to threefold, associating the two drugs led
to tumour clearance after a nine-month relapse-free
period. These results were consistent with those
reported by Rego et al. (2000) and Jing er al. (2001).
To get further insights into the molecular mechanism,
the SIH used a systems approach to analyse dynamic
changes reflecting therapeutic effects at both the
transcriptome and proteomic levels (Zheng er al.
2005), which was largely facilitated by the integration
of advanced technologies from multi-fields. At the
global scale, component plane presentation—self-
organising maps (CPP-SOM; Xiao ez al. 2003) allowed
comparison of transcriptome/proteome changes within
or between the treatment series. At the transcriptome
level, ATO-treated NB4 cells revealed a much smaller
number of regulated genes (487) than RA-treated cells
(1113), though many of those genes overlapped
between the ATO and ATRA treatment series.
Transcriptome changes of ATO-plus-ATRA treatment
series appear to be highly similar to those of ATRA
treatment series, but with some synergistically/addi-
tively up- or downregulated genes. At the early stage
(within 6 hours), ATRA/ATO modulated an array of
transcription factors/cofactors associated with myeloid-
specific gene expression, nuclear receptor signalling
molecules, IFN pathway members and factors involved
in calcium homeostasis and the cAMP/PKA pathway.
At 12-24 hours, there was an amplification of RA
signalling and a strong activation of the UPS system, as
indicated by upregulation of genes such as UBE2L6,
PSMC2 and PSMD13. Based on the observation that
genes encoding components of typical immunoprotea-
somes were specifically upregulated by RA, while those
encoding subunits of the conventional UPS system
(e.g. PSMD11) were significantly induced by ATO, it
can be deduced that the protein degradation system is
probably much more enhanced to degrade futile
proteins, including PMI-RARa, in cells cotreated
with RA and ATO than either of them alone. This
seems to be in accordance with previous data that the
more degradation of PML-RARa, the better recovery
from the disease (Shen et al. 2004). After 48—72 hours
of treatment, the expression of differentiation markers
and functional molecules reached a maximum, while
genes promoting the cell cycle or enhancing cell
proliferation were significantly repressed. Restoration
of the apoptotic potential appeared to be parallel to the
progression of differentiation. In addition to the
recovery of the NB, upregulation of caspase genes
became obvious at this stage. Interestingly, synergisti-
cally/additively downregulated genes include a group of
genes which are known to be involved in various
chromosome translocations in human malignancies
(figure 3); for instance, ARHGAP26, SH3GLI and
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MLLT4 are translocation partners of the MLL gene in
acute leukaemia. Synergistic/additive downregulation
of these genes may implicate a more effective manner to
eliminate oncogenic properties or reduce cell survival
potentials in APL cells treated by RA and ATO than
those treated by RA or ATO alone. Moreover, a group
of genes related to cell proliferation, e.g. IFI16b and
GAS7, and apoptosis, e.g. STK24, were also found
among the synergistically/additively modulated ones.
However, an antagonistic effect of RA and ATO on
gene regulation was also detected, although impacted
genes appeared to be only of a small number. One such
example is CYP51, a gene of the cytochrome p450
family involved in the catabolism of RA (Marill er al.
2003). This gene seems to be induced by RA but the
induction is abolished under the joint effect of RA/
ATO, which may lead to an increased sensitivity of APL
cells to RA treatment. Although the impact of ATO on
transcriptome changes appeared to be minor, it was
more profound than that of ATRA, suggesting that
ATO might particularly enhance post-transcriptional/
translation modifications (figure 3). From the study, it
is clearly shown that ATRA exerts its effects on APL
cells mainly through nuclear receptor-mediated tran-
scriptional regulation, whereas ATO exercises its
impact through targeting multiple pathways/cascades
at the level of proteome, transcriptome and probably
metabolome as well.

(b) Clinical trial of all-trans retinoic acidlarsenic
trioxide: two hits on one target accelerate and
deepen acute promyelocytic leukaemia clearance
Trials had been conducted using ATRA/ATO in treating
relapsed APL. A recent report showed that ATRA did not
significantly improve the response to ATO in patients
relapsing from APL (Raffoux et al. 2003). In contrast,
among newly diagnosed APL patients, Shen ez al. (2004)
at the SIH achieved dramatic results. Sixty-one newly
diagnosed APL cases were randomized into three groups
and treated with ATRA, ATO or ATRA/ATO in
combination, respectively. A sensitive and specific real-
time quantitative RT-PCR of the PML-RARa fusion
transcripts was used as molecular marker to evaluate
tumour burden. Although CR rates in these groups were
all high (90% or more), the time to achieve CR appeared
to differ significantly, with the combination group having
the shortest. An earlier recovery of platelet count was also
found in this group. The disease burden as reflected by
fold-change of PMIL-RARa. transcripts at CR decreased
more significantly in the combined therapy compared
with ATRA or ATO monotherapy groups (p<<0.01).
This difference persisted after consolidation (p<0.05).
Importantly, none of the 20 cases in the combination
group, but 7 out of 37 cases in monotherapy groups,
(p<0.05) relapsed after a follow-up of 8-30 months
(median: 18 months). Thus, an ATRA/ATO com-
bination for remission/maintenance therapy of APL
brought much better results than either of the two
drugs used alone in terms of the quality of CR and the
DFS. The latest clinical data from the SIH revealed
a 43-month DFS rate of over 92% in a group of 56
newly diagnosed APL patients using the ‘triad’ protocol
(Liu ez al. 2006).
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(c) Opening to other agents with synergistic
effects: crosstalk promise

The successful application of ATRA/ATO/CT
therapy in APL justifies the systems view and
integrative approach in understanding and treating
diseases. Nevertheless, in dealing with new chal-
lenges, such as the rare cases escaping from even the
‘triad’ targeting, this approach should be kept open
to new knowledge and further innovation. One such
innovation could be the integration of a cAMP/PKA
pathway agonist based on the concept of the two-step
induction of differentiation. In RA-sensitive or
RA-resistant mouse models of APL, continuous
infusions of 8-chloro-cAMP triggers major growth
arrest, significantly enhancing both spontaneous and
RA-/ATO-induced differentiation, and accelerates
the restoration of normal haemopoiesis. Recently,
theophylline, also an ancient drug and a well-known
phosphodiesterase inhibitor capable of stabilizing
endogenous cAMP, appeared to be of interest. This
compound was shown to be able to impair APL
growth and to enhance spontaneous or ATO-
triggered cell differentiation iz vivo. Remarkably, in
an APL patient resistant to ATRA/ATO therapy,
theophylline induced blast clearance and restored
normal haemopoiesis (Guillemin ez al. 2002; Zhu
et al. 2002b). These results suggest that cAMP
signalling is essential for the intricate cell differen-
tiation process and the activation of the cAMP
pathway is probably an alternative option not only
for APL synergistic differentiation therapy but also
for other subtypes of myeloid leukaemia. Another
group of compounds worthy of particular attention
are protein tyrosine kinase (PTK) inhibitors against
mutant FLT3 (Sohal et al. 2003), some of them
having already entered into clinical trial. The
possible beneficial effects of combination therapies
targeting both aberrant transcription factors and
PTKSs in APL and some other AML subtypes remain
to be explored.

7. CONCLUSION AND PERSPECTIVES

A 50-year endeavour by several generations of biome-
dical scientists and haematologists/oncologists world-
wide has turned APL from being once considered ‘the
most malignant form’ to currently the most curable
form of AML. A few lessons may thus be drawn from
this story. It becomes evident that by targeting the
molecules critical to the pathogenesis of certain
diseases, cells can be induced to return to normal or
to die by PCD. A close collaboration between bench
and bedside is important not only for unravelling
leukaemia pathogenesis, designing targeted therapy
and elucidating drug mechanisms, but also for
developing systems-biology-based synergistic targeting
therapy which may in turn greatly improve the clinical
outcome. Benefits gained from ATO also emphasize
the importance of integrating TCM with modern
medicine. The sequencing of the human genome and
ongoing functional genomic research are accelerating
the dissection of disease mechanisms and identification
of therapeutic targets. This in turn may facilitate the
screening of promising treatments. However, the
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history of APL has not come to an end. By extending
the model of APL, there is reason to hope that other
leukaemia subtypes can eventually be cured by
specifically tailored cell-modifying treatments.
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