Chapter 23
PML/RARA as the Master Driver of APL
Pathogenesis and Therapy Response
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Lallemand-Breittenbach

Abstract Acute promyelocytic leukemia (APL) is a model disease for targeted ther-
apy. APL is caused by a variety of fusion proteins, all implicating the retinoic acid
receptor alpha (RARA). The promyelocytic gene (PML)/RARA fusion is by far the
most frequent, present in 99 % of patients. Two unconventional drugs, retinoic acid
(RA) and arsenic trioxide were first shown to exhibit extraordinary clinical activity
and later found to directly target PML/RARA. RA binds PML/RARA via its RARA
moiety, activates transcription and degrades PML/RARA. Arsenic only degrades
the fusion protein by targeting its PML part. Mouse modeling in APL has allowed
an unprecedented level of understanding of the disease pathogenesis and basis for
therapy response, highlighting the key role of PML/RARA degradation in the latter.
The combination of RA and arsenic definitively eradicate the disease in mice and
in most patients. APL thus represents a paradigm for oncoprotein-targeted cures.
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23.1 Introduction

As detailed in the accompanying clinical chapter, few diseases have had such a dra-
matic change in treatment and prognosis as acute promyelocytic leukemia (APL).
Indeed, it rose from being an hematologic emergency with less than 30% 5-year
survival, to a disease with a 95% definitive cure rate, with some patient even no
longer receiving chemotherapy.

Similarly, few diseases have been the focus of so many physio-pathological stud-
ies, as well as those addressing the basis for therapy response. A reasonably clear
image of the disease is now emerging. Amusingly, in contrast to most kinase inhibi-
tors, that were designed to block the activity of an oncogenic kinase activated by
point mutation or translocation, the two miracle APL drugs were found empirically
and only much later demonstrated to target the driving oncogene. They actually
played a key role in unraveling the disease pathogenesis, starting with the identifi-
cation of its underlying molecular defect. Finally, these drugs exert a curative activ-
ity allowing patients to go definitively off-treatment.

For all these reasons, despite its low frequency, APL is a key model for targeted
therapies.

23.2 PML/RARA, the Driver of APL Pathogenesis

More than 98% APL are associated with the balanced reciprocal translocation
t(15;17)(q22;q11-12), fusing the promyelocytic gene (PML) with the retinoic
acid receptor alpha gene (RARA; Fig. 23.1a). Other APL patients harbor alterna-
tive translocations always involving RARA, the most common being t(11;17) that
involves the promyelocytic leukemia zinc finger (PLZF) gene (Chen et al. 1993;
Piazza et al. 2001).

Other rare lesions, often shared with other leukemias or malignancies, have
been implicated in APL progression, such as MYC amplification, Fms-like tyrosine
kinase 3 activation, or RAS mutations (Akagi et al. 2009). However, APL has an
almost constant incidence with age, suggesting that it arises from a single rate-
limiting genetic event (Vickers et al. 2000). The recurrent presence of X-RARA
fusions in APL patients and the fact that their sole expression initiates typical APL
in transgenic mice strongly argue for a hierarchy in these genomic abnormalities,
X-RARA being the primary actor of leukemogenesis. Still, because PML/RARA
transgenic mice develop leukemias with long latencies and incomplete penetrance,
the potential requirement for cooperating mutations and/or additional epigenetic
changes to yield the full APL phenotype has been the object of many discussions
(Welch et al. 2011). But recent studies have clearly demonstrated the absence of
mutations actually contributing to transformation (Welch et al. 2012), while studies
in APL that develop following chemotherapy have all demonstrated a short (typi-
cally 1 year) time interval between DNA-damaging chemotherapy and disease on-
set (Mistry et al. 2005). Thus, the authors consider APL as a monogenic, X-RARA-
driven, disease (de The and Chen 2010) .
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Fig. 23.1 a Schematic representation of promyelocytic gene/retinoic acid receptor alpha (PML/
RARA). b The classic model of APL response to retinoic acid (R4). HDAC histone deacetylase.
(Reprinted from de The and Chen 2010)

23.3 RARA, the Constant Partner of the Fusion

Retinoic acid (RA) has been involved in a variety of physiological regulatory mech-
anisms, in particular, morphogenesis, stem cell self-renewal, and myeloid differen-
tiation (Kastner et al. 2001; Strickland and Mahdavi 1978).

RARA is a receptor for RA discovered in the early 1990. Like all other nuclear
receptors, it has a highly conserved modular organization with a zinc-finger con-
taining sequence-specific DNA-binding domain and a complex ligand-binding do-
main that also enables dimerization and transactivation (Kastner et al. 1995). RARA
is normally bound to a member of the retinoid X receptor (RXR) family of nuclear
receptors as an obligatory heterodimer. Within the retinoic acid receptor (RAR)/
RXR complexes, both receptors contribute to DNA binding and transcriptional re-
pression, but only RARs contribute to activation. The RAR and RXR DNA-binding
domains each recognize a AGGTCA core motif, usually in a direct repeat orienta-
tion, separated by a spacing of 2 or 5 nucleotides. These retinoic acid response ele-
ments (RARE) confer RA sensitivity to the promoters where they are present (de
The et al. 1990). Recent genomic experiments have outlined their distribution in the
genome (Hua et al. 2009).

RARs are versatile transcriptional switches that can either repress or activate
transcription. This is achieved by the binding of a family of proteins named coacti-
vators or corepressors. At large, RAR/RXR complexes bind corepressors in their
unliganded state and recruit coactivators in the presence of ligands. Interestingly,
RARA appears to be a stronger binder for corepressors than other RARs. This may
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explain its constant implication in APL, as this will confer X-RARA fusions with
stronger transcriptional repression (Farboud et al. 2003).

23.4 From the Classic to Refined Models
for APL Pathogenesis

Different studies showed that PML/RARA or the rare PLZF/RARA variant bind
co-repressors and histone deacetylase (HDAC) with higher affinity than RARA,
due to their ability to homodimerize (Licht 2006). PML/RARA thus behaves as a
super-repressor so that repression of basal retinoic acid signaling could contribute
to the differentiation block (Fig. 23.1b). Pharmacological doses of RA could then
release both the transcriptional and differentiation blocks (Melnick and Licht 1999).

This model, primarily based on cell-line studies, was progressively refined, no-
tably with the findings that RXRA plays an important role in the transformation
process, most likely by enhancing DNA binding of X-RARA fusions (Zhu et al.
2007; Zeisig et al. 2007). PML/RARA homodimers, together with the RXRA co-
receptor, have 4 domains able to recognize the AGGTCA cores and accordingly
display highly degenerated binding-site specificity (Kamashev et al. 2004). Con-
sequently, the PML/RARA binding site repertoire is considerably enlarged when
compared to the one of RARA, as demonstrated with natural PML/RARA target
genes in human APL cells (Martens et al. 2010). Importantly, some of the recog-
nized sequences are targets of other nuclear receptors (vitamin D receptor (VDR),
thyroid receptor (TR), peroxisome proliferator-activated receptor (PPAR)...) con-
trolling myeloid differentiation or stem cell self-renewal. Similar properties were
described for other myeloid leukemia-associated oncogenic fusions, suggesting that
dimerization-enforced relaxation in DNA-binding site specificity may be a general
mechanism of leukemic transformation (So and Cleary 2004).

23.5 1Is PML only a Dimerization Interface?

The first models for APL for APL pathogenesis viewed PML mainly as a provider
of a strong dimerization interface. Indeed, all proteins fused to RARA in APL con-
tain potent dimerization domains. While in cell lines RARA dimerization suffice to
confer strong repressive ability on RARA signaling and some inhibition of differen-
tiation, attempts to induce APL in vivo were largely unsuccessful (Sternsdorf et al.
2006). Importantly, these eventually succeeded only when using the PML dimeriza-
tion domain (Occhionorelli et al. 2011), suggestive for an important contribution of
PML beyond providing a dimerization interface.

PML protein initiates the formation of nuclear bodies (NBs), sub-nuclear spheri-
cal structures involved in the fine-tuning of several biological processes (Lallemand-
Breitenbach and de The 2010) (Fig. 23.2, arrow in the left panel). A specific post-
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Fig. 23.2 Lefi: disruption of the normal PML pattern (cell on the right, arrow) by PML/RARA
expression (cells on the left). Right: the micro-speckeled pattern typical of APL cells, a feature that
may be used for diagnosis (Dyck et al. 1995). (Adapted from Koken et al. 1994)

translational modification, sumoylation, controls recruitment onto NBs of a wide
variety of partner proteins. In turn, partner recruitment into PML NBs finely modu-
lates their post-translational modification and may result in protein sequestration or
activation. Importantly, PML loss and/or NB disruption seem to be associated with
enhanced self-renewal (Ito et al. 2008; Regad et al. 2009). In APL, PML/RARA
dimerizes with PML, leading to the replacement of the normal speckled nuclear dis-
tribution of PML by a micro-speckled one (Fig. 23.2) (Koken et al. 1994). Thus, in
addition to transcriptional deregulation, this alteration in nuclear architecture could
participate in APL pathogenesis, notably in fostering aberrant self-renewal.

Moreover, some studies have found that PML actually contributes to transcrip-
tional repression by PML/RARA, through its modification by SUMO, a post-tran-
scriptional modification that confers transcriptional repression ability to transcrip-
tion factors (Zhu et al. 2005; Verger et al. 2003).

23.6 'Two Drugs for one Disease

The introduction of RA for APL treatment in 1985 (Huang et al. 1988) constituted
the first example of differentiation therapy (Degos et al. 1995). Ex vivo and in vivo,
RA triggers rapid APL cell differentiation into granulocytes, which correlates with
patient remissions (Fig. 23.3, top panel). With single-agent RA therapy, remissions
are unfortunately usually transient (Warrell et al. 1993; Tallman and Altman 2009),
suggesting that differentiation alone cannot abolish cancer cell self-renewal (Kogan
2009; de The and Chen 2010) (see the next chapter by M. Tallman).

The other potent anti-APL agent As,O, (arsenic), is considerably more efficient
than RA as single agent (Chen et al. 2011; Zhu et al. 2002). It induces both apoptosis
and differentiation in vivo (Fig. 23.3, bottom panel) and, in combination with RA
may yield 90 % definitive cures, even without DNA-damaging chemotherapies (Hu
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Fig. 23.3 Cellular effects of retinoic acid (RA) or arsenic (A4S) in a mouse model of APL. Note that
both drugs induce differentiation, but with different kinetics and that AS also induces apoptosis at
2 days (arrow). Note the reappearance of normal bone marrow cells after 2 days of RA (arrow).
(Reprinted from de The and Chen 2010)

et al. 2009; Estey et al. 2006; de The and Chen 2010; Wang and Chen 2008). Clini-
cal trials in non-APL cancer patients have been largely disappointing, unexpectedly
demonstrating that this notoriously toxic compound has a great specificity for APL
cells (Zhu et al. 2002).

23.7 Molecular Basis for PML/RARA-Targeted APL
Therapies?

Molecular studies performed after demonstration of their clinical efficacy have re-
vealed that both RA and arsenic directly target the PML/RARA oncoprotein for deg-
radation (Quignon et al. 1997; de The and Chen 2010; Zhu et al. 2001) (Fig. 23.4a).
In a remarkable and completely unexpected symmetry, RA targets the RARA part
of PML/RARA, while arsenic directly targets its PML part (Quignon et al. 1997)
(Fig. 23.4b). Thus, these two agents discovered by chance actually directly target
PML/RARA through its two constitutive moieties, making them a posteriori tar-
geted therapies. This strongly suggested an important, if not essential, contribution
of PML/RARA degradation to therapy response.
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Fig. 23.4 a Retinoic acid and arsenic both degrade promyelocytic gene/retinoic acid receptor
alpha (PML/RARA) in APL cells after an overnight treatment ex vivo at therapeutic concentrations.
Note that retinoic acid (RA) also degrades RARA, while arsenic (As) does not, pointing to distinct
mechanisms. b Pathways of PML/RARA degradation. Domains in PML/RARA are indicated.
Note that R4 targets the RARA part of the fusion, while arsenic targets in PML moiety through
oxidation, direct binding, and sumoylation and RNF4-mediated poly-ubiquitination. See text and
(Lallemand-Breitenbach et al. 2012) for details

Concerning RA targeting of PML/RARA, RA: 1) releases co-repressor binding
from PML/RARA, 2) induces transactivation through the PML/RARA-mediated
recruitment of co-activators, and 3) induces PML/RARA degradation. Thus, RA
reverses all PML/RARA properties but the contribution of each to APL clearance
remains debated (Ablain and de The 2011; Ablain et al. 2011). It must be noted that
the therapeutic concentrations of RA used against APL are several orders of mag-
nitudes higher than its physiologic concentrations or its binding affinity, and the
decrease in plasma concentration is constantly associated to clinical RA resistance
(Muindi et al. 1992). Other cases of RA-resistance are associated with mutations



468 H. de Thé et al.

in the RARA moiety of PM/RARA that preclude RA-binding, transactivation and/
or degradation (Gallagher et al. 2006; Gallagher 2002). The fact that only pharma-
cologic levels of RA are associated with therapy response and full PML/RARA
degradation, strongly supports an important role of the latter in disease remission
(Zhu et al. 2001).

PML/RARA targeting by arsenic is enforced both by direct binding and arsenic-
induced reactive oxygen species that elicit PML oxidation through the formation of
disulfide bridges (Jeanne et al. 2010; Zhang et al. 2010; de The and Chen 2010). As
extensively reviewed elsewhere, binding and oxidation initiate formation of a PML
mesh, its hypersumoylation, then allowing recruitment of the SUMO-dependent
ubiquitin ligase RNF4, which subsequently triggers PML or PML/RARA degra-
dation (Geoffrey and Hay 2009; Lallemand-Breitenbach et al. 2008; Lallemand-
Breitenbach et al. 2001; Tatham et al. 2008).

The role of PML/RARA sumoylation and degradation in arsenic-based therapy
is supported by significant genetic evidence. Mutation of the arsenic-sensitive su-
moylation site in PML/RARA impairs response to arsenic ex vivo but not RA-in-
duced differentiation (Zhu et al. 2005). Mutation of the cysteine residues required
for arsenic binding impairs the response to As,O, ex vivo (Jeanne et al. 2010)
and neighboring mutations were observed in arsenic-resistant patients (Goto et al.
2011). Finally, in murine models of APL, vitamin E derivatives with mitochondrial
toxicity generating oxidative stress induce prolonged remissions (Dos Santos et al.
2011), validating intracellular oxidation as a key anti-APL mechanism. Importantly,
arsenic does not induce PLZF/RARA degradation and is accordingly inefficient in
PLZF/RARA APL models (Rego et al. 2000; Jeanne et al. 2010).

23.8 Differentiation and/or Self-Renewal: Mice Come
to the Stage

On the cellular side, differentiation-based therapy in APL primarily relies on the
correlation between clinical remissions and morphological maturation of leukemia
blasts (Warrell et al. 1993). However, this cannot explain why only few patients
are cured by RA alone, neither why arsenic cures 70 % of APL patients, although it
does not induce differentiation ex vivo. Accordingly, there have been controversies
as to the exact contribution of differentiation to APL cure (Kogan 2009; Ablain and
de The 2011).

The most recently proposed models have uncoupled APL differentiation and
loss of self-renewal (Kogan 2009). Indeed, blast differentiation does not necessar-
ily trigger loss of leukemia-initiating activity and self-renewal (Nasr et al. 2008).
Yet, these are the only features predicting disease eradication in vivo (Ablain and
de The 2011).

Mouse models have played a key role in understanding the mechanisms of RA
and arsenic therapies, pointing to the importance of PML/RARA degradation and
challenging the sole role of differentiation (Ablain and de The 2011). In PML/
RARA-driven APL, complete differentiation of the leukemia is achieved even at
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Fig. 23.5 Synergistic effects of RA and arsenic when combined. Luciferase imaging of APL in
vivo after 3 days of treatment. (Reproduced from Nasr et al. 2008)

low RA doses, but complete APL clearance only appears with treatments at the high-
est (toxic) concentrations (Nasr et al. 2008). This might explain the efficiency of
liposomal RA, which has led to cures as single agent in patients (Tsimberidou et al.
2006). Complete loss of clonogenic activity was observed in PML/RARA-driven
APL mice treated with the RA/arsenic combination, although the combination actu-
ally delays morphologic differentiation (Shao et al. 1998; Lallemand-Breitenbach
et al. 1999; Nasr et al. 2008). Indeed, this combination rapidly abolishes the ability
of APL cells to be transplanted and induce new APL, which explains the dramatic
synergy of RA/arsenic for tumor regression and survival in mice (Lallemand-Bre-
itenbach et al. 1999; Nasr et al. 2008; Rego et al. 2000) (Fig. 23.5). Moreover, RA
and arsenic induce PML/RARA degradation by different mechanisms, predicting
absence of cross-resistance in vivo. As detailed in the companion chapter, this was
later successfully transposed to patients, with over 90 % of them definitively cured
by the RA/arsenic combination (Shen et al. 2004; Hu et al. 2009; Estey et al. 2006;
de The and Chen 2010; Tallman and Altman 2009; Wang and Chen 2008).

23.9 What Actually Causes Loss of Clonogenic Activity?

Differentiation was proposed to reflect transcriptional activation while PML/RARA
catabolism would entail loss of self-renewal (Kogan 2009; Ablain and de The 2011;
Ablain et al. 2011). Yet, some recent studies have argued that even transcriptional
derepression, for example through PML/RARA loss or reversal of histone deacety-
lation, may suffice for differentiation (Leiva et al. 2012). This may explain why
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Fig. 23.6 A model for pathogenesis and treatment efficiency in APL. Promyelocytic gene/retinoic
acid receptor alpha (PML/RARA) has a dual function to repress transcription and disrupt PML
nuclear bodies (NBs). Therapies that degrade PML/RARA induce differentiation through derepres-
sion, while PML/RARA loss allows NB reformation. (Reproduced from Ablain et al. 2011)

arsenic (through PML/RARA degradation) may induce differentiation in vivo
(Fig. 23.3) or ex vivo in combination with growth factors (Muto et al. 2001).

It remained to be determined how loss of clonogenic activity was entailed.
Mechanistically, it is possible that degradation-induced derepression of some PML/
RARA-specific target genes suffices for leukemia initiating cell (LIC) exhaustion.
Alternatively, it is possible that efficacy of arsenic alone could rely on some other
effects than PML/RARA degradation, either through PML itself or via other arsenic
targets. One may thus envision that PML NB reassembly following PML-RARA
degradation reassembly could activate specific pathways like apoptosis or modulate
self-renewal.

In normal progenitors or in the context of other leukemic fusion proteins, PML
controls self-renewal (Ito et al. 2008; Regad et al. 2009), consistent with the propos-
al that NBs tune several critical pathways involved in “stemness” and self-renewal,
such as P53, AKT/PTEN, HIF1A (Ito et al. 2009; Song et al. 2008). Thus, PML/
RARA loss and active enforcement of NB reformation (for example by arsenic)
could directly contribute to loss of stemness. However, one should stress that stud-
ies on these biologically complex mechanisms will necessarily be performed in
mice and that the regulation of self-renewal and the mode of interference by PML/
RARA might be different between mice and humans (Fig. 23.6).
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23.10 Could APL become a Model for other Targeted
Therapies?

In APL, the extraordinary clinical potency of RA and arsenic reflects the fact that
RARA and PML are both dispensable (in mice), while APL cells are addicted to the
continuous expression of PML/RARA. These agents fully degrade RARA, PML,
and PML/RARA, which exerts a maximal efficacy on APL cells without any tox-
icity on normal cells, hence the extremely high therapeutic index of these agents
or their association (Lallemand-Breitenbach et al. 2005; de The and Chen 2010;
Nardella et al. 2011).

APL is a paradigm for targeted therapies and probably the only leukemia where
combination of non-cross reactive agents has led to definitive cures (Wang and
Chen 2008; de The and Chen 2010; de The et al. 2012). It underscores the power
of proteolysis rather than enzymatic inhibition. Indeed, complete proteolysis abol-
ishes all of the functions of oncoproteins, including those linked to protein/protein
interactions, which may be very important in LICs. Collectively, this suggests that
agents targeting the stability of other dominant oncoproteins could be of high thera-
peutic value, in particular, in translocation-driven leukemias or sarcomas driven by
a single dominant oncoprotein fusing two unessential genes (Ablain et al. 2011).
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