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APL as a Paradigm in Biomedical Research:
A Journey Toward the Cure

P. P. Pandolfi

Cancer Biology and Genetics Program, Department of Pathology,
Memorial Sloan-Kettering Cancer Center, Sloan-Kettering Institute,
1275 York Avenue, New York, NY 10021, USA
p-pandolfi@ski.mskcc.org

This volume is meant to summarize some of the most recent progress made
in elucidating the pathogenesis of acute promyelocytic leukemia (APL) and
in the treatment of this form of leukemia.

It is also meant to celebrate one of the most successful accomplishments in
cancer research and contemporary biomedical research.

APL was in fact regarded as an almost invariably fatal disease just a decade
ago, while it is now considered a curable leukemia—if not cured—in many
advanced cancer centers in the world. The story of APL represents perhaps the
most compelling example to date of what could be done and will be done in
the years to come in the combat and defeat of the cancer plague if appropriate
resources are made available to the scientific community.

This tremendous progress in APL research and treatment has been made
possible through a number of seminal discoveries and by the concerted efforts
of many labs worldwide that have raced and competed with each other, but
also interacted and cooperated, to reach this remarkable goal. Many of these
groups and investigators have contributed to this dedicated volume.

The story of APL in the last decade has become a paradigmatic example
with many “firsts” and, importantly, a compelling illustration of the efficacy
of a discovery journey from bed- to bench-side, and back to the bedside
toward disease cure and eradication. It is a journey of discovery that heavily
relied on the use of in vivo approaches in the mouse and on animal modeling
not only for mechanistic analyses, but also for preclinical efforts; a journey
of discovery that will serve as a trail-blazing guide in cancer research in the
years to come.

Indeed, the story of APL offers many firsts, and each first has contributed
substantially toward the cure:

1. For the first time in the case of APL, the knowledge of the genetic basis of
the disease (the presence of the APL-specific chromosomal translocations)
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has had an impact on the management of the disease. A simple RT-PCR
test to amplify the breakpoint of the fusion transcript made it possible to
diagnose APL at a molecular level as well as predict which patients would
remain in remission and which would relapse upon therapy (i.e., RT-
PCR-positive patients would relapse and need additional therapy, while
RT-PCR-negative ones would remain in long-term remission and could
be spared additional therapy).

2. APL treatment with retinoic acid (RA) represents the first example of
“targeted therapy,” way ahead of Gleevec. This makes it the first example
of “transcription therapy” (whereby the drug specifically targets an onco-
genic transcription factor and its aberrant action) and the first example
of “differentiation therapy” where the drug reprograms the leukemic cell
for terminal differentiation and normal function rather than killing it as
conventional chemotherapy would do.

3. APL has served as a unique example of the utility of the knockout (KO)
and transgenic approaches in the comprehensive deconstruction of the
molecular genetics of human cancer.

4. Mouse modeling of APL has formally demonstrated for the first time that
faithful transgenic and KO mouse models of human cancer behave as
human patients in terms of response to treatment and can therefore be
utilized to test novel treatment modalities.

5. In the case of APL, preclinical testing in mouse models has been for the
first time instrumental in changing the current way in which we treat
a human malignancy. It is in fact on the basis of experiments performed
in APL mouse models that combinatorial treatment with RA and As,03
or histone deacetylase inhibitors (HDACIs) is currently being tested in
human APL.

6. The story of APL as a whole has also proved another fundamental prin-
ciple in cancer research and therapy: the need to have at hand not one
but a number of molecular-targeted weapons to be used sequentially or
combinatorially toward the cure.

7. Finally, the APL saga has developed entirely in the realm of academia
worldwide, which formally demonstrates that cancer can be defeated in
universities and other academic institutions as an international effort
through governmental and philanthropic support.

All these critical aspects will be the focus of the following chapters, written
by many of the key investigators that made this possible.
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Abstract Mouse models of acute promyelocytic leukemia have been generated through
transgenic, knock-in, retroviral, and xenograft strategies. These models have been
used to elucidate mechanisms underlying leukemogenesis. Among the areas investi-
gated are the role of reciprocal fusions; effects of target cells, expression levels, and
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mouse strains; cooperating events; and restrictive and permissive factors. These mod-
elshave also been used to gain insight into the effects of the immune system on leukemic
cells and the mechanism of response to retinoic acid. Furthermore, preclinical studies
utilizing these mice have advanced therapy for myeloid leukemia.

Animal models of disease can be powerful tools for understanding patho-
genesis and investigating therapies. Nevertheless, in 1997, when transgenic
models of acute promyelocytic leukemia (APL) were first developed, it was
initially unclear what impact such models could have on the field. APL seemed
to be well understood. A recurrent t(15;17) chromosomal translocation re-
sulted in a fusion of the promyelocytic leukemia gene (PML) to the gene
encoding retinoic acid receptor & (RARA). The resulting PML-RARa fusion
impaired the normal function of RARa in neutrophil differentiation. In ad-
dition, PML-RAR« disrupted the nuclear bodies of which PML is a part and
thereby abrogated the growth suppressive effects of PML. Furthermore, it
had already been found that the event-free survival of patients with APL
could be increased from approximately 20% with chemotherapy alone to ap-
proximately 70% with a combination of all-trans retinoic acid (ATRA) and
chemotherapy (Degos et al. 1995). The models at first seemed simply to be
interesting examples of replicating a human condition in mice.

In time, mouse models of APL have proved of greater value than antici-
pated (Fig. 1). They have helped us to understand the mechanisms by which
PML-RARa and other X-RARa fusions contribute to leukemia. They have led
to insights into the principles underlying cooperative leukemogenesis. The
models have identified normal factors that permit or restrict leukemic trans-
formation. APL has been identified as a disease in which the host immune
system has the potential to exert an antileukemic effect. Perhaps most signif-
icantly, preclinical studies utilizing the models have both informed progress
in treating human APL and have illuminated important principles in cancer
therapy [see Pandolfi (2001), Pollock et al. (2001), and Lallemand-Breitenbach
et al. (2005) for selected reviews of mouse APL models].

1
Models

Four approaches have been utilized to successfully generate mouse models
of APL: transgenic, knock-in, bone marrow transduction, and xenograft (Ta-
ble 1). Transgenic animals expressing PML-RARA under the control of the
cathepsin G or migration inhibitory factor-related protein 8 (MRP8) promot-
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Fig. 1 Transgenic, knock-in, retroviral transduction, and xenograft mouse models
have contributed in multiple ways to our understanding of the pathogenesis and
therapy of acute promyelocytic leukemia

ers developed acute myeloid leukemias (Brown et al. 1997; Grisolano et al.
1997; He et al. 1997). Interestingly, expression of PML-RARa did not block
neutrophilic differentiation by itself. Rather, PML-RAR«x expression resulted
in a modest shift in the balance of myelopoiesis toward less mature elements.
Only after significant latency (generally >6 months) and with incomplete pen-
etrance (initially reported as 10%-30%) did AML develop. Importantly, many
leukemic cells of PML-RARA mice were immature and contained numerous
primary granules. This finding paralleled the abundance of primary granule-
filled promyelocytes seen in human APL. Subsequently, in an effort to in-
crease the penetrance of disease, PML-RARA was expressed under the control
of cathepsin G regulatory elements by knock-in rather than by transgenesis
(Westervelt et al. 2003). Although these knock-in mice expressed PML-RAR«
at a level only 3% of the cathepsin G PML-RARA transgenics, the penetrance
of leukemia was increased to more than 90% in this model. A number of
groups attempted to generate APL models by transducing murine bone mar-
row with retroviral vectors harboring the PML-RARA fusion gene. Eventually,
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8 S. C. Kogan

it was found that retroviral transduction of immature (lineage-depleted) bone
marrow cells of 129SvEv mice with transplantation into lethally irradiated re-
cipients could lead to AMLs in 80% of recipient mice with a median latency of
6 months (Minucci et al. 2002). An alternative approach to animal models of
human leukemia is to engraft human cells into immunocompromised mice.
NB4 cells, which are a cell line derived from a human APL patient, can engraft
in severe combined immunodeficiency (SCID) mice when injected into the
peritoneal cavity, subcutaneously or intravenously (Kosugi et al. 2001; Zhang
et al. 1996).

1.1
X-RAR« Fusions

In addition to the PML-RARA fusion generated by the common t(15;17)
of APL, alternative fusions are rarely observed in the human disease in-
cluding PLZF-RARA, NPM-RARA, NuMA-RARA and STAT5b-RARA. These
RARA chimeras are collectively referred to as X-RARA fusions. A number of
limitations are evident in considering mouse models of APL as a means of un-
derstanding pathogenesis caused by these molecules. The models described
above do not express the fusion genes from the endogenous promoters; hence
the patterns of expression are different from those generated by the regulatory
regions governing transcription of PML and other fusion partner genes. None
of these models replicates the reciprocal translocations of the human disease
that generate not only X-RARA fusions, but also RARA-X fusions accom-
panied by reduction of RARA and X loci to haploinsufficiency. In addition,
mouse strain background, the impact of using human fusion genes rather
than mouse genes, and differences in rodent and human biology all have the
potential to influence and confound the results. Despite these limitations, the
animal models have led to remarkable insights into APL biology.

The cathepsin G promoter has been used to generate not only PML-RARA
transgenic mice, but also transgenic mice expressing PLZF-RARA (Cheng
et al. 1999; He et al. 1998), NPM-RARA (Cheng et al. 1999), and NuMA-RARA
(Sukhai et al. 2004). Work with the PLZF-RARA mice demonstrated that after
3-18 months, PLZF-RARA efficiently initiated myeloid leukemias that were
well-differentiated. NPM-RARA could also lead to leukemias, with longer la-
tency (12-15 months); these leukemias ranged from well-differentiated to
predominantly immature. NuMA-RARA generated myeloid neoplasms with
a progressive increase in promyelocytes (immature forms), but the myeloid
leukemias with maturation that eventually manifested were nonfatal, in con-
trast to the diseases that arose in cathepsin G PML-RARA, PLZF-RARA, and
NPM-RARA transgenic animals. The X-RARa fusions are all able to initi-
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ate myeloid neoplasia but differ in their efficiency of generating disease, the
clinical course of the disease, and the likelihood that the disease will be char-
acterized by a block in myeloid maturation.

1.2
Mechanisms of Leukemogenesis

Mouse models can be used to perform structure-function analyses of on-
coproteins. This type of structure-function analysis has been pursued to
an extent in mice transgenic for PML-RARA. In contrast to the ability of
PML-RARA to initiate an APL-like disease and in contrast to the ability of
all of the X-RARA fusions to cause myeloid neoplasia in mice, expression of
a dominant-negative form of RARA under the MRP8 promoter resulted in
only slight abnormalities of myelopoiesis and no disease (Kogan et al. 2000).
This result indicated that although all of the X-RAR« fusions can repress
transcription from retinoic acid response elements (RAREs), repression at
these sites is not sufficient for initiating leukemogenesis. Since they homod-
imerize (and can oligomerize), the X-RAR« fusions bind a much broader
array of DNA sequences than normal RXR/RAR heterodimers (Jansen et al.
1995; Kamashev et al. 2004; Lin and Evans 2000). This expanded binding site
specificity may be an important reason that RARA fusions are a constant fea-
ture of human APL, rather than dominant-negative point mutations within
RARA.

Transgenic mice have also been generated with a PML-RARA fusion that
has a point mutation changing the lysine at position 160 of PML to arginine
(Zhu et al. 2005). Lysine 160 is the location of a posttranslational modifica-
tion of PML by addition of a ubiquitin-like peptide, SUMO (small ubiquitin-
like modifier). Hence, the MRP8 PML-RARAXI®R transgenic animals provide
a means to assess the importance of this site for leukemic transformation. In-
terestingly, PML-RARAX!®R mice can develop a well-differentiated myeloid
neoplasm with some features in common with the disease observed in cathep-
sin G transgenics that express PLZF-RARA, NPM-RARA, or NuMA-RARA, but
do not develop an APL-like disease with blocked differentiation. Therefore,
K160 is an important structure for the ability of PML-RAR« to initiate an AML
with a block in maturation; sumoylation at this site is implicated to be key.

Structure-function studies performed in animals are vital to an accurate
understanding of leukemogenesis. This assertion reflects our understanding
that in vitro characteristics of transformation, including immortalization, do
not always correlate with the ability of oncoproteins to initiate disease or block
differentiation in vivo. The availability of retroviral-induced models of APL
should speed additional in vivo studies of X-RARA fusions and derivatives.
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13
Role of Reciprocal Fusions

In the majority of APL with t(15;17), the reciprocal RARA-PML fusion is
expressed and RARA-PLZF is generally expressed in the rare cases of APL
with t(11;17). Coexpression of RARA-PML as a cathepsin G-driven transgene
with cathepsin G-driven PML-RARA increased the penetrance of leukemia
from 15% to 57% without altering latency (Pollock et al. 1999). The disease
that arose in the doubly transgenic mice was less differentiated and more
rapidly fatal than that observed with PML-RARA alone. Strikingly, concor-
dant findings were observed when a cathepsin G RARA-PLZF transgene was
combined with cathepsin G PLZF-RARA. Without altering latency, the addi-
tion of the reciprocal fusion resulted in an acute leukemia with features of
APL, rather than the well-differentiated leukemias observed in PLZF-RARA
single transgenics (He et al. 2000). Both of these RARA-X fusions increased the
likelihood that an aggressive AML would arise without decreasing the time to
develop disease. These observations demonstrated that the reciprocal fusions
(1) make important contributions to the morphologic phenotype that defines
APL and (2) facilitate transformation without accelerating the rate-limiting
steps required in these leukemia models.

14
Targeting, Expression Level, Strain Effects

Comparisons among the APL models of genetically engineered mice (GEM)
demonstrate some of the complexities inherent in such systems. The degree
of differentiation block appeared to be more pronounced in mice expressing
PML-RARA under the control of the MRP8 promoter than in mice expressing
PML-RARA under the control of the cathepsin G promoter; the penetrance
of disease appeared to be somewhat higher in the MRP8 transgenics (Brown
et al. 1997; Grisolano et al. 1997; He et al. 1997). Different MRP8 PML-RARA
founders gave rise to different levels of transgene expression, and the line with
the highest level of expression had the greatest incidence of leukemia. Yet, ex-
pression of PML-RARA as a knock-in allele under the control of cathepsin G
resulted in very low-level expression but high leukemia penetrance (West-
ervelt et al. 2003). Although the effects of the different mouse strains used
may have contributed to these differences, the findings suggest that the com-
partment in which an oncoprotein is expressed as well as the specific level
of expression are important determinants of malignant transformation. It is
of some interest that the 129 strain background was permissive for initiating
leukemia by retroviral transduction of bone marrow (Minucci et al. 2002).
Of note, 129 has been the most common source of murine embryonic stem
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cells, and although not directly assessed for PML-RARA, this strain might
more readily yield myeloid leukemias after marrow transduction than other
commonly used strains, including FVB/N and C57BL/6.

2
Cooperating Events

Mouse models in which a genetic event has been used to initiate a neoplasm
are powerful tools for assessing the ability of chosen additional events to co-
operate in transformation as well as for identifying spontaneous events that
can complement an initiating lesion. Ideas regarding cooperative leukemoge-
nesis have been tested in mouse APL models; these models have also yielded
results that have served as a source of new hypotheses.

2.1
Hypothesis Testing

BCL-2 (B-cell CLL/lymphoma 2), a protein that inhibits apoptosis, is ex-
pressed in most APLs (Bensi et al. 1995; DiGiuseppe et al. 1996; Molica et al.
1996; Porwit-MacDonald et al. 1995; Wuchter et al. 1999). In addition, PML-
RARa had been described as being able to induce apoptosis in many cell
types (Ferrucci et al. 1997), and such cell death induction might limit the
oncogenic effect of the fusion. For these reasons, it was hypothesized that
BCL-2 might cooperate with PML-RAR« to generate leukemias. The addition
of MRP8 BCL2 to mice expressing an MRP8 PML-RARA transgene resulted
in decreased median latency to leukemia (in this study, 127 days for dou-
bly transgenic mice vs 257 days in PML-RARA single transgenics) (Kogan
et al. 2001). Furthermore, the penetrance was increased as all doubly trans-
genic mice developed leukemia before 7 months of age. An unanticipated
finding in BCL2/PML-RARA transgenic animals was that the combination
was initially associated with accumulation of immature myeloid cells (im-
mature forms/blasts) in the bone marrow that did not behave in a leukemic
manner (i.e., the peripheral red blood cell and platelet counts were main-
tained, and the immature forms/blasts did not disseminate beyond the mar-
row and spleen). This observation suggested that, as with malignancies of
epithelial tissues, normal myeloid cells are dependent upon microenviron-
mental cues and that this dependence must be overcome during AML devel-
opment.

Activation of the receptor tyrosine kinase FLT3 (fms-related tyrosine ki-
nase 3) is observed in approximately 25% of human AML and approximately
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33% of APL (Kiyoi et al. 1997; Kottaridis et al. 2001; Schnittger et al. 2002;
Yamamoto et al. 2001; Yokota et al. 1997). The microgranular variant of APL
shows an especially high rate of FLT3 mutations (~65%). FLT3 can be activated
by internal tandem duplication (ITD) of a negative regulatory juxtamembrane
region or by point mutation of the kinase domain. To assess the hypothesis
that activated FLT3 would cooperate with PML-RAR«a to generate leukemia,
bone marrow retroviral transduction was used to introduce activated FLT3
(anITD mutant) into bone marrow of cathepsin G or MRP8 PML-RARA trans-
genic mice (Kelly et al. 2002; Sohal et al. 2003). Activated FLT3 accelerated the
development of disease and increased penetrance in both of these transgenic
models. Although potent, the activated FLT3+PMLRAR«a combination may
not have immediately caused AML. Median latency was still 3 months (with
a range of 2-10 months), and the leukemias appeared to be oligo- to mono-
clonal. This limited clonality raises the possibility that additional events were
still required for leukemogenesis.

2.2
Non-engineered Cooperating Events

Leukemias arising in PML-RARA transgenic mice were examined for the
presence of clonal abnormalities. Cytogenetic changes were also sought in
PML-RARA mice in which additional changes had been engineered. Karyo-
typic alterations were observed by comparative genomic hybridization or
spectral karyotyping in 23 of 27 (85%) MRP8 PMLRARA leukemias (Ko-
gan et al. 2001; Le Beau et al. 2002). The most common changes were gain
of mouse chromosome 15 or loss of a sex chromosome. Another frequent
change was gain of chromosome 8. Loss of chromosome 2 in whole or in
part was uncommon in this model (2 of 27, 7%). Spectral karyotyping of
cathepsin G PML-RARA leukemias showed less frequent changes than in
the MRP8 PML-RARA model: only 1 of 5 leukemias showed a predominant
clonal population (Zimonjic et al. 2000). In the MRP8 PML-RARA model,
the addition of BCL2 resulted in complex karyotypic changes in almost
all leukemias (15 of 17, 88%), rather than 15 of 27 (56%) complex kary-
otypes with PML-RARA alone. RARA-PML expression in the cathepsin G
PML-RARA model was also associated with increased chromosomal changes;
the frequency of clonal karyotypic abnormalities in these leukemias was
85% (Zimonjic et al. 2000). Interstitial deletion of chromosome 2 was seen
in all 11 of 13 karyotypically abnormal PML-RARA/RARA-PML leukemias;
these deletions were accompanied by gain of chromosome 15, tetraploidy,
loss of a sex chromosome, or loss of chromosome 11, in some tumors.
In contrast to the increased karyotypic alterations with BCL2 or RARA-
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PML, activation of growth factor signaling pathways with FLT3, an acti-
vated B chain of the granulocyte-macrophage colony-stimulating factor (GM-
CSF)/interleukin (IL)-3/IL-5 receptor (a mutation not seen in human AML),
or overexpressed IL-3 itself, resulted in a decreased frequency of karyotypic
changes (Le Beau et al. 2003). It is of interest that the frequency and spectrum
of karyotypic changes varied with what additional events were engineered
into the animals.

A number of ideas are supported by these results. First, the fact that karyo-
typic abnormalities vary with the system studied indicates that there is more
than one pathway to completing transformation initiated by PML-RARA.
The presence of multiple paths of progression from initiation to leukemia is
further supported by comparative gene expression profiles of leukemias of
three models: PML-RARA, PML-RARA+RARA-PML, and PML-RARA mice
treated with X-ray irradiation (XRT) (Walter et al. 2004). Patterns of messen-
ger RNA (mRNA) transcript expression were significantly different among
the three leukemia models, including between PML-RARA+RARA-PML and
PML-RARA+XRT models that share a common interstitial deletion on chro-
mosome 2. Second, the fact that certain models show increased chromo-
somal changes whereas others exhibit fewer karyotypic alterations implies
that some cooperating events provide critical steps toward the malignant
phenotype, whereas other changes can work indirectly by predisposing to
the acquisition of further events. Activation of FLT3 is an example of the
former and RARA-PML an example of the latter. (Events that predispose to
additional genetic changes may themselves contribute directly to progres-
sion; e.g., BCL-2 may tolerize cells to chromosomal aberrations and also
directly contribute to disease by repressing apoptosis.) Third, the identifi-
cation of recurrent chromosomal changes in mouse models can reveal pre-
viously uninvestigated cooperating events. In the case of mouse APL mod-
els, the observed interstitial deletion of chromosome 2 resulted in an in-
vestigation of the gene encoding the PU.1 transcription factor (Walter et al.
2005). By crossing the cathepsin G PML-RARA transgene into mice lack-
ing one copy of the gene for PU.1 (Sfpil), it was shown that haploinsuffi-
ciency for this gene increases the penetrance of disease from 7% to 84%.
Hence, changes in the RARa and PU.1 myeloid transcription factors can to-
gether contribute to transformation. An emerging theme of these and other
studies is that one pathway to transformation involves cooperation of tran-
scription factor abnormalities and activation of signaling pathways, whereas
another pathway is created by combinations of transcription factors abnor-
malities.
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2.3
Restrictive and Permissive Factors

Considering the mechanisms of malignant transformation, much attention
has been paid to genetic mutations that underlie this process. Less focus has
been placed on normal endogenous proteins that may either limit the effects
of genetic mutations or permit their impact. The mouse APL models have
been used to look at some of these factors. Crossing the cathepsin G PML-
RARA transgene with mice lacking either one or both copies of Pml showed
that the presence of endogenous PML at wildtype levels restricts progression
(Rego et al. 2001). In the absence of one or both copies of Pml, the penetrance
of the leukemias was increased and the latency was substantially decreased.
Whereas in PML-RARA/PmI*"* animals the incidence of leukemia was 12.5%
in the first year of life with mean leukemia free survival (LFS) of 686 days,
PML-RARA/PmI*~ animals had a 1-year leukemia incidence of 31% with
mean LFS of 499 days, and in PML-RARA/PmI™'~ animals the incidence and
mean LFS were 53% and 434 days. Normal PML restricted the development
of APL in this model, and reduction to haploinsufficiency for PML as a result
of the t(15;17) translocation almost certainly contributes to human APL.

Neutrophil elastase was identified as a permissive factor for APL in the
course of studies investigating the significance of cleavage of PML-RAR« in
myeloid cells (Lane and Ley 2003). When PML-RARA was introduced into
U937 cells (a human myeloid cell line), a neutral serine protease cleaved the
fusion protein in several positions. This protease was identified as neutrophil
elastase. This enzyme is present and active in PML-RARa-expressing leuke-
mia cells from humans and mice. Hence, this protein was hypothesized to in-
fluence APL pathogenesis. Intriguingly, breeding the cathepsin G PML-RARA
knock-in allele into mice that lack neutrophil elastase reduced the incidence
of leukemia in this model (penetrance of 100% in neutrophil elastase wildtype
mice and 45% in neutrophil elastase-deficient mice at 350 days of age). These
results indicated that neutrophil elastase is permissive for the development of
APL, highlighting a previously unsuspected role for proteolytic enzymes in
APL pathogenesis.

3
Pathogenesis, Conclusions

1. PML-RARa and other X-RARa fusions are able to initiate myeloid
leukemias. This finding supports the hypothesis that t(15;17) and
alternative chromosomal aberrations are initiating events in human APL.
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2. PML-RARa and other X-RARa fusions do not themselves block neu-
trophil differentiation. This observation supports the hypothesis that in-
teractions among genetic mutations are needed to block myeloid matu-
ration.

3. PML-RARa may initiate myeloid leukemia with a block in maturation
more readily than other X-RARa fusions. This inference raises the pos-
sibility that t(15;17) is a more potent initiator of acute myeloid leukemia
than alternative fusions and as a result is the most frequently seen translo-
cation in human APL.

4. Variations in PML-RARa structure can change the frequency of disease
initiation or alter disease phenotype. This result supports the hypothesis
that multiple activities of PML-RAR« contribute to APL pathogenesis.

5. Reciprocal fusions, RARax-PML and RARa-PLZF, increase penetrance of
acute leukemia in mice expressing the corresponding X-RARa fusion.
Loss of PML increases the development of acute leukemia in mice ex-
pressing PML-RARa. These studies provide evidence that the reciprocal
translocations contribute to APL not only by creation of the X-RARA
fusion gene but also through reciprocal fusions and creating haploinsuf-
ficiency.

6. Cooperative events are associated with AML in humans and in mouse
models of APL. This observation validates the use of mouse models
for assessing hypotheses about events that may collaborate to transform
myeloid cells.

7. Targeting of X-RARa protein expression, level of fusion protein expres-
sion, and the presence of normal endogenous proteins (including pro-
teases) modulate leukemogenesis. These findings confirm the utility of
mouse models for revealing novel aspects of leukemia pathogenesis.

4
Immune Modulation of APL

A few studies have indicated that the immune system can contribute to con-
trol and eradication of APL in mice. Leukemias that arose in PML-RARA
transgenic animals can be readily transplanted into immunodeficient or into
histocompatible immunocompetent recipient animals. One indication that
the immune system can block APL cell growth was the observation that 100-
fold fewer cells were required to transfer disease into SCID mice than were
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required for transfer into histocompatible immunocompetent mice (Pollock
etal. 2005). A concordant study showed that liposomal ATRA (see below) was
effective at inducing long-term remission in histocompatible immunocompe-
tent mice engrafted with cathepsin G PML-RARA/RARA-PML leukemias: 88%
of such mice treated with liposomal ATRA were alive at 1 year. In contrast,
only 40% of SCID recipients experienced extended remissions (Westervelt
et al. 2002). Thus, the adaptive immune system (T cells, B cells, or both) can
cooperate with a targeted therapy to eradicate malignant disease.

Further work showed that DNA vaccines could be effective in treatment of
mouse models of APL. DNA vaccination is a process in which plasmids that
express potential antigens are injected intramuscularly (Wolff et al. 1990). The
injected plasmids are taken up by some of the cells and begin to express the
encoded antigens. This process can lead to both cell-mediated and humoral
immune responses to these antigens. In one study, DNA vaccines encoded
either full-length PML-RAR«x or a fusion of 33 amino acids surrounding the
junction of PML and RARa to an immunogenic fragment of tetanus toxin
(Padua et al. 2003). Vaccination with either of these plasmids extended sur-
vival of mice that had been injected with leukemic cells from MRP8 PML-
RARA transgenic mice. Interestingly, the survival benefit was present not
only in mice treated with the vaccine alone, but also in mice treated with
a combination of DNA vaccination and ATRA. In another study of DNA vacci-
nation, vaccines encoded PML-RAR«a, RARa-PML, PML, RARq, or a version
of PML-RARa in which only the final 9 amino acids of the PML portion were
fused to RARa (Pollock et al. 2005). Both the full-length PML-RARa and PML
vaccines enhanced the leukemia-free survival of recipient mice, whereas the
other constructs did not. Analyses of the immune responses of vaccinated an-
imals indicated that, depending upon the model utilized and the vaccination
strategy employed, PML or RARa portions of the human PML-RARa fusion
protein can be immunogenic in mice (Padua et al. 2003; Pollock et al. 2005).
The significance of these findings for human APL is uncertain: does the im-
munogenicity of APL in the mouse model simply reflect the immunogenicity
of the human proteins, or does the immune response play an important role
in control of human APL?

5
Therapies

The mouse APL models have been useful in confirming hypotheses regarding
the mechanisms underlying the response of APL to ATRA, and in assessing
the potential value of novel therapeutic approaches.
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5.1
Mechanism of ATRA Response

Work in cell lines indicated that the ability of ATRA to cause differentiation
of APL cells was dependent upon pharmacologic doses of ATRA binding
to the PML-RARa fusion protein with resulting release of co-repressor
complexes. This effect reverses repression at genes targeted by PML-RARa;
resulting changes in gene expression underlie subsequent differentiation
of APL cells. Studies in mice have provided additional evidence in support
of these hypotheses. Expression of a version of PML-RAR«a deficient in
ligand binding due to a point mutation [PML-RARam4 (Shao et al. 1997)]
resulted in leukemias that could not differentiate in response to ATRA (Kogan
et al. 2000). A comparison of ATRA response in leukemic mice expressing
PML-RARa, with response of leukemic mice expressing PLZF-RAR« was also
valuable (He et al. 1998). PML-RARa is able to dissociate from co-repressors
at pharmacologic doses of ATRA, whereas PLZF-RARa maintains associa-
tion with co-repressors through the PLZF portion of the fusion. Leukemic
PML-RARa mice went into remission when treated with ATRA, whereas
PLZF-RARa mice did not. This result paralleled the poor ATRA response of
t(11;17) PLZF-RARa APLs in humans. Altogether, the differential response of
PML-RARA and PLZF-RARA leukemias in mice and in humans is consistent
with a critical role for co-repressor release in ATRA response. Interestingly,
in both the PML-RARAm4 and PLZF-RARA mouse models, the diseases were
not entirely ATRA resistant, but the responsiveness was much diminished
as compared to PML-RARA leukemias. Thus, although the ATRA regimen
used for APL is ineffective for treating non-APL leukemias in humans, ATRA
might have a broader role in treatment of AML when combined with other
agents that foster differentiation.

There remains some controversy as to whether the differentiation of APL
cells in response to ATRA is due solely to de-repression of genes abnormally
repressed by PML-RARa, or whether there may also be a role for activation
of important target genes by PML-RARa. Retinoic acid (RA) causes degra-
dation of both PML-RAR« and PLZF-RARa« fusion proteins in mouse APL
models (Rego et al. 2000). If de-repression alone were sufficient for full ATRA
responsiveness, then the response of PML-RARA and PLZF-RARA leukemias
might be expected to be more similar than what is actually observed. Hence,
these data appear consistent with the hypothesis that both de-repression and
activation play a role in the uniquely vigorous differentiation observed in APL
cells that express PML-RARa.
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5.2
Preclinical Studies

Ideas for improving treatment of APL have been tested in the mouse APL
models; Table 2 summarizes information from many of these studies. An
examination of Table 2 reveals differences in the models used, the timing of
the initiation of treatment, the length of treatment, the agents examined, the
route for agent administration, and the doses used. Despite these differences,
in aggregate the studies provide information (1) pertinent to treating APL
and (2) relevant to the design of preclinical trials in mice to develop therapies
of other AMLs.

6
Arsenic Trioxide

APL shows a unique responsiveness to arsenic trioxide as well as to ATRA. One
study examined the possibility that these two agents might be useful in com-
bination by treating immunocompetent histocompatible mice engrafted with
murine leukemias expressing PML-RARA under the MRP8 promoter. Mice
were treated with ATRA in the form of subcutaneously implanted sustained-
release pellets, intraperitoneally injected arsenic trioxide, or both (Lallemand-
Breitenbach et al. 1999). Whereas ATRA and arsenic individually prolonged
survival two- to threefold, the combination of these two agents resulted in
extended disease-free survival in all mice that received the dual regimen. The
combination of ATRA and arsenic was also tested in cathepsin G PML-RARA
and PLZF-RARA models (Rego et al. 2000). In these experiments, treatment
was given to either primary leukemic animals or to nude immunodeficient
mice engrafted with leukemic cells. PLZF-RARa leukemias were resistant to
ATRA, arsenic, or the combination. Although in this model combination ther-
apy did not appear to eradicate the PML-RARa leukemias, the enhanced sur-
vival of animals treated with both agents was significantly longer than mice
treated with either of the single agents. An additional study demonstrated
that changes in the way ATRA is administered can have striking impacts on
survival (Westervelt et al. 2002). By examining plasma ATRA levels in mice
treated with implanted ATRA pellets, it was observed that the druglevels were
five- to tenfold lower than those observed in the plasma of human patients
receiving oral ATRA therapy. An alternative ATRA formulation was sought.
In humans, liposomal ATRA had been associated with increased plasma con-
centrations, and in some patients, treatment with liposomal ATRA as a single
agent caused prolonged hematologic and molecular remissions (Estey et al.
1999). This observation indicated that liposomal ATRA can be a more effective
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Table2 Therapeutic studies in mouse models of APL (selected)

Trial A (Lallemand-Breitenbach et al. 1999)
Treatments: ATRA (10-mg 21-day-release pellet, s.c.), arsenic trioxide
(5 mg/kg per dayx28 days, i.p.), or both
Treated 12 days after transplant into unirradiated histocompatible mice
(10,000,000 cells, i.v.)
MRP8 PML-RARA leukemia

ATRA Survival extended 42 days (median)
Arsenic Survival extended 38 days (median)
Both 100% survival at 9 months

Trial B (Rego et al. 2000)
Treatments: ATRA (1.5 mg/kg per dayx21 days, i.p.), arsenic trioxide
[2.5 mg/kg per day (primary leukemias) or 5 mg/kg per day
(transplants to nude mice)x21 days, i.p.], or both
Treatment of primary leukemic mice at leukemia onset
Cathepsin G PML-RARA leukemia (C57BL/6)

ATRA Survival extended 35 days (mean)

Arsenic Survival extended 28 days (mean)

Both Survival extended 63 days (mean)
Cathepsin G PLZF-RARA leukemia (C57BL/6)

ATRA Survival extended 15 days (mean)

Arsenic Survival extended 6 days (mean)

Both Survival extended 15 days (mean)

Treated 25 days after transplant into nude mice (50,000,000 cells, i.p.)
Cathepsin G PML-RARA leukemia (C57BL/6)

ATRA Survival extended 23 days (mean)

Arsenic Survival extended 15 days (mean)

Both Survival extended 44 days (mean)
Cathepsin G PLZF-RARA leukemia (C57BL/6)

ATRA Survival extended 4 days (mean)

Arsenic Survival extended 3 days (mean)

Both Survival extended 7 days (mean)

Of note: morphologic differentiation and remission of PML-RARA
but not PLZF-RARA leukemias
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Table2 (continued)

Trial C (Westervelt et al. 2002)
Treatments: Liposomal ATRA (10 mg/kg per dayx21 days, i.p.), arsenic trioxide
(10 mg/kg per dayx 21 days, i.p.) or both
Treated 21 days after transplant into unirradiated histocompatible mice
(300,000 cells, i.p.)
Cathepsin G PML-RARA/RARA-PML leukemia

Lipo ATRA 889% survival at 1 year
Arsenic 14% survival at 1 year
Both Equivalent to Lipo ATRA alone

Treated 21 days after transplant into SCID mice (300,000 cells, i.p.)
Cathepsin G PML-RARA/RARA-PML leukemia

Lipo ATRA 40% survival at 1 year
Arsenic ~7% survival at 1 year
Both 56% survival at 1 year

Trial D (He et al. 2001)

Treatments: ATRA (1.5 mg/kg per dayx42 days, p.o.), ATRA (1.5 mg/kg
per dayx14 days, p.o.) followed by SAHA (a HDACI, 50 mg/kg per dayx 28 days, i.p),
or ATRA for 42 days with SAHA for 28 days (SAHA begun on day 15)
Treatment of primary leukemic mice at leukemia onset
Cathepsin G PLZF-RARA/RARA-PLZF leukemia

ATRA (Control)

ATRA then SAHA Survival extended 7 days beyond ATRA alone

ATRA plus SAHA Survival extended 26 days beyond ATRA alone, remission

Trial E (Kosugi et al. 2001)
Treatments: ATRA (10 mg/kg per dayx35 days, i.p.), FK228 (a HDACI, 0.5 mg/kg
per day, 3x/weekx35 days, i.p.), or both
Treatment of NB4 xenograft begun 1 day after transplant into NOD-SCID mice
(10,000,000 cells, i.v.)

ATRA No increase in survival
FK228 No increase in survival
Both Survival extended 45 day

Trial F (Sohal et al. 2003)
Treatments: ATRA (10-mg 21-day-release pellet, s.c.), SU11657 (20 mg/kg
per dayx4 days, p.o.), or both
Treated at leukemia onset after transplant into sublethally irradiated
histocompatible mice (1,000,000 cells, i.v.)
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Table2 (continued)

MRP8 PML-RARA/FLT3 v leukemia

ATRA Reduced leukemia in spleen, differentiation
SU11657 Modest growth suppression
Both Remission

ATRA response of various leukemias (Zhang et al. 1996; Kogan et al. 2000;
Kelly et al. 2002; Minucci et al. 2002)
MRP8 PML-RARAm4 leukemia
Treatment: ATRA (5-mg 21-day-release pellet, s.c.)
Treated at leukemia onset after transplant into unirradiated histocompatible mice
(5,000,000 cells, i.v.)
ATRA Survival extended >12 days, but without differentiation
Cathepsin G PML-RARA/FLT3 v leukemia
Treatment: ATRA (10-mg 60-day-release pellet, s.c.)
Treated at leukemia onset after transplant into sublethally irradiated
histocompatible mice (1,000,000 cells, i.p.)

ATRA Decreased leukemia in spleen,
improved peripheral WBC differential

Retroviral PML-RARA leukemia
Treatment: ATRA (5-mg 21-day-release pellet, s.c.)
Treatment at leukemia onset after transplant into unirradiated
histocompatible mice (10,000,000 cells, i.v.)

ATRA Survival extended 22 days
Treatment of NB4 xenograft begun 1 day after transplant into SCID mice
(1,000,000 cells, i.p.)
Treatment: ATRA (10 mg/kg per day, 3x/weekx4 weeks, i.p.)

ATRA Survival extended 8 days

Other (Guillemin et al. 2002; Zhang et al. 1996; Insinga et al. 2005)
Treatments: 8-Cl-cAMP (240 pg/dayx7 days, s.c.), both 8-Cl-cAMP and ATRA
(10-mg 21-day-release pellet, s.c.), or aminophylline (2.5 mg/dayx3 days, i.p.)
Treated at leukemia onset after transplant into unirradiated histocompatible mice
(10,000,000 cells, i.v.)

MRP8 PML-RARAm4 leukemia
8-Cl-cAMP Reduced leukemia in spleen, partial differentiation
8-Cl-cAMP+ATRA Markedly reduced leukemia in spleen, differentiation
MRP8 PML-RARA leukemia
Aminophylline Reduced leukemia in spleen, partial differentiation
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Table2 (continued)

Treatment of NB4 xenograft begun 1 day after transplant into SCID mice
(1,000,000 cells, i.p.)
Treatment: Doxorubicin (1 mg/kg per day, 3x/weekx3 weeks)
Doxorubicin Survival extended 23 days
Retroviral PML-RARA leukemia
Treatment: valproic acid (400 mg/kg b.i.d.x21 days, i.p.)
Treatment at leukemia onset after transplant into unirradiated histocompatible
mice (10,000,000 cells, i.v.)
Valproic acid Survival extended 25 days

8-Cl-cAMBP, 8-chloro-adenosine 3'-5’ cyclic monophosphate; HDACI, histone deacety-
lase inhibitor; SAHA, suberoylanilide hydroxamic acid

treatment for APL than nonliposomal ATRA. (At present the liposomal for-
mulation has seen only limited clinical application.) As noted in Sect. 4, when
immunocompetent histocompatible mice engrafted with cathepsin G PML-
RARA/RARA-PML leukemic cells were treated with liposomal ATRA, 88%
were leukemia free at 1 year. In this setting, arsenic did not further enhance
survival. However, the results in immunodeficient leukemic mice treated with
liposomal ATRA plus arsenic were consistent with the other studies showing
a benefit of ATRA+arsenic: there was a trend toward improved survival in
dual-treated animals (Westervelt et al. 2002). In part based on the promising
preclinical studies in mice, ATRA+arsenic in combination with chemother-
apy was assessed in a human APL trial (Shen et al. 2004). This therapeutic
approach to APL appeared to yield the best outcome observed to date for
any human AML: Of the 21 patients who participated, all 20 who achieved
morphologically complete remission experienced relapse-free survival with
a follow up of 8-30 months (median 20 months).

7
Histone Deacetylase Inhibitors

Abnormal repression of transcription through enhanced recruitment and ac-
tivity of histone deacetylases appears important for the pathogenesis of APL.
Therefore, the efficacy of histone deacetylase inhibitors has been examined
in an ATRA-resistant APL model (He et al. 2001). Primary cathepsin G PLZF-
RARA/RARA-PLZF leukemic animals were treated with ATRA, the histone
deacetylase inhibitor suberoylanilide hydroxamic acid (SAHA), or both. Al-
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though not curative in most animals, the combination therapy could induce
remission and prolong survival to a greater extent than either agent alone.
Another study of histone deacetylase inhibitors utilized the xenograft APL
model (Kosugi et al. 2001). In this model, oral ATRA administration at the
dose used had a moderate effect on subcutaneous growth of NB4 cells, and al-
though NB4 cells are sensitive to ATRA, ATRA did not prolong survival of mice
that received NB4 cells intravenously. The addition of the histone deacetylase
inhibitor FK228 (also known as depsipeptide) to ATRA strongly suppressed
subcutaneous growth. Further, when NB4 cells were injected intravenously,
3 of 7 dual-treated mice experienced long-term survival, in contrast to un-
treated or single-agent-treated animals. Thus, the mouse APL models support
the idea that combining ATRA with a histone deacetylase inhibitor may be
useful in treatment of some human leukemia patients.

8
Additional Investigational Therapies

Other agents and combinations have been tested in mouse APL models. Ab-
normal tyrosine kinases are an attractive target for therapy of leukemias, as
evidenced by the effect of imatinib on human chronic myelogenous leukemia.
SU11657 is a tyrosine kinase inhibitor that inhibits a class of receptor tyrosine
kinases including FLT3, PDGFR, KIT, VEGFR1, and VEGFR2. The effect of
SU11657 on leukemias that arose in cells expressing MRP8 PML-RARA plus
an activated FLT3 was assessed (Sohal et al. 2003). Although SU11657 had lim-
ited effect as a single agent, the combination of SU11657 plus ATRA rapidly
restored normal hematopoiesis in the bone marrow and resulted in a marked
reduction in splenic involvement by the leukemic cells. A number of FLT3 in-
hibitors are under study in human clinical trials (Krause and Van Etten 2005).
Cyclic adenosine monophosphate (cAMP) has growth suppressive and differ-
entiative effects on myeloid leukemia cells. A RA-resistant leukemia that arose
in an MRP8 PML-RARAm4 transgenic mouse was examined in engrafted his-
tocompatible recipients (Guillemin et al. 2002). Mice were treated with a low
toxicity cAMP analog, [8-chloro-adenosine 3'-5" cyclic monophosphate (8-
Cl-cAMP)], alone or in combination with ATRA or arsenic. Treatment with 8-
Cl-cAMP had a moderate effect, whereas the combination of 8-Cl-cAMP with
ATRA induced differentiation of the ATRA-resistant leukemic cells. Theo-
phylline, an inhibitor of phosphodiesterase able to boost cAMP levels, has
subsequently been used as an adjunct to therapy in some AML patients.
Cotylenin A is a plant growth regulator that is able to induce differentiation
of human myeloid leukemia cell lines and primary AML blasts. The xenograft
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mouse model of APL was used to show that cotylenin A can prolong sur-
vival in mice engrafted with the RA-sensitive NB4 cell line, or a RA-resistant
version of NB4 (Honma et al. 2003). The possible utility of cotylenin A (or
a derivative) as an antileukemic agent in humans is not yet clear. Another
observation of uncertain clinical benefit is that hypoxia can facilitate differ-
entiation of myeloid leukemic cells in vitro. A mouse APL model was recently
used to show that the differentiative effects of hypoxia can potentially be used
to extend survival in vivo (Liu et al. 2006).

9
Therapy, Conclusions

1. Animal models of leukemia can be used to assess the potential role of
the immune system in controlling malignant cell growth, and to examine
strategies to boost the immune response to AML. The use of mouse
models in which the leukemic oncoproteins are themselves expressed
from murine genes may enhance the relevance of such studies to future
human clinical investigation.

2. APL models have been used in preclinical studies to assess the potential
value of new AML therapies.

3. Many agents that enter human clinical trials are initially assessed as single
agent therapies in phase I trials. In multiple preclinical trials in mouse
APL models, agents that appear essentially ineffective as single agents can
have very significant therapeutic effects when used in combination.

4. Preclinical studies in mice represent a valuable strategy for examining
combination therapies that should be further investigated in human clin-
ical trials. Such studies can be performed as a prelude to human trials, or
mouse studies may be performed as adjuncts to matched human clinical
trials. Adjunctive mouse trials can provide early endpoints and important
additional data.

10
Perspectives

Animal models of APL are one part of the scientific landscape that contributes
to our understanding of AML in general and APL in particular. These models
are vital for examining how genetic events individually and in combination
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alter cellular behavior in the physiologic setting in which leukemia arises.
Only in this in vivo context can hypotheses about pathogenesis be definitively
proved or refuted. Furthermore, animal models of APL are equally important
for assessing ideas regarding the value of novel therapies.

As we learn more about APL, added questions are raised. Among the areas
that animal models will be used for in the coming years are:

1. Developingabetter understanding of the cells from which relapses arise in
APL and other AMLs. (These cells are sometimes referred to as leukemic
stem cells.)

2. Identifying the critical transcriptional targets repressed by X-RAR« pro-
teins.

3. Elucidating effects on PML and its interaction partners that facilitate
leukemic transformation.

4. Delineating how events cooperate at a molecular level to block differenti-
ation and deregulate proliferation and survival.

5. Extending differentiation therapy to other leukemias.
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Abstract The PLZF gene is one of five partners fused to the retinoic acid receptor ain
acute promyelocyticleukemia. PLZF encodes a DNA-binding transcriptional repressor
and the PLZF-RAR« fusion protein like other RAR« fusions can inhibit the genetic
program mediated by the wild tpe retinoic acid receptor. However an increasing
body of literature indicates an important role for the PLZF gene in growth control
and development. This information suggests that loss of PLZF function might also
contribute to leukemogenesis.

Most cases of acute promyelocytic leukemia (APL) are caused by a chromo-
somal translocation that fuses the retinoic acid receptor a (RARa) gene on
chromosome 11 with the PML gene on chromosome 15. An unusual case was
identified with a t(11;17)(q23;q21) translocation, which resulted in fusion of
RARa with a novel gene. This gene was cloned and named the promyelocytic
leukemia zinc finger (PLZF) gene [7, 8], also known as ZNFI45 and more
recently as ZBTBI6. Since then, 17 cases of APL with a fusion between the
PLZF and RARa genes have been described [11, 21, 22, 38, 45] representing
less than 1% of cases of APL. Initial data suggested that unlike typical APL
with the PML-RARa rearrangement, these patients had a poor prognosis,
were resistant to treatment with all-trans retinoic acid (ATRA) and generally
did not respond to chemotherapy [45]. However, subsequent data suggested
that t(11;17)(q23;q21) disease can be chemotherapy-sensitive.

The promyelocytic blasts from t[11;17] APL patients show a regular nucleus
and abundant cytoplasm with either coarse granules or many fine granules.
A few cases also had Auer rods. Like the usual cases of APL, the promyelocytes
were CD347/CD13*/CD33* but were sometimes positive for the CD56 natural
killer (NK) cell antigen. It was proposed that due to their characteristic regular
nuclei and unusual immunophenotype, cases of APL with t(11;17)(q23;q21)
should be given the subclassification M3r [69].

The PLZF gene is located on chromosome 11q23, about 1 Mb centromeric
to the MLL (mixed lineage leukemia) gene. The PLZF locus was completely
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sequenced and the gene found to be contained in six exons spread over 201 kb
of DNA. Several potential splice sites exist, with alternative transcripts de-
tected in multiple tissues. The full-length transcript is 8 kb long, and has
a 6-kb 5-untranslated region of unknown function [81]. The most com-
mon alternative isoform, AS-I, is found in a large number of tissues, and is
spliced in the 5'-untranslated region (UTR), which does not alter the PLZF
coding sequence. The less common splice variants AS-II, AS-III, and AS-IV
have a restricted pattern of tissue-specific expression. These variants main-
tain the open reading frame, but encode an N-terminally truncated PLZF
protein [81].

The PLZF protein is a DNA-binding zinc finger transcription factor of
673 amino acids that generally acts as a transcriptional repressor [8]. The N-
terminal 118 amino acids constitute the PLZF BTB (broad-complex, tramtrack,
bric a brac) domain, also known as a POZ (pox virus and zinc finger) domain,
which is essential for transcriptional repression [56]. Downstream of the BTB
domain there is a second region also necessary for transcriptional repression,
RD2, [44, 58], and at the C-terminus there are nine Kruppel-like C,H, zinc
fingers that contain the DNA-binding motif. DNA-binding activity is specified
by the last three zinc fingers of PLZFE, which direct binding to the PLZF
consensus sequence GTACT/,GTAC [1].

The t(11;17)(q23;q21) translocation fuses the PLZF gene with the RAR«a
gene. In this rearrangement, the breakpoint in the PLZF locus falls between
the regions coding for zinc fingers two and three, except in one case where
the breakpoint was between zinc fingers three and four. In almost all cases,
the chromosomal rearrangement is reciprocal, leading to expression of two
fusion gene products, PLZF-RARa and RARa-PLZFE. PLZF-RARa is made up
of the transcriptional effector domains of PLZF linked to the DNA-binding and
ligand-binding domains of RARa. This acts as a dominant-negative RARa,
repressing the expression of genes normally activated by RAR«. There is
an important difference between PML-RARa, present in more than 98% of
cases of APL, and PLZF-RARa. While PML-RAR« will release co-repressors
in response to ATRA and switch, at least transiently, to a transcriptional
activator before undergoing ATRA-mediated degradation, PLZF-RARa, due
to the presence of the inherent repression domains of PLZF, remains bound to
co-repressors even in the presence of ATRA [20, 24, 29, 31, 47]. This aberrant
transcriptional repression is associated with resistance of this form of APL
to conventional ATRA treatment. The reciprocal fusion RARa-PLZF links
the ligand-independent transcriptional activation domain of RAR« to the
last seven of the nine zinc fingers of PLZF, including the DNA-binding region.
This fusion protein binds the same DNA sequences as PLZF, but does not have
the PLZF repression domains. RARa-PLZF is an oncogenic version of PLZF,
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likely activating transcription of genes that are normally repressed by PLZF,
due to the replacement of the PLZF repression domains with the activation
domains of RARa.

Regulation and control of PLZF expression is incompletely understood. The
gene is expressed in distinct temporal and spatial patterns in multiple tissues,
both during embryogenesis and in the adult, but the factors that control
these patterns have not been identified. The region immediately upstream of
the transcription start site contains a TATA box and TFIID site, and several
putative transcription factor binding sites, including AP-1 sites, multiple ETS-
binding sites and an Evi-1 binding site [72, 81]. A 1.2-kb stretch of sequence 5’
to the transcription start site conferred relative specificity in hematopoietic
cells, directing reporter activity only in cells that expressed PLZF, suggesting
that this region contains at least the myeloid-specific elements. One critical
element may be the EVI-1 site, since mutation of this site resulted in loss
of PLZF promoter activity even in myeloid lines, but an exact role of EVI-1
in regulating PLZF expression has not been established [72]. Several recent
reports indicate that PLZF transcripts can be upregulated by steroid hormone
nuclear receptors, particularly in nonhematopoietic systems. Glucocorticoids,
progesterone, and androgen have all been reported to rapidly upregulate
PLZF expression in a variety of cell lines [17, 35, 77]. This effect may not be
direct, since the glucocorticoid and progesterone receptors did not increase
transcription from the PLZF promoter in a reporter assay [17].

In the hematopoietic system, PLZF is expressed in the CD34" human pro-
genitor cell in approximately 50 small nuclear speckles, reminiscent of the
PML nuclear bodies [46]. When CD34* cells were placed into culture and
allowed to differentiate along myeloid and erythroid lineages, PLZF levels
declined with terminal differentiation [12]. This is consistent with the expres-
sion of PLZF in myeloid cell lines—expression declines during differentiation
of NB4 cells, and level of expression can be correlated to the stage of differenti-
ation in erythroleukemic, promyelocytic and monocytic cell lines [8, 46, 67].
Together this suggests that PLZF may be important for the maintenance or
survival of hematopoietic stem cells, early progenitors, or both. Interestingly,
expression has also been observed in peripheral blood mononuclear cells [46].
PLZF seems to be re-expressed in monocytes, where it plays a role in regulat-
ing monocytic differentiation through direct interaction with the vitamin D3
receptor [78]. Additionally, PLZF expression increases throughout megakary-
ocytic development. Overexpression of PLZF in an erythro-megakaryocytic
cell line induced megakaryocyte markers and expression of the thrombopoi-
etin receptor, suggesting a role for PLZF in megakaryocyte development [43].
This appeared to be mediated through interaction between PLZF and the
GATA-1 transcription factor.
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PLZF-null mice do not exhibit an obvious hematopoietic phenotype, nor do
they develop leukemia or other tumors. However, this does not rule out a role
for PLZF in hematopoiesis. A second PLZF-like gene exists, which is expressed
in a similar pattern during differentiation of hematopoietic progenitor cells.
This gene, which has been variously called PLZF2, FAZF (for Fanconi anemia
zinc finger) [30], repressor of GATA (ROG) [49, 59], and testis-specific zinc
finger protein (TZFP) [49], is extremely close (1.4 kb) to the MLL-2 gene at
19q13.1, suggesting that it arose by duplication of the PLZF-MLL locus at
11q23. The FAZF protein also has a BTB domain, and three Kruppel-like C,H,
zinc fingers highly homologous to the final three DNA-binding zinc fingers of
PLZE. It can heterodimerize with PLZF, and can bind the same DNA sequences
as PLZF in vitro [30]. FAZF is found in a pattern of nuclear foci similar to the
PLZF speckles, and forced expression in a U937 cell had the same suppression
of growth and induction of apoptosis as PLZF [12]. The phenotype of the
FAZF knockout mouse demonstrates that while FAZF has a distinct role in
other tissues, its expression and function overlap with PLZF in the CD34"
progenitor cell [65]. This all suggests that FAZF might compensate for the
lack of PLZF during hematopoietic development.

PLZF is expressed in a number of tissues outside the hematopoietic sys-
tem. During development of the central nervous system PLZF is expressed in
a segmental pattern in hindbrain [9], indicating possible regulation of tran-
scription of the Hoxb2 gene. A PLZF-binding site was found in the Hoxb2 5’
flanking region and PLZF could repress the Hoxb2 promoter in cotransfection
assays [36, 37]. PLZF expression is also notable in the limb buds where Hox
genes have an essential role. Mice lacking PLZF display limb defects including
the presence of extra as well as transformed digits [3]. Decreased expression
of the bone morphogenic protein 7 (Bmp7) gene, which controls cell prolif-
eration and programmed cell death in the developing limb, was also noted.
Homeotic changes were noted in the spine and were associated with a more
posterior expression boundary for the Hoxc6 and Hoxc8 genes. The limb buds
of PLZF-null mice also showed increased proliferation and decreased apop-
tosis consistent with data demonstrating PLZF to be a growth suppressor.
This phenotype was associated with a more anterior pattern of expression of
Hoxd genes in the developing hind limb, suggesting that PLZF might globally
inhibit the expression of this class of Hox genes. Direct regulation of the Hoxd
gene cluster by PLZF was demonstrated, reinforcing the role of PLZF in regu-
lation of homeobox genes [4]. This may also reflect a similar role for PLZF in
hematopoiesis, since Hoxb2 among others, is also expressed in CD34" progen-
itor cells. These data also indicate, however, that as suspected and found for
many other leukemia-associated proteins [51], such as MLL [80], Hox genes
may be major targets of PLZF and its fusion protein with RARa.
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PLZF is expressed in both prostate and uterine tissues, where as discussed
above, expression was upregulated in response to steroid hormones. Gluco-
corticoid and progesterone treatment of endometrial stromal and myometrial
cells led to increased PLZF levels [17]. PLZF may in part mediate growth sup-
pression by these agents. PLZF was detected in the uterus in the mid and late
secretory phase of the menstrual cycle but not in the proliferative phase, con-
sistent with the general negative effect of PLZF on cell growth. Also consistent
with an antiproliferative effect, PLZF overexpression in a prostate cancer cell
line inhibited cell proliferation. In addition, PLZF was identified as a gene up-
regulated in prostate tissue by androgen treatment [39], and in breast cancer
cells in response to glucocorticoids and progestins [77].

It was recently noted that PLZF, while expressed in normal melanocytes,
is absent in melanoma, both in primary cells and in melanoma cell lines [18].
Overexpression of PLZF in melanoma lines caused a decrease in prolifera-
tion, blocked invasion and foci formation in semi-solid media, and enhanced
melanocytic differentiation. Additionally, melanoma cells expressing PLZF
had reduced growth in nude mice compared to parental cells, implying PLZF
has tumor suppressor activity that was lost in this malignancy [18].

PLZF has traditionally been thought of as a nuclear protein, as befits
a transcription factor, and in fact it is localized to the nucleus [46, 67] in the
distinct nuclear speckled pattern described earlier. The speckled distribution
is dependent on the presence of the BTB domain [16]. The identity and
function of the PLZF speckle is as yet unclear, with some data suggesting
that PLZF at least partially colocalizes with PML in PML nuclear bodies [42],
while other data suggest that the two proteins are in adjacent but different
structures in the nucleus [68]. In typical t(15;17) APL, PLZF is delocalized
into a micro-speckled nuclear pattern similar to PML-RARa, suggesting that
PLZF may normally be associated with PML.

As discussed, full-length PLZF has been best characterized as a repressor
of gene expression. Two different portions of PLZF can act as repression do-
mains when tethered to the GAL4 DNA-binding domain. The first is the BTB
domain, which interacts with nuclear receptor co-repressors N-CoR, SMRT,
and Sin3A as well as histone deacetylases (HDAC) 1 and 4 [6, 13, 20, 24, 31, 32,
47]. The BTB domain must dimerize to mediate repression [56]. Dimeriza-
tion creates a highly conserved charged pocket, and mutations in the pocket
impact repression activity. In the isolated BTB domain tethered to GAL4, mu-
tation of critical residues in the pocket changed the domain from a repressor
to an activator, and when the same mutations were made in full-length PLZF,
the protein was inactive for transcriptional repression and subsequent growth
suppression. A second repression domain in the center of the protein bears
no similarity to other transcriptional effector domains and binds to a protein
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called ETO (the eight-twenty-one oncoprotein, also known as RUNX1T1).
ETO, the fusion partner of AMLI1 in t(8;21)-associated M2 leukemia, acts
a co-repressor for PLZF, and itself binds to mSin3A, N-CoR, and SMRT co-
repressors [58]. PLZF repression is blocked by the AML1/ETO fusion protein,
in part by inhibition of PLZF DNA binding and by removal of PLZF from
the nuclear matrix [57]. This finding suggested that PLZF function might be
disrupted in other forms of leukemia. Deletion of either the BTB domain or
the second repression domain of PLZF severely impaired the ability of PLZF to
repress transcription and to cooperate with ETO or other co-repressors [58].
It is believed that PLZF dimerizes and forms a multi-protein complex that in-
cludes co-repressors and histone deacetylases. In accordance with this model,
specific histone deacetylase inhibitors such as trichostatin A can reverse re-
pression by PLZF [14]. PLZF can dimerize with other ZF-BTB-containing
proteins in vitro, notably BCL6 [15] and FAZF (Fanconi anemia zinc fin-
ger/ZBTB32) [30] but the consequence of this for PLZF activity remains to be
clarified.

It should be noted thatin addition to HDAC recruitment, other mechanisms
of transcriptional repression by PLZF could be at play. Several other proteins
have been found in complexes with PLZE. PLZF has a predicted molecular
weight of 70 kDa, but binds to DNA as a high molecular weight complex
of nearly 600 kDa [1]. Deletion of the BTB domain of PLZF reduced this
DNA-protein complex to about 150 kDa, approximately one quarter of the
size associated with the full-length protein. This suggests that the presence
of BTB domain may allow two dimers of PLZF to form on a DNA-binding
site. In accordance with these studies, atomic force microscopy analysis of
PLZF binding to the Hoxd11 promoter concluded that PLZF bound to DNA as
a dimer, formingloops of naked DNA [4]. DNA looping through the formation
of PLZF dimers or multimers might allow repression by PLZF to be propagated
at distant sites. The identity of the other proteins in the 600-kDa complex is
uncertain. One protein identified is the kinase protein cdc2, which may play
a role in the phosphorylation of PLZF. Phosphorylation of PLZF is thought
be critical for its function, as treatment of PLZF with a phosphatase leads
to loss of DNA-binding activity [1]. In addition, a tyrosine phosphorylation
was identified at the extreme C-terminus of the PLZF protein [70]. Cdc2
was previously implicated in transcriptional repression by phosphorylation
of basal transcription factors [50], another possible mechanism by which
PLZF might influence repression. In contrast, the RARa-PLZF protein, which
is devoid of both the BTB and the RD2 domains of PLZF, forms a 40-kDa
complex with DNA exactly as predicted from its molecular weight. It does
not bind to cdc2 and is unaffected by phosphatase treatment [1]. These data
suggest that RARa-PLZF is not subjected to the same regulation as wildtype
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PLZF and is consistent with the notion that this leukemia-associated protein
is a potent dominant-negative inhibitor of PLZE.

Several other proteins were also found to interact with PLZF and enhance
its repressive action. VDUP1, also known as TRX2 (thioredoxin binding pro-
tein 2) is a nuclear and cytoplasmic protein mutated in hyperlipidemia syn-
dromes. PLZF was identified in a two-hybrid screen as a VDUPI1 partner [26],
and although overexpressed PLZF and VDUP1 can interact, it is not yet certain
if this is a significant interaction in vivo. Nevertheless, VDUP1 can augment
repression by PLZF in reporter gene assays. Since VDUP1 binds thioredoxin,
it is intriguing to speculate that thioredoxin could affect the redox state of
PLZE, or link PLZF function to the cellular redox state. PLZF can also in-
teract with the LIM (Lin11, Isl-1, and Mec-3) domain protein DRAL/FHL2,
an interaction that requires both the BTB domain and the second repression
domain of PLZF [55]. Co-expression of DRAL augmented transcriptional re-
pression by PLZF. DRAL was localized in both the nucleus and cytoplasm, and
serum stimulation of cells increased nuclear accumulation of DRAL, further
increasing PLZF repression.

Additionally, PLZF interacts with Bmi-1, a member of the Polycomb pro-
tein family implicated in chromatin remodeling [4]. Work is ongoing in our
laboratory and others to define a precise role for PLZF in repression-associated
changes in chromatin structure.

Interestingly, there is a stretch of acidic residues C-terminal to the BTB
domain of PLZF that, when tethered to GAL4, acts as a transcriptional ac-
tivator [44]. Activation is not observed with full-length PLZF protein in the
majority of biological systems. However, the presence of this domain raises
the possibility that in some context, PLZF might activate gene expression. In
this respect, it is worth noting that forced PLZF expression in the erythro-
megakaryocytic TF-1 cell line leads to weak activation of a thrombopoietin
(TpoR) reporter, correlated with the presence of a PLZF-binding site in the
TpoR promoter and induction of TpoR expression after PLZF induction [43].
Similarly, it was demonstrated that PLZF can bind a consensus sequence
from the p85a (phosphoinositide 3-kinase) PI3K promoter. Promoter activity
is reduced when the PLZF site is lost, and PLZF is necessary for increasing
p85a PI3K levels [70]. Transcriptional upregulation of CBFA1 [RUNX2] was
demonstrated by forced PLZF expression in C2C12 cells [35]. Although these
systems do not provide a mechanism, or even evidence, of direct activation
of gene expression by PLZF, the possibility that PLZF acts as a bifunctional
transcription factor is intriguing. Work underway in our laboratory to purify
interaction partners for PLZF may help address the possible mechanism of
PLZF-mediated transcriptional activation.
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There is a growing body of evidence that, in addition to the nucleus,
PLZF can be found in the cytoplasm. In a process called “ectodomain shed-
ding,” a membrane-anchored ligand for the epidermal growth factor receptor
(EGFR) HB-EGF (heparin-binding EGF-like growth factor) is cleaved, gen-
erating a small, roughly 7-kDa fragment of HB-EGF in the cytoplasm of the
cell. This translocates to the nucleus where it binds PLZF through the first
three (N-terminal) zinc fingers of PLZF [60, 61]. This causes export of PLZF
from the nucleus in late S-phase of the cell cycle, resulting in the loss of PLZF-
mediated transcriptional repression and consequent growth suppression [74].
This phenomenon can be stimulated by addition of the phorbol ester (TPA) to
primary keratinocytes, a cell where PLZF is naturally expressed. This results
in hyperplasia of the keratinocytes, consistent with the loss of PLZF-mediated
growth suppression.

In addition, PLZF has been shown to interact with the cytoplasmic protein
epsinl, a protein similar in structure to B-catenin, resulting in the relocal-
ization of epsinl and PLZF to the nucleus [34]. In a cardiac myocyte model,
stimulation of cells with angiotensin II led to phosphorylation of cytoplasmic
PLZF, association with epsin, and translocation of both PLZF and epsin to
the nucleus, followed by upregulation of expression of the p85a subunit of
PI3K [70]. Translocation was dependent on PLZF phosphorylation, since both
inhibition of tyrosine kinase activity, and a nonphosphorylatable mutant of
PLZF, prevented relocalization. Whether PLZF has some nontranscriptional
role in the cytoplasm or whether removal to the cytoplasm is simply a way
of negatively regulating its transcriptional activity has not been determined.
Further, this cytoplasmic shuttling has not been documented in a hematopoi-
etic cell, leaving its relevance to the progenitor cell and the development of
APL unclear.

Modulation of PLZF action occurs via several mechanisms. As discussed
above, changing the cellular localization of the protein is an effective way of
reducing transcriptional activity. In addition, PLZF activity can be modulated
by posttranslational modifications. PLZF is a phosphoprotein, and phospho-
rylation was shown to be essential for both nuclear localization and DNA
binding [1]. Regulation of phosphorylation would presumably regulate PLZF
activity, although this has not been demonstrated to date in vivo, nor are the
kinases or phosphatases known.

Like other transcription factors, PLZF can be acetylated. The acetyltrans-
ferase p300 acetylates specific lysine residues in zinc fingers 6 and 9. The
p300 is generally associated with activation of transcription; however, acety-
lation of PLZF by p300 increased its DNA-binding activity, which enhanced
transcriptional repression and consequent growth suppression by PLZF [23].
Deacetylation of PLZF could potentially be carried out by any one of the HDAC
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proteins that have been shown to interact with PLZF [6, 47]. In addition, the
class III HDAC SIRT1 has been shown to deacetylate PLZF [54]. The physio-
logical stimuli that induce PLZF acetylation and deacetylation have not been
identified.

In a recent paper, one group found that PLZF could be modified in vitro
by the small ubiquitin-like molecule SUMO. The modification occurred at
a lysine in RD2, the second repression domain of PLZF [40]. Sumoylation
increased DNA binding, and mutation of this lysine residue (K242) resulted
in decreased DNA binding and transcriptional repression, suggesting that
sumoylation augments transcriptional repression by PLZE. Whether PLZF
sumoylation occurs in vivo has not been determined, although PLZF is found
in PML bodies, where a number of proteins are known to be sumoylated. Fur-
ther, sumoylation is associated with transcriptional repression and repressive
chromatin, again reminiscent of the action of PLZF [27].

Growth factor-mediated signaling may also modulate PLZF-mediated gene
repression. We found that transcriptional repression by PLZF was inhibited by
co-expression of a mutant, constitutively active form of the tyrosine kinase re-
ceptor Flt3. Flt3 is the most common mutation identified in human leukemia
and mediates signaling through the ras-mitogen-activated protein (MAP)
kinase pathway as well as through the Janus kinase/signal transducer and
activator of transcription (JAK-STAT) pathway [19]. Co-expression of consti-
tutively activated ras or stress kinases also blocks transcriptional repression
by PLZF [32, 82]. Signaling by active Flt3 decreases the PLZF-SMRT interac-
tion, and PLZF repression accordingly. There is an increase in the interaction
between SMRT and the p65 subunit of nuclear factor (NF)-kB, resulting in
the NF-xB-dependent relocalization of SMRT to the cytoplasm [73]. This may
represent a general way in which signaling influences multiple transcriptional
repressors that utilize the SMRT cofactor.

A more specific mechanism may be via the direct phosphorylation of
PLZF. PLZE, expressed at high levels in the heart [67], is tyrosine phospho-
rylated and translocated to the nucleus in response to the cardiac hormone
angiotensin II [70]. This phosphorylation was reported to be necessary for
receptor signaling, upregulation of PI3K expression and subsequent p70 S6
kinase activation, an event associated with increasing protein synthesis. Acti-
vation of PI3K is a common event in myeloid leukemia [19], and is essential for
leukemogenesis mediated by the Abl oncogene [41]. Whether PLZF can up-
regulate the PI3K pathway in hematopoietic cells has not been yet established,
but is an interesting possibility. It will be important to determine whether
the RARa-PLZF protein generated in APL will have a more striking effect
on p85a expression. Activation of the PI3K pathways by RARx-PLZF might
explain in part its ability to induce myeloproliferation [28].
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PLZF has been shown to interact with other factors important in
hematopoiesis. The nuclear receptor RARa binds the first three zinc fingers
of PLZE, which results in a block in ATRA-induced RAR« activation [52],
a process central to differentiation of hematopoietic cells. The transcription
factor GATA2, which is important for hematopoietic progenitor cell commit-
ment [62], also interacts with PLZF, leading to a block in GATA2-mediated
transactivation [75]. The effect of these interactions on PLZF repression
activity has not been described, but downregulation of the action of other
factors is a significant way in which PLZF could modulate hematopoietic
development. Interestingly, both a physical interaction and functional
crosstalk between RARa and GATA2 has been described in myeloid differen-
tiation [76], suggesting that regulation of this process by PLZF would have
a significant role in normal and malignant hematopoiesis.

The consequence of PLZF expression varies between cell type. In myeloid
cells, PLZF expression results in inhibition of cell growth associated with cell
cycle arrest, and a block in differentiation. Prolonged PLZF expression in the
APL cell line NB4 causes an accumulation of cells in S-phase, pointing to a de-
lay in S-phase progression [79]. 32Dcl3(G/GM) cells overexpressing the PLZF
protein were highly growth inhibited, accumulated in G1, traversed S phase
slowly, and had an increased rate of apoptosis [71]. Acute infection of these
32D cells with a PLZF-containing retrovirus was associated with arrest of
cells in the S-phase of the cell cycle, implicating cyclin A as a potential target.
PLZF can bind and repress the cyclin A2 promoter, and growth suppression
mediated by PLZF was overcome by enforced expression of cyclin A2 [79].
Similar effects on cyclin A2 expression and cell cycle progression were ob-
served in NTH3T3 cells expressing PLZF. Induction of PLZF in the monocytic
U937 cell line led to growth suppression accompanied by G1 arrest [78]. Ad-
ditionally, we found that c-myc expression is dramatically inhibited in this
system, which correlates with occupancy of a PLZF-binding site in the c-myc
promoter as shown by chromatin immunoprecipitation [53]. Hence PLZF
may inhibit proliferation by repressing the expression of multiple cell cycle
regulators.

PLZF expression inhibited myeloid differentiation induced by granulo-
cyte colony-stimulating factor (G-CSF) or granulocyte-macrophage (GM)-
CSF and led to the upregulation of the early hematopoietic marker Scal [71].
PLZF expression in the U937 cell line inhibited the ability of vitamin D3 (VD3)
to stimulate monocyte differentiation of these cells, while leaving granulo-
cyte differentiation in response to retinoic acid intact [78]. Similarly, forced
PLZF expression inhibited VD3-mediated differentiation in HL60 cells [66].
PLZF-mediated inhibition of the action of VD3 was associated with the ability
of the BTB domain of PLZF to bind to the vitamin D3 receptor (VDR) and
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inhibit transcriptional activation by VDR. PLZF did not block differentiation
in response to ATRA in U937 cells.

In contrast to neutrophils where PLZF is downregulated relative to the pro-
genitor CD34" cell, in circulating lymphocytes PLZF expression remains high,
comparable to the level in CD34" cells [64]. Treatment of resting B lympho-
cytes with phorbol myristate acetate, an agent that induces proliferation and
differentiation, decreased PLZF expression while upregulating expression of
the PLZF target cyclin A [63].

The data concerning PLZF and apoptosis are inconsistent and suggest that
the effect of PLZF on cell death may be cell type- and context-dependent. PLZF
protected the interleukin (IL)-3 dependent 32D cell from apoptosis caused by
growth factor withdrawal, although the basal apoptosis rate for 32D-PLZF cells
in the presence of IL-3 was higher than the parental cell [71]. The U937T:PLZF
inducible cell model shows an increase in apoptosis upon PLZF induction, but
only after several days of continued expression [53], implying that induction
of apoptosis is not a direct effect. Expression of the pro-apoptotic protein
BID is repressed by PLZF in Jurkat cells, again suggesting an anti-apoptotic
function for PLZF [64].

Together these data lead us to hypothesize that PLZF plays an essential role
in the quiescence and resistance to apoptosis exhibited by hematopoietic stem
cells. Expression of PLZF in the stem cell may be important for maintaining
a pool of undifferentiated, self-renewing stem cells. This is highlighted by the
knockout mouse, where the balance between quiescence and cycling of CD34*
cells is reportedly disrupted, a feature shared by the FAZF-null mouse [65].
The importance of PLZF for maintenance of the hematopoietic stem cell is
reflected in other stem cell systems. An essential role for PLZF has been
demonstrated in the male germline stem cell. Both the Plzf '~ mouse and the
luxoid mutant mouse (which has a Plzf mutation) have an age-dependent loss
in self-renewal potential of the spermatogonia [5, 10]. This strongly supports
the hypothesis that loss of PLZF leads to unrestricted exit from quiescence,
diminishing the stem cell pool and causing premature progenitor loss due to
the limited proliferative potential of committed progenitor cells. This effect
of PLZF might be relevant to APL. Loss of one allele of PLZF might lead to
deregulation of the stem cell; a decision in favor of proliferation may be made
rather than quiescence. In this regard we note that while PLZF is a growth
suppressor, the RARa-PLZF oncoprotein, which can bind to many of the same
DNA-binding sites of wildtype PLZF, activates genes that PLZF represses and
induces a myeloproliferative disease in mice.
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Summary

The study of the t(11;17)-associated forms of APL and the PLZF protein has
served as a paradigm for the role that aberrant transcriptional repression
plays in hematological malignancy. The resistant phenotype of t(11;17) APL
can be explained in part by a gain-of-function mutation of RARa in which
the protein becomes a constitutive repressor of key genes required for normal
myeloid maturation. However, closer study of PLZF has revealed additional
layers of complexity in the development of APL. PLZF is clearly a growth sup-
pressor that inhibits cell cycle progression in a number of processes including
hematopoiesis, potentially by inhibiting expression of cyclins and c-myc. In
APL, loss of PLZF expression and consequent growth suppression, combined
with gain of the RARa-PLZF oncogene, plays an essential role in the aberrant
gene expression associated with leukemia. PLZF expression is itself under
temporal and spatial control, and the transcriptional function of the protein
can be regulated by multiple posttranslational modifications and by relocal-
ization within the cell. These findings also imply that PLZF and the related
FAZF gene may be important for the proper control of growth and homeostasis
of multiple tissues. Unresolved questions in regard to PLZF include its exact
mode of repression, and key transcriptional targets and physiological stimuli
that lead to its posttranslational modification and subsequent regulation of
transcriptional function.
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Abstract SUMO modification (sumoylation) plays important roles in nucleo-
cytoplasmic transport, maintenance of sub-nuclear architecture, the regulation
of gene expression and in DNA replication, repair and recombination. Here we
review recent evidence for SUMO’s role in protecting genomic integrity at both the
chromosomal and the DNA level. Furthermore, the involvement of sumoylation and
of specific SUMO targets in cancer is discussed.

1
Introduction

Protein modification by SUMO (small ubiquitin-like modifier, sumoylation) is
conserved in all eukaryote cells and is essential for all dividing cells. Sumoy-
lation involves the sequential action of SUMO activating (E1), conjugating
(E2) and ligase (E3) activities to produce a covalent conjugate of one or more
SUMO moieties with a target protein via an isopeptide linkage between the
carboxy-terminal glycine of SUMO to a specific lysine residue of the target.
Sumoylation is a highly dynamic process since the steady-state level of SUMO-
conjugated proteins is maintained by the sum of SUMO conjugating (E1, E2,
E3) and de-conjugating activities (the SUMO proteases, or SENPs/Ulps). Un-
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like ubiquitylation, which relies on a similar but distinct modification pathway,
sumoylation does not tag proteins for proteasomal degradation, but rather,
like all post-translational modifications, alters the target protein’s interacting
properties.

A simple, unifying function of sumoylation has remained elusive, and it
appears that the spectrum of functions for this modification is as wide as that
of its targets. To date, some 100 SUMO substrates have been reported, but
despite this wealth of information, mechanistic insight into SUMO function
is accumulating only slowly. One reason for this is surely technical: detailed
analysis is hampered by cellular de-sumoylating activities that generally per-
mit only a small fraction of a given protein to remain in the modified state and
further, because specific probes that distinguish modified from non-modified
proteins do not as yet exist. Nevertheless, it can be said that sumoylation,
like all other ubiquitin-like modifications, is intimately tied to the basic ac-
tivities and challenges faced by eukaryotic cells. First, the ‘nuclear’ condition
requires regulating nucleo-cytoplasmic transport. Hence, sumoylation regu-
lates nuclear import and export, and conversely, nuclear transport regulates
sumoylation [90]. Second, the large and complex eukaryotic genome must be
carefully managed, first to ensure its faithful transmission to the next genera-
tion, and second for the regulation of gene expression programmes essential
for cell proliferation and differentiation. SUMO has thus been shown to play
critical roles in the maintenance of genomic integrity and in transcriptional
regulation, two processes that involve DNA transactions at the higher-order
chromatin level.

Sumoylation of most targets has been shown to require a specific consensus
sequence, the YKxE/D motif, where y is a large hydrophobic residue (Leu,
Ile, Val) and K is the target Lysine, often separated by one amino acid (x) from
an acidic residue (Glu or Asp) [92]. Given that the SUMO pathway relies on
only one type of E1 (the Aos1/Uba2 heterodimer) and E2 (Ubc9) activity, the
demonstration of a third class of factors, the E3 ligase enzymes, has provided
an additional level of control for sumoylation substrate specificity besides the
above-mentioned consensus sequence. Three classes of E3 enzymes have been
described to date: (1) the SIZ/PIAS (protein inhibitor of activated Stat) [51,
112, 100] and related SP-RING domain proteins [2, 128], (2) RanBP1 [89] and
(3) Pc2 [54]. All possess specific subcellular localization properties, suggesting
that sumoylation is subject, in part, to strict spatial control within the cell.
The further study of these E3 ligases as well as their associated proteins will
undoubtedly provide much needed information on the regulation of SUMO
modification in vivo.

Neoplastic transformation is both the consequence and the cause of ge-
nomic instability. Therefore, understanding how a large and complex genome
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is faithfully transmitted, and how transmission errors are either prevented
or sensed and corrected, is key to understanding carcinogenesis and the de-
velopment of rational therapeutic strategies. Given the context of the present
volume, we will focus this review on the roles played by SUMO and the sumoy-
lation machinery in the regulation of DNA replication, repair and recombi-
nation. For the involvement of SUMO in transcriptional regulation [119, 33],
nucleo-cytoplasmic trafficking and protein targeting [90] and recent struc-
tural insight into the sumoylation reaction [71], the reader is referred to
detailed previous reviews. Starting with perhaps the most visible role of
sumoylation, the maintenance of proper chromosome structure and func-
tion, we will then discuss some of the possible mechanisms responsible at
the DNA level. Finally, we will attempt to relate some of these findings to the
involvement of SUMO and its substrates in oncogenic or tumour-suppressive
mechanisms.

2
At the Chromosomal Level

Defects in DNA replication and repair often manifest themselves at the time of
cell division when sister chromatids separate and cells undergo cytokinesis.
Reverse genetic approaches using model organisms have thus provided the
primary, phenomenological evidence that sumoylation is intimately involved
in chromosome structure and function. Mitotic defects, such as anaphase
bridges and cohesion defects that lead to chromosome loss or fragmentation,
have been associated with mutations in essentially all genes that encode SUMO
pathway components (see Table 1 and below). Moreover, cells hypomorphic
for, or lacking SUMO, E1, E2 or E3, or Ulp functions, display hypersensitivities
to DNA-damaging agents (ionizing radiation, UV or genotoxic chemicals) that
either activate cell cycle checkpoints or are the cause of aberrant mitosis (or
both). There has been significant progress in our understanding of the under-
lying molecular mechanisms, and we will first discuss some key findings that
link sumoylation with chromosome cohesion, condensation and separation
as well as centromere and telomere function.

2.1
Chromosome Cohesion and Condensation

The packaging and replication of higher eukaryotic chromosomes re-
quires a carefully orchestrated series of events mediated by the highly
conserved structural maintenance of chromosomes (SMC) proteins and
their co-factors [66]. These proteins, divided into three subgroups, ensure
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the cohesion of sister chromatids (cohesins, SMC1, SMC3), their subsequent
condensation in preparation for anaphase chromosome segregation (con-
densins, SMC2, SMC4) and play important roles in DNA repair (SMC 5-6
complex [72, 86]). The activity of these complexes, together with non-SMC
proteins (NSEs), is intimately linked, since, for example, chromosome
condensation must occur after the successful resolution of sister chromatids,
which, in turn, depends on the proper loading and partial unloading (after
DNA synthesis) of cohesin subunits. Hence, dysfunction of proteins involved
in cohesion (e.g. Pds5 or Scc1/Mcdl) leads to condensation defects [41, 37].
Recent work (reviewed in [43]) has also underscored the importance of sister
chromatid cohesion in the repair of DNA double-strand breaks.

A number of the proteins involved have been shown recently to be modified
by SUMO or to participate in the sumoylation of specific targets (see below).
Moreover, several earlier studies had already implicated SUMO and sumoyla-
tion in chromosome dynamics. For example, the budding yeast SUMO gene
(SMT3) was first described as a high-copy suppressor of a mutation in the
gene for the centromeric Mif2p (CENP-C homologue) protein [76]. A ge-
netic screen for defects in chromosome cohesion similarly yielded SMT3 [9]
and disruption of SMT4, the gene for the Smt4p/Ulp2p de-sumoylase, led
to impaired condensin targeting to the ribosomal DNA (rDNA) loci [109],
a phenotype that could be partially rescued by synthetic over-expression of
SIZ1, the gene later shown to encode one of the PIAS-type SUMO E3 ligases
in budding yeast. In flies, mutation of the putative PIAS family SUMO E3
ligase Su(var)2-10leads to chromosome segregation defects, enhanced mini-
chromosome loss and abnormal telomere clustering [40], and flies carrying
a mutant Ubc9 (E2) allele (Iwr, lesswright) exhibit dominant suppression of
a meiotic non-disjunction phenotype that is the result of a second-site muta-
tion in the meiotic spindle apparatus [3].

A recent study [106] of the budding yeast Pds5 protein provided one possi-
ble SUMO target in chromosome cohesion. Pds5 is required for stabilizing the
cohesin-chromatin interactions, and it was shown that over-expression of the
SUMO protease gene SMT4 partially rescues the mitotic cohesion defect of
a temperature-sensitive PDS5 mutation. Moreover, Pds5 was also shown to be
sumoylated, with a peak of sumoylation at anaphase. This suggests that Pds5
de-sumoylation (promoted by Smt4p/Ulp2) is required for cohesion main-
tenance, and conversely, that Pds5 sumoylation promotes the dissolution of
cohesion required for mitosis.

Another SUMO substrate involved in chromosome cohesion is topoiso-
merase II (Topo-II; budding yeast Top2), a key enzyme required for the
decatenation of sister chromatids prior to chromosome condensation and
segregation. The study of budding yeast cells arrested at the G2/M DNA dam-
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age checkpoint revealed that mutants for the SMT4 SUMO protease gene
displayed defects in centromeric cohesion, suggesting that over-expressing
the (hypo-sumoylated-) SUMO substrate normally targeted by Smt4 might
rescue this defect [7]. Indeed, a screen for high-copy suppressors yielded
TOP2, and the authors showed that expression of a non-modifiable Top2 also
partially compensated for the cohesion defect. These observations suggest
that sumoylation is necessary both for the resolution of chromatid fibres
after DNA synthesis and for the control of untimely separation of sister chro-
matids in centromeric regions. Consistent with these findings, mammalian
centromeres had been shown previously to be enriched in SUMO and sumoy-
lated proteins [27]. Studies using the Xenopus system demonstrated that
inhibition of sumoylation (using a dominant-negative, catalytically inactive
form of Ubc9) leads to chromosome dissociation defects, possibly also as
a result of Topo-II hypo-sumoylation [5]. This work, seemingly at odds with
that in yeast, also provided evidence that a sub-pool of Topo-II might work
non-catalytically by establishing cohesion as a (non-decatenating) protein
scaffold that requires sumoylation for dissolution.

2.2
Specialized Chromatin, Centromeres and Telomeres

The special chromatin structure of certain chromosomal regions such as the
rDNA loci, the centromeres and telomeres, makes particular demands on
the cellular DNA replication, repair and cohesion/condensation systems. One
challenge, for example, is to avoid illegitimate homologous recombination
between repeated sequences in cis or between sister chromatids (in G2),
that could lead to loss of genetic material. As mentioned in the previous
section, sumoylation is associated with the proper loading of condensins to
rDNA [109], and the sumoylation of Ycs4, a budding yeast condensin subunit,
has been shown to be involved in the proper condensation and segregation
of rDNA [19]. Mutation of the newly described SUMO E3 ligase Mms21p in
budding yeast (discussed further in the following section) leads to defects in
both nucleolar and telomere structure [128]. Severe nucleolar disaggregation
could also be observed in day 5 mouse embryos homozygously inactivated
for Ubc9 [132].

Centromeric chromatin, which is the site of kinetochore assembly and
microtubule attachment [12], seems particularly sensitive to disruptions of
the sumoylation pathway. For example, loss of SUMO (Pmt3p) or of the PIAS-
type E3 ligase Plilp in fission yeast leads to aberrant mitoses, enhanced mini-
chromosome loss, sensitivity to the microtubule poison thiabendazole (TBZ)
and loss of transcriptional silencing [113, 126]. Strikingly, mutation of Plil,
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which is correlated with severe reduction of global cellular sumoylation, also
causes a significant increase in gene conversion (homologous recombination)
events at the centromeric central core and inner repeat sequences [126].
Sumoylation thus appears to be directly involved in the control of homologous
recombination (see the following section). Indeed, this pathway is not only
required for the survival of plil mutants but also in de-sumoylating enzyme
ulpl mutants of budding yeast [105], possibly because it represents the ‘last
recourse’ repair mechanism for replication damage incurred in the absence
of sumoylation.

Telomeres consist of specialized heterochromatin that function to protect
the ends of linear chromosomes from erosion (i.e. DNA synthesis-associated
shortening, the ‘end-replication’ problem; reviewed in [104]) and the inappro-
priate activation of DNA damage checkpoints. While sumoylation appears not
to affect telomere length in budding yeast [51, 128], SUMO or plil mutants of
fission yeast display rapid telomere elongation [113, 126]. Recent work further
showed this to require telomerase (B. Xhemalce, E.M. Riising, P. Baumann,
A. Dejean, B. Arcangioli and J. Seeler, manuscript submitted), but whether
this enzyme or other telomere-associated proteins represent(s) the SUMO
target(s) involved, remains an open question. Nonetheless, given the role of
telomeres in the control of cell life span (senescence) and in tumour biology,
it will be interesting to know whether higher eukaryotic cells possess similar
sumoylation-dependent mechanisms for the regulation of telomere length.

3
DNA Replication and Repair

The DNA genome is under constant threat of damage from extrinsic and
intrinsic factors, and thus cells have evolved complex systems for damage
avoidance and repair. The choice of which system to use depends not only on
the type of DNA lesion, but also on the cell cycle phase in which it occurs.
Double-strand breaks (DSBs) occurring in G1, for instance, are usually re-
paired by non-homologous end-joining (NHE]), whereas in G2, homologous
recombination (HR) may make use of the sister chromatids to effect error-
free repair. Moreover, it must be borne in mind that DNA repair pathways
themselves render cells vulnerable to genomic instability if reaction inter-
mediates [single-stranded DNA (ssDNA), nicks, gaps, double-strand breaks,
cleavable complexes, Holliday junctions, etc.] are not properly resolved or at
least protected. For example, in budding yeast, mutation of the DNA helicase
SGS1 suppresses a mutation in the type 1 topoisomerase TOP3. Epistasis and
biochemical analysis has further revealed that SGSI and TOP3 operate in the
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same pathway and that the activity of Sgs1 creates recombinogenic interme-
diates that are toxic if not processed by Top3 [31, 28]. DNA replication also has
a dual role, as replication fork passage can, on the one hand, provide a second
chance to repair previously undetected single-stranded lesions, but, on the
other hand, transform these same lesions into more dangerous ones (like DSBs
or mutations). Moreover, stalling of replication forks in front of ‘normal’ se-
quence secondary structures (e.g. repeats), protein/DNA complexes or upon
temporary nucleotide depletion can be harmful since, if left unprotected, such
forks may collapse and expose stretches of recombinogenic ssDNA.

One mechanism to restart stalled replication forks uses enzymes encoded
by the RAD6 epistasis group, which form part of a ubiquitylation system
required for post-replicative repair (reviewed in [116]). One branch of this
system, considered error-prone, uses alternative DNA polymerases for DNA
synthesis across the lesions by (so-called translesion synthesis, TLS), while
another mechanism uses the information from the undamaged sister duplex
to carry out error-free repair. A key study [45] revealed the DNA synthesis pro-
cessivity clamp PCNA (proliferating cell nuclear antigen, or pol30 in budding
yeast) to be the critical ubiquitin target in this process. Poly-ubiquitin mod-
ification of PCNA (via the non-standard K63 linkage, and hence unaffected
by proteasomal degradation) was shown to be required for error-free repair
of induced DNA lesions. By contrast, mono-ubiquitylated PCNA (achieved
by mutating the UBCI3, MMS2 or RAD5 genes required for ubiquitin poly-
merization) preferentially channelled repair towards the TLS error-prone
system [108, 55, 123]. Interestingly, the ubiquitylated lysine residue of PCNA
(K164) was found also to be sumoylated, as was a (non-ubiquitylated) second
site (K127). Analysis of the damage sensitivities of PCNA single (K164R) and
double (K164/127R) lysine mutations further suggested that sumoylation of
PCNA exerts an inhibitory effect on error-free repair, since the non-modifiable
double mutant was less sensitive to damaging agents than the K164R single
mutant. Consistent with this, mutation of the SIZI gene encoding a SUMO E3
ligase alleviated the damage sensitivity of the PCNA K164R single mutant, and
additional genetic experiments showed that this damage sensitivity suppres-
sion requires HR, i.e. does not occur in a RAD52 mutant background. These
and other results [38] thus suggested that PCNA sumoylation inhibits HR, and
two recent studies [87, 84] provided a mechanism by which this occurs. Based
on the finding that mutating the SRS2 helicase gene (like mutating SIZ1) allevi-
ated PCNA K164R damage sensitivity by activating repair by HR, these studies
demonstrated that sumoylated PCNA interacts directly with Srs2. Previous
work [58, 117] had shown that Srs2 mediates the disruption of Rad51-ssDNA
filaments, thus inhibiting this early step in HR. These results thus support
a model by which the modification state (mono-, poly-ubiquitin or SUMO)



SUMO, the Three Rs and Cancer 59

of PCNA regulates the cross-talk between error-prone (TLS) and error-free
(HR) post-replicative repair pathways. It will be interesting to see whether this
mechanism applies also to other eukaryotes. For example, PCNA is ubiquity-
lated in mammals [45], but there is as yet no evidence that it is also sumoylated.
Nonetheless, several systems support the notion that sumoylation has an in-
hibitory effect on HR [64, 126]. Perhaps in these systems it is the sumoylation
of Rad51, Rad52 or of the helicases (WRN, BLM, RecQl4, see also the next sec-
tion), rather than that of PCNA, that has taken over this role [102, 64, 56, 44, 24].

The most direct effect of sumoylation on a DNA repair protein was found
with thymine DNA glycosylase (TDG), a key enzyme in the base excision
repair (BER) pathway. This enzyme recognizes mismatched base pairs (e.g.
G:T or G:U) and cleaves the thymine or uracil glycosidic bond for their re-
moval, leaving an abasic (G:_, apurinic, or AP) site. Sumoylation was shown
to be required for the enzyme’s controlled release from the AP site [39], since
premature release would carry the risk of leaving an unprotected, potentially
mutagenic gap in the DNA. Subsequent detailed structural studies [6, 107]
further confirmed that SUMO attachment to TDG leads to a specific confor-
mational change that reduces the affinity for DNA and thus paves the way for
the orderly repair process.

Further evidence for the involvement of SUMO in DNA repair came by the
demonstration that a novel SUMO E3 ligase, Mms21 in budding yeast [128]
(Nse2 in fission yeast, [2]), forms part of the Smc5/6 complex mentioned
previously. Mms21/Nse2 is essential for normal growth, but mutant alleles
cause enhanced sensitivity to DNA damaging agents, consistent with previous
results implicating the Smc5/6 complex components in mitotic and meiotic
chromosome segregation, rDNA disjunction and DNA repair [72, 86, 115].
It was shown that budding yeast Mms21 catalyses sumoylation of Smc5 and
yKu70, a bridging protein involved in NHE] DSB repair, and the fission yeast
Nse2 catalyses that of the Smc6 and Nse3 subunits of the Smc5/6 complex.
While the functional consequences of these modifications remain unclear, it
is interesting that the Smc5/6 complex also contains a RING finger-containing
putative ubiquitin E3 ligase (Nsel), thus opening the possibility that this
complex, like PCNA, may provide another example of the functional interplay
between ubiquitin and SUMO modification.

4
SUMO and Cancer: Caretakers and Gatekeepers

As seen from the previous account, there has been significant progress in our
understanding of the role of sumoylation in a variety of biological processes.
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In this part of the review we attempt to relate some of these findings to
oncogenic and tumour-suppressor mechanisms, at the heart of which lies
genomic and organismal integrity [16].

Tumourigenesis is strictly limited to complex organisms with renewable
tissues that contain dividing or proliferation competent cells. Cancer can be
simplistically defined as a case of aberrant cell hyperproliferation that devel-
ops in post-natal tissues and causes organismal disorder that, in most cases,
leads to the death of the organism. Complex organisms have evolved spe-
cific tumour-suppressor mechanisms to curb uncontrolled cell proliferation.
The molecules involved in these mechanisms can be broadly divided into
caretakers and gatekeepers [57].

Caretaker tumour suppressors act predominantly on the genome, in prin-
ciple, by preventing, sensing and repairing DNA damage. Gatekeeper tumour
suppressors, on the other hand, act on cells by regulating and implementing
apoptosis or cellular senescence. Apoptosis kills and ultimately eliminates
cancerous cells, while cellular senescence irreversibly arrests cell growth and
thus immobilizes cancerous cells (for further details see, for example, recent
reviews on apoptosis and cellular senescence as tumour-suppressor mecha-
nisms [16, 20, 22, 67]). To date, several caretaker proteins have been validated
as SUMO substrates, the RecQ-like DNA-dependent helicases Bloom (BLM)
and Werner (WRN) [24, 56, 125], topoisomerases I (Topo-I) [69] and -II
(Topo-II) [68], PARP, Ku80, TRAX and XRCC1 [34].

The Bloom gene is mutated in a rare hereditary disorder, Bloom syn-
drome (BS). BS cells are hypermutable, showing numerous chromatid gaps
and breaks and many sister chromatid exchanges (SCEs) [25]. The BLM he-
licase is a nuclear protein that is differentially regulated during the cell cycle
and is distributed throughout the nucleoplasm as well as concentrated in
PML nuclear bodies [10, 32]. One of the salient feature of the BLM helicase
is its colocalization with proteins involved in DNA damage repair after treat-
ment of cells with DNA damaging agents [122]. Within minutes after DNA
damage, BLM starts to appear in foci harbouring yH2AX, RAD50 complex,
RADS51, FANCD2 and BRCALI [21, 29, 88]. Elegant experiments by Eladad
et al. [24] provided evidence that sumoylation of BLM plays an essential role
for intra-nuclear trafficking and the authors established SUMO modification
as a negative regulator of BLM’s function in the maintenance of genomic
stability. Moreover, cells lacking functional PML show an increased number
of sister-chromatid exchanges, most likely due to mislocalization of the BLM
protein [129] and it is therefore tempting to speculate that PML nuclear bodies
(NBs) act as a storage and modification site for sumoylated BLM.

Defects in WRN, another SUMO substrate [56, 125], have also been linked
to a hereditary disorder, Werner’s syndrome (WS). WS shares several features
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with BS, most notably a high incidence of cancer. In addition, WS cells, like
BS cells, are hypermutable. However, there are marked differences. WS indi-
viduals are asymptomatic before puberty, but thereafter develop a panoply
of age-related disorders, including cardiovascular disease, cataracts, and os-
teoporosis. At the biochemical level WRN distinguishes itself from other
RecQ-like helicases by possessing, apart from its helicase activity, also an N-
terminal 3'-5’ exonuclease activity. Several studies have linked WRN function
to various DNA metabolic processes as for example replication, restoration
of stalled replication forks, rDNA transaction mechanisms, homologous re-
combination and telomere maintenance [8, 83]. WRN is a nuclear protein
that is located predominantly in the nucleolus in interphase cells. Upon DNA
damage, however, it delocalizes into discrete DNA damage induced foci in
the nucleoplasm [36, 70]. Its redistribution appears to be at least in part
driven by p14ARF induced sumoylation [125] supporting the notion that
WRN plays a crucial role in the cellular response to DNA damage in that its
activity is modulated by DNA damage-induced post-translational modifica-
tions and possibly WRN-interacting proteins. Moreover, these findings imply
that there is an intimate relationship between rDNA metabolism and home-
ostasis of the cell, which is in part communicated by the modification status
of WRN.

Topo-I and -II play essential roles during DNA replication, transcription,
recombination and mitosis by relaxation of negatively and positively super-
coiled DNA [121]. Topo-II exists in two isoforms « and B, the o isoform be-
ing the predominant in proliferating cells [110]. Whereas Topo-I transiently
cleaves only a single strand of duplex DNA, Topo-II cleaves both DNA strands
simultaneously. Topoisomerases are found in multi-protein complexes that in-
clude RP-A, BLM and the RAD51/DMC-I complex among others [79, 73]. Sev-
eral studies have demonstrated an increased topoisomerase inhibitor sensitiv-
ity of cells defective in DNA damage repair proteins, replication checkpoints,
or both. For this reason topoisomerases now constitute major cellular targets
for numerous anti-cancer drugs, e.g. Topo-I for camptothecin (CPT) and its
analogues or Topo-II for VP-16 [63]. Recent results have implicated sumoyla-
tion in the regulation of Topo-I [46, 49, 78] and -II activity [4, 5]. In the case of
Topo-I,asimple model in which conjugation or de-conjugation of SUMO alters
enzymatic activity cannot explain experimental outcomes. Rather, it appears
that transient cycles of Topo-I sumoylation and de-sumoylation at different
sites within the protein regulate the dynamic association with other protein
complexes, thereby modulating the various Topo-dependent processes. Topo-
IT sumoylation has been shown to play critical roles in centromeric function
and sister chromatid segregation during mitosis (mentioned in Sect. 2.1), as
well as for the proteasome-dependent turnover of Topo-IIb [4, 5, 48].
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For other proteins mentioned in the list above, no clear function has been
established for their SUMO-modified forms. Given, however, the functional
consequences of SUMO modification on other caretaker tumour suppressors,
there is every reason to believe that, in these cases, SUMO will also play
a critical role in altering their mode of action.

The ultimate tumour-suppressor gatekeepers in mammalian cells are p53
and the retinoblastoma protein pRB. Both proteins are instrumental in imple-
menting an apoptosis and cellular senescence response as a result of aberrant
proliferation, and their genes are found frequently mutated or inactivated in
human cancer [103].

The p53 tumour suppressor—a transcription factor that establishes pro-
grammes for apoptosis, cellular senescence and repair in response to a vari-
ety of cellular insults—is subject to SUMO modification [74], particularly as
a consequence of DNA damage [59]. Post-translational SUMO modification
was shown to be regulated by MDM2 (murine double minute 2) and p14ARF,
two pivotal upstream regulators of p53 stability [17]. MDM2 and its sibling
MDMX are themselves subject to sumoylation, but the functional importance
of their modification remains unclear. One functional consequence of p53
sumoylation appears to be the modulation of p53 transcriptional activity, but
this remains a matter of debate [35, 80,93, 96]. It also remains an open question
as to what extent and in what cellular context(s) sumoylation is important for
proper p53 function. Several scenarios are possible. For example, a restricted
local modification may alter a specific function of a p53 subset or the entire
pool of p53 may undergo transient sumoylation, in both cases to control,
for example, p53 residence time in specific protein/protein or protein/DNA
complexes. Of further interest is under which physiological conditions (apart
from DNA damage) p53 becomes sumoylated and whether sumoylated p53
accumulates during apoptosis or cellular senescence, as has been shown for
other post-translational modifications [85, 120]. In this context, work from
our laboratory [131] has recently shown that the SUMO E3 ligase PIASy in-
duces premature senescence, and further, that sumoylated p53 plays a role in
the execution of this senescence programme.

Identified as the first tumour-suppressor protein, pRB has since been
shown to be a master regulator for cellular senescence [14]. Its function-
ality is predominantly controlled by way of post-translational modifications,
in particular phosphorylation. Hypophosphorylated pRB corresponds here
with its active state, whereas hyperphosphorylation renders pRB inactive. Re-
cently, also sumoylation of pRB has found its way into spotlight. Ledl et al. [60]
identified SUMO modification as a negative regulator of pRB activity. It re-
mains to be seen, however, to what extent sumoylated pRB is found under
physiological conditions and what role pRB-SUMO plays in these conditions.
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An important mediator for p53 and pRB function is PML [11]. The PML
gene was initially identified in patients with acute promyelocytic leukaemia
(APL) in which it is fused to the retinoic acid receptor « (RARa) gene as
a result of the t(15;17) chromosomal translocation [75]. One of the main
features of PML is its concentration within discrete subnuclear structures,
termed PML NBs, which are disrupted in a retinoic acid-reversible manner
in APL cells [75]. PML was also found among the first proteins subject to
sumoylation, and PML modification was shown to be required for proper
formation of NBs, recruitment of NB-associated proteins [98] and the ex-
pression of the full-blown leukaemogenic potential of the PML-RAR« fu-
sion protein [130]. Moreover, PML was implicated in telomere maintenance
of cancer cells exhibiting the ALT phenotype (alternative way of telomere
lengthening via homologous recombination) [91], where it was found to co-
localize with telomeres in so-called ALT-associated promyelocytic leukaemia
bodies (APBs). Disruption of this interaction was recently demonstrated by
over-expression of a permanent PML NB resident SP100 in ALT cells, leading
to repression of ALT-mediated lengthening of telomeres in these cells [50].
Given that both PML and SP100 are important SUMO targets, it would be
interesting to see whether sumoylation also plays a significant role in APB
function.

5
Conclusion

The studies carried out to date clearly establish sumoylation as a critical reg-
ulatory mechanism in pathways protecting genomic integrity. In some cases,
e.g. PCNA, this has led to the development of specific models for SUMO
function, while in others, we have merely caught a glimpse of the possible
roles of this modification. Model organisms and proteomic approaches will
continue to provide important tools for the elucidation of the SUMO sub-
strates involved and for the identification of the downstream targets of the
modified proteins. The transposition of these findings to models of human
disease such as cancer and neurodegenerative disorders should thus provide
important insight into the involvement of this modification in both normal
and pathological contexts.
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Abstract Hematopoiesis is highly controlled by lineage-specific transcription factors
that, by interacting with specific DNA sequences, directly activate or repress specific
gene expression. These transcription factors have been found mutated or altered by
chromosomal translocations associated with leukemias, indicating their role in the
pathogenesis of these malignancies. The post-genomic era, however, has shown that
transcription factors are not the only key regulators of gene expression. Epigenetic
mechanisms such as DNA methylation, posttranslational modifications of histones,
remodeling of nucleosomes, and expression of small regulatory RNAs all contribute
to the regulation of gene expression and determination of cell and tissue specificity.
Deregulation of these epigenetic mechanisms cooperates with genetic alterations to the
establishment and progression of tumors. MicroRNAs (miRNAs) are negative regula-
tors of the expression of genes involved in development, differentiation, proliferation,
and apoptosis. Their expression appears to be tissue-specific and highly regulated ac-
cording to the cell’s developmental lineage and stage. Interestingly, miRNAs expressed
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in hematopoietic cells have been found mutated or altered by chromosomal transloca-
tions associated with leukemias. The expression levels of a specific miR-223 correlate
with the differentiation fate of myeloid precursors. The activation of both pathways of
transcriptional regulation by the myeloid lineage-specific transcription factor C/EBPa
(CCAAT/enhancer-binding protein-a), and posttranscriptional regulation by miR-
223 appears essential for granulocytic differentiation and clinical response of acute
promyelocytic leukemia (APL) blasts to all-trans retinoic acid (ATRA). Together, this
evidence underlies transcription factors, chromatin remodeling, and miRNAs as ul-
timate determinants for the correct organization of cell type-specific gene arrays and
hematopoietic differentiation, therefore providing new targets for the diagnosis and
treatment of leukemias.

1
Introduction

Recent progress in molecular biology has shown that control of gene expres-
sion at the RNA level, which includes alternative splicing, messenger RNA
(mRNA) stability, translation, etc., by expanding protein diversity and abun-
dance, plays a crucial role in cell metabolism and in the ability of the cell
to rapidly respond to external stimuli. Many of these processes require the
participation of small noncoding RNA molecules (sRNAs) that, in most cases,
act as true regulators.

Recently, a new family of microscopic sSRNAs [~22 nucleotides (nt) long]
has been described that controls gene expression at the posttranscriptional
level by cleaving or repressing mRNA in a sequence-specific manner (Son-
theimer and Carthew 2005; Meister and Tuschl 2004). The sRNA-mediated
pathways are triggered by the presence of double-stranded RNA (dsRNA)
molecules that are processed into small interfering RNAs (siRNAs) or mi-
croRNAs (miRNAs), depending on the origin of the dsRNA. While siRNAs
are produced in response to exogenous DNA (transgenes, viruses) or against
transposons mobilization, miRNAs are synthesized by endogenous cellular
genes and are involved in physiological processes (Bartell 2004; Sontheimer
and Carthew 2005). miRNAs have been shown to regulate mRNA and protein
abundance and to participate in many regulatory circuits controlling devel-
opmental timing, cell proliferation and differentiation, apoptosis, stress re-
sponse, hematopoiesis, and patterning of the nervous system (Ambros 2004).
The existence of numerous tissue- and developmental stage-specific miRNAs
and the evolutionary conservation of many miRNAs argue for numerous addi-
tional, yet unidentified, functions of this class of transcripts. Notably, miRNA
activity has also been correlated to the pathogenesis of cancer, since miRNAs
with oncogenic and tumor-suppressor activity have been identified. Hence,
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a new molecular taxonomy of human cancers based on miRNA profiling has
been proposed (Caldas and Brenton 2005; Calin et al. 2005).

2
microRNAs

Hundreds of miRNAs operating in different organisms have been identified
through cloning, genetic, and bioinformatic methods. According to current
predictions, 800 or more miRNAs operate in primates and each miRNA may
target dozens of mRNAs. Hence, it is estimated that the expression of as many
as 30% of human genes may be controlled by miRNAs (Lewis et al. 2005).

Coding regions for miRNA have very peculiar and heterogeneous genomic
organizations. Many of them are found in intronic regions and may be tran-
scribed as part of the host gene; however, the majority are located in inter-
genic regions or in annotated genes but in an antisense orientation, strongly
suggesting that they form independent transcription units. miRNAs have
been shown to be transcribed by RNA polymerase II (RNA pol II) from
transcriptional units that differ from those of protein-coding genes in that
they do not possess canonical TATA boxes and are intronless. Nowadays,
very little is known about their transcriptional regulation, including the fac-
tors responsible for basal and tissue-specific expression (Lewis et al. 2005;
Bartell 2004).

The first step in miRNA biogenesis is the nuclear cleavage of a long pre-
cursor molecule with partially double-stranded inverted repeat regions (pri-
miRNA), which liberates a 60- to 70-nt stem-loop intermediate known as
pre-miRNA. This maturation event is performed by a multiprotein complex
containing the Drosha nuclear endonuclease and the double-stranded RNA
binding domain protein (dsRBD) DGCR8 whose cleavage defines one end
of the mature miRNA. This pre-miRNA is actively exported through the
exportin-5 pathway and, once in the cytoplasm, is cleaved by the endoribonu-
clease Dicer to produce a dsRNA in the form of approximately 22-nt RNA
duplexes with 2-nt overhanging 3’-ends (Meister and Tuschl 2004). The RNA
strand that has the less stable 5’-end is recruited as a single-stranded molecule
into the RNA-induced silencing (RISC) effector complex assembled through
processes that are dependent on Dicer and other dsRNA-binding proteins,
members of the Argonaute (AGO) family, and other factors (Filipowicz 2005;
Okamura et al. 2004; Lee et al. 2004). The miRNA pathway is summarized in
Fig. 1.

Nearly all animal miRNAs investigated to date regulate gene expression
by imperfect base-pairing to the 3’-untranslated region (3’-UTR) of target
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Fig. 1 miRNA production. The initial product of a miRNA gene is a long precursor
molecule (pri-miRNA) transcribed in the nucleus. It forms a stem-loop structure that
is recognized and processed by a protein complex containing the RNAse III Drosha
and the dsRBD protein DGCRS8 that specifically cleaves the hairpin-shaped RNAs at
the basis of the stem loop (indicated by the red arrows), thus liberating a 60- to 70-nt
precursor miRNA (pre-miRNA). Each mature miRNA resides in one of the two sites
of the pre-miRNA (represented in red). Pre-miRNA is exported to the cytoplasm and
cleaved by the RNAse III Dicer, generating a ~22-nt miRNA duplex. The RNA strand (in
red) is recruited as a single-stranded molecule into the RNA-induced silencing (RISC)
effector complex and assembled through processes that are dependent on Dicer and
other dsRNA-binding proteins, members of the AGO family, and other factors. Perfect
or incomplete base pairing between the miRNA and its target respectively directs RISC
to either destroy the mRNA or impede its translation into protein

mRNAs and, as a consequence of this binding, they inhibit protein synthesis.
On the other hand, perfect pairing to the target mRNA directs cleavage and
degradation as in the case of miR-196a and of the majority of plant miRNAs
(Ambros 2004).
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3
microRNAs and Hematopoietic Lineage Specificity

Since the discovery of lin-4 and let-7 in Caenorhabditis elegans, the founding
members of the miRNA family, and search for their role in the control timing
oflarval development, the control of development and cell fate has appeared as
a common theme for the activity of this novel family of small noncoding RNAs
(Bartell 2004). The number of miRNAs identified is continuously growing
and their existence has now been proved in all eukaryotic cells. While some
of these miRNAs shows ubiquitous expression, others are involved in post-
embryonic developmental decisions or are present in specific tissues or cell
types (Pasquinelliet al. 2005).

In 2004, Bartel and coworkers studied the expression of four miRNAs
(miRs-16, -142, -223 and -181a) cloned from murine bone marrow (Chen
et al. 2004). This study is informative for the hematopoietic lineage specific-
expression pattern of three of the four miRNAs. In fact, while miR-16 is ubiq-
uitously expressed in all hematopoietic cells and in a wide range of mouse
tissues, miR-142 and miR-223 are almost undetectable in nonhematopoietic
tissues, except for lung. miR-142 is indeed highly expressed in fetal liver,
spleen, bone marrow, and thymus, and miR-223 expression is nearly exclu-
sively associated with the bone marrow. miR-181 is highly expressed in the
thymus (mostly containing T lymphocytes), in B lymphocytes from bone
marrow, in the spleen but also in the brain and in the lung (Chen et al. 2004).

The analysis of the expression patterns of the miR-142-5, miR-181a, and
miR-223 (the human counterparts of the murine miR-181, miR-142s, and
miR-223), in hematopoietic cells from normal donors has shown a strong
analogy with the murine model system. Indeed, miR-142-5 is found widely
expressed in allhuman hematopoietic cells, miR-181ais present in hematopoi-
etic stem/progenitors CD34" fraction isolated from bone marrow and human
T lymphocytes, while miR-223 is absent in B and T cells but present in the
bone marrow with the highest levels in the CD34" cell fraction, mostly rep-
resentative of lineage-committed precursors and mature hematopoietic cells
(Fazi et al. 2005). More recently, a study by Felli et al. indicates that miR-221
and miR-222 are abundant in hematopoietic stem/progenitors and that their
expression levels relate to erythroid differentiation. Moreover, this study in-
dicates the kit receptor mRNA as a functional target of miR-221 and miR-222
in normal erythropoiesis (Felli et al. 2005).

The demonstration that miRNAs are differentially expressed in hematopoi-
etic cells in vivo suggests that miRNAs may play important roles in hema-
topoiesis and lineage differentiation. Several experimental evidences sup-
port this hypothesis: (1) ectopic expression of miR-181 in mouse hemato-
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poietic/stem progenitors cells increases the fraction of B-lineage cells in vitro
and in vivo (Chen et al 2004); (2) down-modulation of miR-221 and miR-222
expression levels promotes erythropoiesis of human CD34* progenitor cells
(Felli et al. 2005); (3) up-regulation of miR-223 in human myeloid progenitors
promotes granulocytic differentiation (Fazi et al. 2005).

4
Regulation of miR-223 Expression Levels
in Acute Promyelocytic Leukemia

Myelopoiesis, which involves growth and maturation of granulocytic and
monocyticlineages, is largely controlled by unique combinations of transcrip-
tion factors such as acute myeloid leukemia (AML)1, PU-1, CCAAT/enhancer-
binding protein-a (C/EBP«), core binding factor (CBF)f, retinoic acid (RA)
receptor « (RARa), etc., that cooperatively regulate promoters or enhancers
present on myeloid-specific genes (Tenen et al. 1997; Salomoni and Pandolfi
2000). Evidence linking miR-223 activation to the RA signaling pathway and
C/EBPa in human granulopoiesis was mainly obtained in the acute promye-
locytic leukemia (APL) model system (Fazi et al. 2005). APL results from
the clonal expansion of hematopoietic progenitors that are blocked at the
promyelocytic stage of differentiation. APL is characterized by chromosomal
translocations, all involving the RAR« gene, resulting in the formation of fu-
sion products that abnormally recruit both histone deacetylase (HDAC) and
DNA methyltransferase activities on RA-target promoters. Pharmacological
doses of RA overcome this repression and induce terminal differentiation of
PML/RARa-positive APL blasts, representing the majority of APLs (Melnick
and Licht 1999; Di Croce et al. 2002). The remarkable clinical response to
RA treatment, which occurs through the granulocytic differentiation of the
leukemic clone, is indeed another important feature of APL (Melnick and
Licht 1999; Sanz et al. 2005).

Recent evidence obtained in primary APL blasts undergoing granulocytic
differentiation by RA treatment in vivo and in vitro indicates that RA specifi-
cally upregulates miR-223 without affecting the expression levels of miR-181a
or miR-142. Of note is that:

1. miR-223 expression is strongly increased by RA treatment in RA-res-
ponsive myeloid cell lines such as NB4 and HL-60 cells. NB4 is a cell line
derived from an APL patient containing the t(15;17) and expressing the
promyelocytic leukemia (PML)/RAR« fusion product. HL-60 is a myeloid
cell line morphologically and biochemically very similar to the APL blasts
lacking the t(15;17) but expressing a functional RARa.
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2. miR-223]evels are not changed by RA treatment in Kasumi-1 or U937 cells,
two myeloid cell lines unresponsive to the effect of RA on granulocytic
differentiation (Ferrara et al. 2001).

3. miR-223 levels and granulocytic differentiation are not induced by RA
treatment in NB4-MR4 and HL-60R, two RA-resistant subclones of NB4
and HL-60 cells, respectively. These resistant cell lines contain mutations
abrogating RA-binding activities of PML/RAR«a and RARa, respectively
(Shao et al. 1997; Tsai et al. 1992).

4. Vitamin D treatment, which induces differentiation of these myeloid cell
lines toward the monocytic lineage, does not significantly change the
levels of miR-223, thus suggesting a direct involvement of RA binding
to either a functional PML-RAR« or endogenous wildtype RARa in the
upregulation of miR-223 expression during granulopoiesis.

Of note too is that the stable ectopic expression of miR-223 increases the
granulocytic differentiation of NB4 cells, while miR-223 knockdown inhibits
the response of NB4 cells to the differentiation effect of RA (Fazi et al. 2005).
Altogether, these findings directly correlate the levels of miR-223 with the
differentiation fate of myeloid precursors.

5
C/EBPo and NFI-A

Important questions in miRNA biology concern, on the one hand, the char-
acterization of the factors controlling miRNAs’ expression levels and, on the
other, the identification of their target mRNAs. Study of miR-223 expression in
APL cells identified two transcriptional factors responsible for the differential
expression of this miRNA during granulopoiesis,C/EBPa and nuclear factor
I-A (NFI-A) (Fig. 2). Interestingly, one of these activators turned out also to
be a target for miR-223 translational repression, thus establishing a regulatory
loop circuitry crucial in the control of differentiation.

C/EBPa is a member of the bZIP (basic leucine zipper) family of tran-
scriptional regulators that includes C/EBP, ¢, v, and §. All the members of
this family play important roles in development, growth, and differentiation of
many cell types. C/EBPa expression has a key role in granulopoiesis. C/EBPa is
activated in early myeloid precursors and direct them to granulopoiesis with
a concomitant block of monocytic differentiation (Tenen 2003; Radomska
et al. 1998). Indeed, C/EBPa knockout mice lack neutrophils and eosinophils
but retain monocytes (Zhang et al. 1997; Tenen 2003). Interestingly, C/EBPa
is rapidly upregulated during RA-mediated granulocytic differentiation of
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Fig. 2 Schematic representation of the regulatory circuitry involving microRNA-223
and transcription factors NFI-A and C/EBPa in RA-induced granulocytic differenti-
ation of APL blast. The RA-induced activity of the miRNA-223 promoter is mediated
by a region lying between bp —730 and —709 relative to the 5’-end of the pre-miR-223.
This region contains two putative CCAAT binding sites (CCAAT boxes) for C/EBPa
and NFI-A. In untreated APL cells, NFI-A constitutively interacts with its site on this
sequence, while C/EBPa is not present. NFI-A binding is released upon RA treatment
and substituted by that of C/EBPa. This displacement results in the upregulation of
miR-223, translational repression of NFI-A mRNA, and granulocytic differentiation
of APL blasts

APL blasts, and its constitutive expression in myeloid progenitors results in
the induction of granulocytic development and inhibition of monocytic and
erythroid development (Radomska et al. 1998). Moreover, overexpression of
C/EBPa in transgenic APL mice mimics RA’s effect on granulocytic differen-
tiation of APL blasts (Truong et al. 2003). Functionally, C/EBPa binds as a ho-
modimer or heterodimer with other C/EBP proteins or transcription factors
at specific two half CCAAT sites on promoters also including differentiation-
related genes such as granulocyte colony-stimulating factor (G-CSF) receptor,
myeloperoxidase, and neutrophil elastase (Tenen 2003).

The other miR-223 regulator, NFI-A, belongs to the NFI family of pro-
teins, which is composed by four independent genes (NFI-A, -B, -C, and X).
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Members of this family are transcriptional factors involved in the replication
of adenoviral DNA and in changes of cell growth, oncogenic processes, and
disease state (Gronostajski 2000). NFI-A binds as dimers or heterodimers
with other members of the NF-I family or other transcriptional factors, to
the dyad symmetric consensus sequence TTGGC(N5)GCCAA on duplex DNA
(Gronostajski 2000). However, NFI-A specifically binds individual half-sites
(TTGGC or GCCAA) and competes with C/EBPs in binding to the CCAAT ele-
ment (Garlatti et al. 1993). Binding sites for NFI proteins have been identified
in genes expressed in virtually every tissue and organ system of vertebrates.
An involvement of NFIs in the control of gene expression by a number of hor-
mones and physiological modulators has been also proposed (Gronostajski
2000), but NFIs’ role in hematopoiesis has never been demonstrated.

Notably, NFI-A was found among the hundreds of predicted regulatory
targets of miR-223 (Lewis et al. 2005; Krek et al. 2005). The analysis of the
levels of the NFI-A protein and mRNA before and after RA treatment of
NB4 cells suggests that NFI-A is a miR-223 target. The amount of the NFI-A
protein decreases with time after RA treatment, whereas the accumulation
of its mRNA is unaffected: these are typical features for a miRNA-mediated
translational repression of a predicted mRNA target. A reconstitution assay
in which miR-223 was co-expressed with a reporter construct containing the
3’-UTR of the NFI-A mRNA fused to the luciferase coding region, allowed the
validation of NFI-A as a miR-223 target.

6
miR-223 Upstream Region

The analysis of the sequence upstream of miR-223 revealed the presence
of two putative CCAAT binding sites for C/EBPa. One of these two bind-
ing elements overlaps with a putative NFI-A binding site (Meisterernst et al.
1988; Garlatti et al. 1993; Gronostajski 2000). Notably, this region mediates
the responsiveness to RA (Fazi et al. 2005). Furthermore, C/EBPa interacts
with these sites in vivo, and its binding perfectly correlates in time with the
start of miR-223 upregulation and granulopoiesis of NB4 cells induced by
RA. NFI-A constitutively interacts with this sequence in vivo and its binding
is competed by C/EBPa upon RA treatment. Notably, in RA-resistant cells,
which are unable to undergo differentiation, the NFI-A factor remains on
the miR-223 promoter and no C/EBPa binding is detected. In agreement,
RNA interference (RNAi) experiments proved that NFI-A and C/EBP« do
indeed act as miR-223 transactivators before and after RA-treatment, re-
spectively. The knockdown of C/EBP« results in decreased levels of miR-223
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after RA treatment, whereas the decrease of NFI-A results in reduced levels
of miR-223 in the absence of RA. These findings support the hypothesis of
a competition between the two transcriptional factors in the regulation of
the miRNA expression, NFI-A producing low levels of miR-223 and C/EBPa
being the differentiation-specific activator of its expression. In line with this,
both RNAi against NFI-A and ectopic expression of miR-223 in APL cells
enhance granulocytic differentiation, whereas miR-223 knockdown inhibits
the differentiation response to RA. These findings indicate that miR-223 plays
a crucial role during granulopoiesis and point to the NFI-A repression as
an important molecular pathway mediating gene reprogramming in APL
blasts.

7
Concluding Remarks

miRNAs are evolutionarily conserved gene regulatory molecules acting both
spatially and temporally during development that also show restricted ex-
pression profiles in adult tissues. Since modification of the miRNA expression
profiles have been found related to neoplastic transformation, miRNAs and
their target genes are now regarded as a potential new class of tumor suppres-
sors or oncogenes (Chen 2005; Caldas and Brenton 2005).

Interestingly, lineage-specific transcription factors regulating normal
hematopoietic differentiation and miRNAs expressed in hematopoietic cells
have been found mutated or consistently altered by chromosomal transloca-
tions associated with leukemias, indicating their role in the pathogenesis of
these malignancies (Rabbitts 1994; Salomoni and Pandolfi 2000; Tenen 2003;
Calin et al. 2005). Indeed, miR-142, miR-15, and miR-16 are present at sites
of translocation breakpoints or deletions connected to human lymphocytic
leukemias. Mutations of miR-15 and miR-16 have been also described in the
same leukemia (Calin et al. 2005). In APL, the activation of both pathways
of transcriptional regulation by the lineage-specific transcription factor
C/EBPa, and posttranscriptional regulation by miR-223 appear essential for
granulocytic differentiation and clinical response to RA (Tenen 2003; Fazi
et al. 2005). Interestingly, different wide screening approaches performed to
establish miRNA expression profiles show a unique miRNA signature relevant
for the pathogenesis, diagnosis, and prognosis of myeloid and lymphoid
leukemias (Lu et al. 2005; Calin et al. 2005). This underlies both transcription
factors and miRNAs as ultimate determinants of the correct organization
of cell type-specific gene arrays that control hematopoietic differentiation,
therefore providing new targets for the diagnosis and treatment of leukemias.
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Abstract Acute promyelocytic leukemia (APL) is associated with reciprocal and bal-
anced chromosomal translocations always involving the retinoic acid receptor «
(RARa) gene on chromosome 17 and variable partner genes (X genes) on distinct
chromosomes. RAR« fuses to the PML gene in the majority of APL cases, and in a few
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cases to the PLZF, NPM, NuMA and STAT5b genes. As a consequence, X-RARa and
RARa-X fusion genes are generated encoding aberrant chimeric proteins that exert
critical oncogenic functions. Here we will integrate some of the most recent findings
in APL research in a unified model and discuss some of the outstanding questions that
remain to be addressed.

1
Introduction

Acute promyelocytic leukemia (APL) is associated with a reciprocal and bal-
anced translocation always involving the retinoic acid receptor « (RAR«)
gene on chromosome 17, which translocates to the PML gene (promyelocytic
leukemia gene, originally named myl) on chromosome 15 (de The et al. 1991;
Goddard et al. 1991; Kakizuka et al. 1991; Pandolfi et al. 1991). In a few variant
cases, RAR«a fuses to the promyelocytic leukemia zinc finger (PLZF) gene,
nucleophosmin (NPM) gene, nuclear mitotic apparatus (NuMA) gene, and
signal transducer and activator of transcription 5b (STAT5b) gene, which are
located on chromosomes 11, 5, 11, and 17 respectively (Chen et al. 1993; Red-
ner et al. 1996; Wells et al. 1997; Arnould et al. 1999). In view of the reciprocity
of these translocations, X-RARa and RAR«a-X fusion genes are generated
and coexpressed in the APL blasts in the majority of cases. Although rare,
these variant translocations have been tremendously informative, allowing
a comparative analysis of molecular and biological similarities and differ-
ences among the various fusion proteins. Since the RAR« gene always breaks
within the same intron, the various fusion proteins are coherent in the RAR«
moiety but do not bear structural similarities in the X moiety, and yet the
disease associated with these molecular lesions is APL.

The RARa portion of the X-RARa fusion protein can mediate heterodimer-
ization with RXR, as well as DNA and ligand binding through the retinoic acid
(RA) and DNA binding domains (Perez et al. 1993). Therefore, the X-RARa
fusion products invariably retain the ability to potentially interfere with the
RAR/RXR pathways. The various X-RARa proteins also display the capacity
of heterodimerizing with the respective X proteins (e.g., PML-RARa with
PML etc.). This is due to the fact that X proteins are normally capable of
homodimerizing and that the region that mediates X protein homodimeriza-
tion is invariably retained in the X moieties fused to RARa (Liu and Chan
1991; Perez et al. 1993; Bardwell and Treisman 1994; Redner et al. 1996; Wells
et al. 1997; Arnould et al. 1999). Thus, X-RAR« can potentially interfere with
both X and RAR« pathways. Since the identification of PML-RARa, it has
been hypothesized that the X-RAR«a fusion protein would act as a double
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dominant-negative (DN) mutant on PML and RARa pathways. This hypoth-
esis was put forward on the basis of the observation that PML-RARa, unlike
RARa, acts as a transcriptional repressor at physiologic concentration of the
ligand (RA), and that PML-RARa can also cause the disruption of the PML
nuclear bodies (NBs) where PML normally accumulates. As we will discuss,
this notion has to be reconciled with more recent findings that have defined
that the PML-RARa aberrant transcriptional activity is also due to “gain of
function” properties. Furthermore, progress has been made at defining the
repressive mechanisms of PML-RARa.

The RARa-X fusion protein also shares important functional regions with
the various X proteins fused to the A transactivation domain of RARa and
can therefore play an active cooperative role in APL pathogenesis.

A number of firm conclusions and definitive answers have been obtained
throughout the years concerning the cooperative events and mechanisms
underlying APL pathogenesis. Analysis of knockout (KO) and transgenic
animal models (TM) has been invaluable to this end. Here we will summarize
these conclusions and integrate them on the basis of information accrued
in the last few years. We will also discuss the outstanding questions and the
possible directions of APL research in the years to come.

2
The Fusion Proteins of APL Are Oncogenes
of the Early Myeloid Hematopoietic Compartment

The generation of mouse models that faithfully recapitulate APL pathogenesis
led to important conclusions regarding the role of various X-RARa and RARa-
X fusion proteins in APL pathogenesis. This analysis allowed us to conclude
that expression of the fusion proteins must be directed and possibly restricted
to the appropriate cellular compartment, namely the early myeloid progenitor
pool, for them to exert their full oncogenic potential. Expression of the PML-
RARa fusion protein in the myeloid promyelocytic compartment leads to
APL-like disease in transgenic mice (Grisolano et al. 1997; He et al. 1997;
Brown et al. 1997), while ubiquitous and unrestricted expression of the fusion
gene results in embryonic lethality (He et al. 1997; P.P. Pandolfi, unpublished
observation). Expression of PML-RARa in early pluripotent hematopoietic
progenitors or in mature myeloid cells did not result in leukemia either (P.
Greer, personal communication; Early et al. 1996). Most recently, it was also
reported that retroviral transduction of PML-RAR« in murine hematopoietic
progenitors results in the development of APL-leukemia, although in this
experimental setting it is not known what the target cell of the retrovirus
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would be (Minucci et al. 2002). The concomitant generation of KO mice and
cells, where the various X genes are inactivated by homologous recombination,
has also been extremely informative in assessing the consequences of the
reduction to heterozygosity or the complete inactivation of X gene function
in TM harboring APL fusion proteins, and in elucidating the normal function
of these genes.

3
X-RAR« Proteins Are Necessary but Not Sufficient to Cause Leukemia
and Represent Biologically Distinct RARo Mutants

Characterization of PML-RARa, PLZF-RARa, NPM-RARqa, and NUMA-
RARa TM in which the expression of the fusion gene is restricted to the
promyelocytic compartment has revealed that the X-RAR« fusion proteins
play a critical causal role in leukemogenesis. PML-RARa and NuMA-RARa
TM develop, in fact, APL leukemia, NPM-RARa develops a myelo-monocytic
acute leukemia, while PLZF-RARa TM develop a myeloproliferative dis-
order reminiscent of human chronic myelogenous leukemia (CML) rather
than of human APL (Grisolano et al. 1997; Brown et al. 1997; He et al.
1997, 1998; Sukhai et al. 2004; Rego et al. 2006). In addition, X-RAR«
molecules dictate sensitivity to RA treatment. For example, PLZF-RAR«
mice develop RA-resistant, while PML-RARa mice develop RA-responsive
leukemia (Grisolano et al. 1997; He et al. 1997, 1998). Taken together, these
observations indicate that X-RARa molecules act as bona fide oncogenes,
but do not represent identical RARa mutants, strongly suggesting that the
X-moiety lends the X-RARa fusion proteins distinct biological properties.
Furthermore, TM harboring a PML-RARa mutant (M4) that can no longer
bind RA develop an APL-like RA-resistant leukemia. This observation
indicates that ligand-dependent transactivation by the PML-RARa fusion
protein is not required for leukemogenesis and lends further support to the
suggestion that the X-moiety of the APL fusion proteins exerts a critical
leukemogenic function (Kogan et al. 2000; Matsushita et al. 2006).

4
RARo-X Proteins Do Play a Critical Role in APL Leukemogenesis,
but Are Not Sufficient for Full-Blown Transformation

Comparative characterization of RARx-X TM has determined that these
molecules do not display transforming ability per se but do display an im-
portant cooperative role with the X-RARa molecules in APL leukemogenesis.
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RARa-PML and RARa-PLZF TM do not develop full-blown leukemia but
instead a myeloproliferative disorder without an apparent block in myeloid
differentiation (Pollock et al. 1999; He et al. 2000). In PML-RARa/RAR«-
PML double TM, the RARa-PML transgene increases the penetrance and
the onset of leukemia, thus acting as a classic tumor modifier (Pollock et al.
1999). Interestingly, in PLZF-RARa/RARa-PLZF double TM, RARa-PLZF
metamorphoses the CML phenotype observed in single PLZF-RARa TM into
an APL-like acute leukemia (He et al. 2000). Leukemia onset in double TM
is still preceded by a long preleukemic phase (Pollock et al. 1999; He et al.
2000), which suggests that other cooperative genetic events are still needed
for full-blown transformation. RARa-X plays therefore an important role in
APL leukemogenesis acting as a tumor modifier (RARx-PML), tumor meta-
morphoser (RARa-PLZF), or both. When these molecules are not expressed
in human APL, as it is the case in 30% of t(15;17) APL and very rarely in
t(11;17) APL, their function could be substituted by additional, yet unknown,
genetic events. These findings in turn underscore the “qualitative nature” of
the multistep leukemogenesis process in APL. In fact, the phenotype observed
in the PLZF-RARat/RARa-PLZF double TM is not the result of the simple ad-
dition of the phenotypes observed in single TM. Neither of these mutants in
fact displays the distinctive promyelocytic block of differentiation, which is
only observed in double TM. The phenotype is instead a qualitatively novel
biological outcome due to the aberrant molecular activities of at least two
molecules (He et al. 2000).

5
Multiple Genetic Hits in APL Pathogenesis

The long latency observed in the various mouse models of APL strongly sug-
gests that additional genetic events may cooperate with the APL-specific fu-
sion proteins toward leukemogenesis. The same events could contribute to the
pathogenesis of human APL. The identification of such mutated/deregulated
genes will further improve our understanding of the genetics and molecu-
lar basis underlying APL leukemogenesis and will allow the identification
of novel therapeutic targets. Several technological approaches are now avail-
able that render the identification of these additional genetic hits possible
both in human and murine leukemic cells. For example, spectral karyotyp-
ing (SKY), a more sensitive karyological technique, has already determined
that leukemic cells from PML-RAR« and PLZF-RARa TM do indeed harbor
multiple recurrent chromosomal abnormalities (Zimonjic et al. 2000; Le Beau
et al. 2002, 2003; P.P. Scaglioni, H. Matsushita, and P.P. Pandolfi, unpublished
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results). As an example, these studies indicated that an interstitial deletion of
chromosome 2 is one of the most common recurrent chromosomal abnor-
malities in murine APL models. Genetic characterization of this region led to
the discovery that loss of one copy of PU.1, a master regulator of hematopoi-
etic development, increases APL penetrance in mice expressing PML-RARa
(Walter et al. 2005). These findings suggest that PU.1 functional loss may
contribute to human APL leukemogenesis and provide the rationale for the
validation and identification of such cooperative genetic events in primary
human APL samples.

6
X Molecules Are Involved in the Control of the Cell Mitogenic
and Survival Signals, and of Genomic Stability

Analysis of X'~ mice and cells has, in the last few years, corroborated the no-
tion that the blockade or the interference with pathways normally regulated by
these molecules can indeed play a critical role in APL pathogenesis. While the
main outcome resulting from X gene heterozygosity and the interference of
the fusion protein with the function of the remaining normal X allele product
was originally proposed to lend a proliferative and survival advantage to the
leukemic cells, more recent data indicate that these events may also cause an
underlying genomic instability that could greatly contribute to APL multistep
leukemogenesis. Analysis of PML, PLZE, and NPM KO mice is currently on-
going and has been instrumental in reaching these conclusions. Primary PML
KO cells such as mouse embryonic fibroblasts (MEFs) or primary thymocytes
display a marked proliferative advantage (Wang et al. 1998a). Furthermore,
PML ™" cells of various histological origins including hematopoietic cells and
PML ™~ mice are protected from multiple apoptotic stimuli such as ionizing
radiation (Wang et al. 1998b; Quignon et al. 1998). In this respect, PML has
been found to modulate both p53-dependent (Fogal et al. 2000; Guo et al.
2000) and p53-independent (Torii et al. 1999; Zhong et al. 2000) apoptotic
pathways. PML inactivation markedly impairs cellular senescence induced by
oncogenic Ras, as well as by transforming growth factor (TGF)-p (Pearson
et al. 2000; Ferbeyre et al. 2000; Lin et al. 2004). In addition, cytoplasmic
forms of PML have also been found to modulate the tumor-growth tumor
suppressive role of TGF-f, while PML-RARa can oppose the function of PML
toward TGF-B (Lin et al. 2004). Finally, PML™'~ mice are more susceptible to
tumorigenesis when challenged with carcinogens as well as spontaneously
(Wang et al. 1998a; Trotman et al. 2006). Analysis of PLZF~~ mice and cells
revealed that the inactivation of this gene also results in a proliferative and
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survival advantage throughout embryonic development in various cellular
compartments (Barna et al. 2000; Costoya et al. 2004).

Analysis of NPM ™/~ cells and embryos has more recently allowed us to
determine that NPM heterozygosity results in genomic instability as a conse-
quence of aberrant centrosome amplification (Grisendi et al. 2005; Grisendi
et al. in press). PML inactivation has been previously shown to cause an in-
creased rate of sister-chromatid exchange (SCE), which also underlies genetic
instability (Zhong et al. 1999b). Thus, it is reasonable to propose that X gene
haploinsufficiency and/or the interference of the X-RARa and RARa-X fusion
proteins with their functions may result in genomic instability, hence favoring
the accumulation of additional genetic hits toward overt leukemogenesis.

Furthermore, characterization of PLZF~~ mutants indicates that X genes
may exert a key role in stem cell biology and maintenance (Costoya et al.
2004; Piazza et al. 2004). It remains to be seen if the same is true for the other
X genes and if this is of relevance to the pathogenesis of APL.

X gene inactivation in the mouse is therefore uncovering functional
commonalities among the partners of RAR«a involved in the various APL-
associated chromosomal translocations. These functions may be deregulated
in APL as a consequence of aberrant fusion protein activity.

7
The Crosstalk Between X and RAR/RXR Pathways

Analysis of X/~ mice and cells has also revealed that the X and RAR« pathways
could functionally interact. This in turn suggests that the X-RARo and RARa-
X fusion proteins by interfering with the X pathway affect the RARa pathway
and vice versa. It was shown that PML is required for the differentiating and
growth inhibitory activities of RA. Induction of myeloid differentiation and
the ability of RA to induce growth arrest in MEFs are impaired in PML™~
cells and mice (Wang et al. 1998a). Subsequently, PML was found to act as
a ligand-dependent coactivator of RXRa/RARa through its ability to interact
with the Tifla and CREB-binding protein (CBP) transcriptional cofactors. In
PML™" cells, the RA-dependent induction of genes such as RARB2 and the
ability of Tifl« and CBP to act as transcriptional coactivators upon RA are in
turn impaired (Zhong et al. 1999a). Taken together, these data demonstrate
that the PML and RARa pathways crosstalk and that PML-RARa can in
principle disrupt the RA-dependent activity of a tumor-growth suppressive
transcription complex in a DN manner at multiple levels (both on DNA and in
the absence of a direct DNA binding activity through heterodimerization with
PML), resulting in growth advantage and RA unresponsiveness. It remains to
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be determined whether this is also true for the other X-RARa fusion proteins,
their reciprocal products, or a combination of the two.

8
X Haploinsufficiency and Functional Interference of X-RARx and RARx-X
with X-Regulated Pathways Is Critical for APL Leukemogenesis

In vivo analysis of APL transgenic mice has provided genetic evidence that the
various X-RAR« proteins can interfere with X pathways. It is now becoming
apparent that this property is also shared by the RAR«-X fusion proteins. For
instance, RARa-PLZF can bind the PLZF DNA responsive element through
seven out of the nine zinc-fingers of the Kriippel type that constitute the PLZF
DNA binding domain. This mutant, however, is devoid of the transcriptional
repressive ability of PLZF because in RARa-PLZF the POZ domain (responsi-
ble for PLZF transcriptional repression) is replaced by one of the transacting
domain of RARa. Thus, having lost the transcriptional repressive ability of
PLZE, RARa-PLZF can act as a putative DN PLZF mutant (He et al. 2000).

Furthermore, in the human APL blast cells, the oncogenic function of the
various fusion proteins can be, in principle, greatly facilitated by the reduction
to heterozygosity of the X and RAR« genes caused by the APL chromosomal
translocations. This hypothesis is being tested through the use of X~ and
RARa ™~ mutants. If this is indeed the case, the reduction to heterozygosity or
the inactivation of the X or RARa genes should accelerate/exacerbate leuke-
mogenesis in APL mouse models. Indeed, crosses of PML-RARa TM with
PML ™~ mice or PLZF-RARoa TM with PLZF~/~ mice have been extremely in-
formative, fully supporting this notion. The progressive reduction of the dose
of PML resulted, in fact, in a dramatic increase in the incidence of leukemia,
and in an acceleration of leukemia onset in PML-RARa TM. Furthermore,
PML loss resulted in impaired response to differentiating agents such as RA
and vitamin Ds as well as in a marked survival advantage upon pro-apoptotic
stimuli in hematopoietic cells from PML-RARa TM. These results in turn
proved that PML acts in vivo as an APL suppressor by rendering the cells
sensitive to pro-apoptotic and differentiating stimuli and that the functional
impairment of PML by PML-RARa« is a critical event in APL pathogenesis
(Rego et al. 2001). Comparative analysis of PLZE-RARa TM/PLZF~'~ mutants
and PLZF-RARa/RARa-PLZF double TM also supports in full the notion
that RARa-PLZF can act as a DN RARa mutant and that PLZF haploinsuffi-
ciency is critical for APL pathogenesis. In fact, PLZF/~/PLZF-RARo mutants
develop APL-like leukemia indistinguishable from the one observed in PLZF-
RARa/RARa-PLZF double TM (He et al. 2000).
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9
The X Moiety Lends to the X-RAR« Fusion Protein Distinct
Gain-of-Function Proteins

The RARa gene is invariably involved in the APL-associated chromosomal
translocations. Thus, alteration of the RAR«a pathway and transcriptional
function has been thought to be central in APL pathogenesis. X-RAR« fusion
proteins robustly and constitutively recruit transcriptional corepressors, sug-
gesting that DN blockade of the RARa pathway and transcriptional repression
of canonical retinoic acid responsive element (RARE) sites are crucial events
for APL leukemogenesis. However, several lines of evidence have challenged
this hypothesis. For example, histone deacetylase 1-dependent DN blockade
of RARa function is neither sufficient to cause leukemia nor to block myeloid
differentiation in vivo, while PML-RARaM4, a fusion protein, containing
an RA-resistant RARa moiety retains the ability to induce APL (Matsushita
et al. 2006; Kogan et al. 2000). Furthermore, in transgenic mice, forced RAR«
dimerization/multimerization induces leukemogenesis at a much reduced
frequency as compared to PML-RARa (Sternsdorf et al. 2006). These obser-
vations strongly suggest that blockade of RAR« function may be necessary
but not sufficient for leukemogenesis, lending further support to the notion
that the X moiety-dependent ability of the fusion protein to interfere with
the tumor suppressive function of the wildtype X gene products may be crit-
ical. These findings also suggest that the X-RARa fusion proteins may exert
“gain of function” activities both at the transcriptional level and by inter-
fering with signaling pathways (Lin et al. 2004). Indeed, it has been shown
that through the PML moiety the PML-RAR« fusion protein acquires aberrant
gain-of-function DNA binding activities (Kamashev et al. 2004). In particular,
PML-RARa homodimers can bind DNA consensus sites that are not prefer-
entially recognized by a RARa/RXRa heterodimer (e.g., the RARE), allowing
the PML-RAR« oncoprotein to bind and potentially repress an expanded
repertoire of genes normally not regulated by RARa (Kamashev et al. 2004).

Collectively, these observations support the notion that the various X-
RARa and RARa-X fusion proteins may exert novel oncogenic functions that
are not simply derived from their ability to interfere with the function of
endogenous X and RARa genes.

10
Conclusions and Future Directions

In the last few years, important progress has been made in dissecting the
genetics of APL in vivo in engineered mouse mutants as well as in vitro in



94 P. P. Scaglioni - P. P. Pandolfi

cells derived from these animals. Altogether the data obtained from these
analyses allow the proposal of a unified model by which the various X-RAR«
and RARa-X fusion proteins play a critical and cooperative role in APL
leukemogenesis (Fig. 1). These molecules may exert their aberrant activities
through the concomitant interference/disruption of crosstalking X and RAR«
pathways, but also through gain-of-function aberrant activities yet to be fully
elucidated.

This analysis has also revealed that APL, as a clinical and biological entity,
is much more heterogeneous than was originally anticipated and that distinct
molecular lesions result in differential response to therapy. This notion will
allow tailoring therapeutic intervention according to the molecular makeup
of the APL blast.

While tremendous progress has been made resulting in effective treatment
modalities already, APL will remain a fantastic model system to study human
tumorigenesis at large in the future. In this respect, the identification of the
target genes/pathways that mediate the leukemogenic activity of the vari-
ous fusion proteins of APL, the identification of cooperative events toward
full-blown leukemogenesis, and the elucidation of the function of the APL
genes and their role in tumors other than APL will greatly contribute to this

understanding.
[ -]

T
[ X,..-RAR0. + RARa-X, ., ]
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[ | RAR(x/RXR]
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Fig.1 A unified model for the molecular pathogenesis of APL. In vivo analysis of TM
and KO mice supports a model by which the concomitant activity of X-RARa and
RARa-X fusion proteins is essential in APL pathogenesis. The APL fusion proteins
can deregulate X and RARa functions in a dominant-negative fashion. At the same
time, the APL fusion proteins may exert novel gain-of-function properties. These
activities may be necessary but not sufficient in APL leukemogenesis as suggested by
the fact that cooperative genetic events occur toward overt full-blown transformation
in mouse models of APL. X;—n, the various RARa fusion partners; —, transcriptional
activation; -, transcriptional repression; 2, unknown target genes/molecular events
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10.1
Identification and Validation of Cooperative Events and X-RARx
and RAR« Target Genes

Some of the critical biochemical properties of the X-RARa fusion protein have
been recently elucidated, such as its ability to act as potent transcriptional
repressor in view of an aberrant affinity for transcriptional corepressors and
histone deacetylases and aberrant DNA binding activities (He et al. 1998;
Grignani et al. 1998; Lin et al. 1998; Kamashev et al. 2004; Zhou et al. 2006).
However, the biological implications of these findings are in some way limited
by the fact that only very few bona fide X-RARa target genes have been
identified so far. Furthermore, a distinct biological activity has been attributed
only to a limited subset of them such as p21"WAFVCIPL and transglutaminase
type II (Liu et al. 1996; Casini et al. 1999; Ruthardt et al. 1997). Thus, the
identification and validation of RARx target genes and genes deregulated by
the aberrant transcriptional activity of the X-RARa oncoprotein is a major
and essential future undertaking.

Furthermore, concerning target gene identification, much can be learned
by taking advantage of the fact that the X-RARa« fusion proteins cause distinct
hematological malignanciesin TM. As the various fusion proteins are identical
in their RARa moiety, their differential biological behavior has to be conferred
by the X moiety. In this respect two models can be entertained: The X moiety
confers a distinct DNA binding specificity to the fusion protein that could
in turn deregulate distinct, albeit overlapping, gene sets. Alternatively, the
various fusion proteins could deregulate the same set of genes, but their
differential repressive/activating ability on distinct promoters could result in
different biological outcomes. To address these open and important questions,
microarray and chromatin immunoprecipitation (ChIP) on chip technology
applied to transgenic models of APL will be of tremendous value.

Lastly, the characterization and validation, on a comparative basis, of
the additional genetic events that cooperate with the fusion proteins toward
leukemogenesis in vivo in the various TM will allow us to better understand
the natural history of human APL and the identification of novel genes relevant
to human tumorigenesis.

10.2
Beyond APL: A Role for the Genes of APL in Other Malignancies

APL-related research has so far already firmly implicated PML in the patho-
genesis of cancer other than APL (e.g., in epithelial cancer tumorigenesis;
see Salomoni and Pandolfi 2002; Gurrieri et al. 2004; Trotman et al. 2006).
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The same is true in the case of NPM, whose loss and overexpression can par-
ticipate in tumorigenesis at large (Grisendi et al. 2005, 2006). On this basis,
a systematic analysis of the status of the genes and proteins of APL, their
targets and their associated cooperative events in human cancers other than
APL is therefore needed and warranted. In fact, it is likely that the X genes of
APL have been selected by leukemogenic process precisely because of their
ability to modulate critical oncogenic pathways and functions. Thus, research
on the mechanisms, genetics, and therapy of this paradigmatic form of leuke-
mia will undoubtedly continue to greatly contribute to our understanding of
human cancer, and our fight against it, far beyond APL in the years to come.
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Abstract We review the role of all-trans retinoic acid (ATRA) in the treatment of
acute promyelocytic leukemia (APL). The combination of ATRA and conventional
anthracycline-ARA-C chemotherapy (CT) has clearly demonstrated its superiority
over CT alone (in terms of relapse and survival) in newly diagnosed APL. Combina-
tion treatment probably also reduces the incidence of initial failures, and complete
remission (CR) rates greater than 90% are now regularly reported in large multi-
center trials. Some randomized studies strongly suggest that prolonged maintenance
treatment (for 1 or 2 years) with ATRA and low-dose CT, and possibly very early intro-
duction of anthracycline CT during induction treatment, may reduce the incidence of
relapse. With those treatments, the relapse risk appears to be only 10%-15%, although
it remains greater in patients who initially have high white blood cell counts (often
associated with variant M3 morphology, short bcrs isoform, etc.) and patients with
residual disease detectable by RT-PCR at the end of consolidation courses. In those pa-
tients, addition of arsenic derivatives to induction or consolidation treatment (or both
treatments together) may prove useful and is currently being tested. ATRA syndrome
(now generally called APL differentiation syndrome, as it is also seen with arsenic
derivatives) remains the major side effect of ATRA treatment. It occurs in 10%-15% of
patients and is currently fatal in at least 10% of them. Rapid onset of CT or high dose
steroids (or both) should improve its outcome. A sizeable proportion of APL patients
whorelapse after ATRA and CT can be durably salvaged by the same treatment followed
by allogeneic or autologous stem cell transplantation, provided the transplant (in the
autologous setting) is RT-PCR-negative. However, in relapsing APL arsenic derivatives
(mainly arsenic trioxide) are now considered to be the reference treatment. Some of
the current issues with ATRA treatment in newly diagnosed APL include whether
ATRA has a role during consolidation treatment and whether arabinoside (AraC) is
required in addition to anthracyclines in the chemotherapy combined to ATRA.

Acute promyelocytic leukemia (APL) is a specific type of acute myeloid leuke-
mia (AML) characterized by the morphology of blast cells (M3 in the French-
American-British classification of AML) [1, 2], the t(15;17) translocation [3]
that fuses the PML gene on chromosome 15 to the retinoic acid receptor (RAR)
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alpha gene on chromosome 17 [4, 5], and a specific type of coagulopathy [6,
7]. Until the late 1980s, intensive cytoreductive chemotherapy (CT), usually
combining an anthracycline and cytosine arabinoside (AraC), was the only ef-
fective treatment of APL. Over the last 15 years, the advent of all-trans retinoic
acid (ATRA), and more recently of arsenic trioxide, have greatly improved the
therapeutic approach of APL.

1
Background: Results of Chemotherapy Alone in APL

1.1
Induction Chemotherapy

With anthracycline AraC regimens, complete remission (CR) rates of only
50%-60% had generally been reported in the 1970s, but results subsequently
improved, and CR rates of 70%-0% were reported in the 1980s [8-13]. Failure
to achieve CR was due, in early reports, to CNS bleeding during the first days
of treatment in at least two-thirds of the cases. Sepsis during the phase of
aplasia accounted for the majority of other failures. By contrast, resistant leu-
kemia was generally seen in less than 10% of the patients, probably reflecting
the high sensitivity of APL cells to anthracyclines. Several studies, including
recent ones, have shown that total induction doses of daunorubicin (DNR)
greater than 200 mg/m*-250 mg/m? were required to obtain these results [8,
14, 15]. In addition, both in randomized and nonrandomized studies, there
was no evidence that anthracycline-AraC combinations were superior to an-
thracyclines alone if the latter were given at high dose (e.g., at least 300 mg/m?
during induction for DNR [16]). Idarubicin appeared to be at least as effective
as DNR in APL.

Other induction drugs (6 thioguanine, VP 16) do not seem to bring any
benefit during induction CT in APL. High-dose AraC has been suggested
to improve results over conventional dose AraC in one study [19], but gave
poorer results due to increased toxicity in other studies [16, 20].

1.2
Optimal Management of Coagulopathy During Treatment
with Chemotherapy Alone

The bleeding diathesis in APL results from a combination of disseminated
intravascular coagulation (DIC) due to the release of procoagulants from
abnormal promyelocytes and also from excessive fibrinolysis and proteolysis,
as blast cells also contain plasminogen activators and liposomal neutrophil
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enzymes that may be released during cell lysis, and are able to cleave various
substrates, including fibrinogen [6, 7].

Significant coagulopathy, present at diagnosis in 80% of cases of APL, is
worsened (or triggered in the remaining patients) by the onset of CT. Inten-
sive platelet support during CT, aiming at maintaining platelet counts above
50,000/mm?, is crucial in the management of coagulopathy of APL, espe-
cially in patients presenting with hyperleukocytosis, who have an increased
risk of early death due to bleeding whereas the role of other treatments,
including heparin, antifibrinolytic agents, and fibrinogen concentrates, is un-
proven [23].

13
Post-induction Chemotherapy

Once CR has been achieved, APL, even when treated with CT alone, is associ-
ated with alower risk of relapse than other types of AML treated identically [12,
16]. However, the optimal post-induction therapy remains controversial in
APL. In AML as a whole, it has been shown that intensive consolidation CT,
without maintenance, was at least equal or superior to milder consolidation
courses followed by prolonged maintenance therapy. However, in APL, two
studies have suggested that prolonged maintenance CT with 6 mercaptopurine
(6MP) and methotrexate (MTX) could prolong remissions when compared
to shorter consolidation regimens [15, 23], although those results were not
confirmed in a large randomized GIMEMA (Gruppo Italiano Malattie Ema-
tologiche dell’Adulto) trial [17].

14
Prognostic Factors of Treatment with Chemotherapy Alone in APL

In newly diagnosed APL treated with CT alone, patients older than 50 [15,
23] with hyperleukocytosis at diagnosis or major thrombocytopenia [23] had
a higher risk of early death.

Shorter remissions were seen in patients with hyperleukocytosis [12] and
in patients with a microgranular APL variant [15].

1.5
In Conclusion: Achievements and Limits of Chemotherapy Alone in APL

Published data suggest that anthracycline-AraC regimens with sufficient an-
thracycline dosage, associated to intensive platelet support during induction,
yielded CR in 75%-80% of newly diagnosed APL patients, with a risk of early
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death due to bleeding of about 10%-15%. With anthracycline-based consoli-
dation and possibly maintenance CT, median CR duration ranged from 11 to
25 months so that, overall, only 35%-45% of the patients could be cured by
CT alone. Patients presenting with high leukocyte counts, which account for
15%-20% of APL cases, had a particularly poor prognosis with CT alone, as
their CR rate was only 50%-60%, and the risk of relapse was high.

2
First Results Obtained with ATRA Alone in APL

Discovery of the activity of ATRA in APL was made by Chinese investigators,
especially the Shanghai group [25], and the drug was subsequently used in
France and other Western countries. In the first reports of ATRA therapy
published by the Shanghai group [25], the French group [26, 27], and then by
other groups [28, 29], CR rates of about 90% were reported in newly diagnosed
and first-relapse APL, generally with a 45 mg/m? daily dose of ATRA. The
presence of Auer rods in neutrophils, the absence of aplasia, and the study of
X chromosome-linked polymorphisms, in particular, showed that response
was not obtained by cytotoxicity but by differentiation of APL blasts into
neutrophils, leading to progressive replacement of leukemic hematopoiesis
by normal polyclonal hematopoiesis [25, 26,29-32]. Rapid improvement of
coagulopathy, instead of the initial worsening observed with conventional CT,
was also seen.

These first reports, however, drew attention to two major drawbacks of
ATRA treatment. The first was that, mainly in newly diagnosed APL, a rapid
rise in leukocytes was seen in one-third to one-half of the patients, accom-
panied by clinical signs of “ATRA syndrome” which proved fatal in some
patients [26, 33, 34]. Low-dose CT (with hydroxyurea or low dose AraC) did
not succeed in lowering leukocyte counts and preventing the fatal outcome,
whereas more intensive anthracycline-AraC CT was able to reduce leukocyte
counts and allowed most patients to enter CR [33]. It was also shown that
high-dose dexamethasone also had a favorable effect on “ATRA syndrome,”
now often called “APL differentiation syndrome.” The second drawback of
ATRA therapy was the development of resistance to this drug: patients who
achieved CR with ATRA and received either ATRA alone or low-dose CT for
maintenance therapy generally relapsed within a few months of CR achieve-
ment [26, 27, 32]. These findings prompted clinicians to administer treatment
combining ATRA and intensive CT in APL.
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3
ATRA Combined to Intensive Chemotherapy in Newly Diagnosed APL

Many studies including two randomized trials (the European APL 91 trial
and a U.S. Intergroup study) have clearly demonstrated the superiority of
combined treatment with ATRA and intensive CT over intensive CT alone in
newly diagnosed APL.

3.1
Randomized Studies Demonstrate the Superiority
of ATRA Chemotherapy Combinations over Chemotherapy Alone

The European trial (APL 91) compared CT alone (three intensive courses
of DNR and AraC) and ATRA followed by the same CT in newly diagnosed
APL between 1991 and 1992. In the ATRA group, the first CT course was
rapidly added to ATRA if WBC counts were greater than 5,000/mm? at di-
agnosis, or increased during treatment. The trial was prematurely stopped
after 18 months because event free survival (EFS) was significantly better in
the ATRA group [36, 37]. The last interim analysis, performed 73 months
after closing date of the study, confirmed the significantly higher actuarial
EFS, lower relapse rate, and better survival in the ATRA group [38]. This
trial also confirmed that the combination of ATRA and CT reduced the in-
cidence of early relapses, occurring within 18 months of diagnosis, without
increasing the incidence of later relapses by comparison with CT alone. The
U.S. Intergroup study, randomizing ATRA followed by CT and CT alone in
newly diagnosed APL, was performed between 1992 and 1995. Patients who
achieved CR were further randomized between no maintenance and ATRA
maintenance (see Sect. 4). The CR rate did not differ between patients who
received ATRA for induction and those that did not. However, the incidence
of relapse was significantly reduced in patients who received ATRA during
induction compared to those who received CT alone, and those differences
translated into survival differences [39, 41]. Also of note was that fewer re-
lapses occurred with CT followed by ATRA, as compared to CT alone. All
subsequent cooperative group studies have also shown superiority of ATRA
CT combination over CT alone (47,109).

3.2
CR Rates Obtained with ATRA Combined to Chemotherapy

Although the above-mentioned randomized trials did not show significant
differences in CR rates between patients treated with ATRA combined to CT
compared to CT alone, it appears that the addition of ATRA to CT, in recent
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experiences, has somewhatincreased CRrates. Indeed, results of several recent
European trials of ATRA combined to CT in newly diagnosed APL, which has
included more than 1,500 evaluable patients, showed CR rates between of 92%
and 91% [40]. These results, obtained on a multicenter basis, show that with
better knowledge of the utilization of ATRA (and especially of the prophylaxis
of its major side effect, i.e., ATRA syndrome) by clinicians, very high CR rates,
above 90%, can be achieved by combining this drug to CT in newly diagnosed
APL. By contrast, CR rates above 80% have rarely been reported in newly
diagnosed APL treated with CT alone.

4
Consolidation and Maintenance Treatment with ATRA in APL

Two randomized studies strongly suggest a beneficial role for maintenance
treatment in newly diagnosed APL treated with ATRA and consolidation
CT. The U.S. Intergroup trial randomized patients who had received ATRA
followed by three DNR-AraC courses to continuous maintenance with ATRA
(45 mg/m? per day) during 1 year or no maintenance. The incidence of
relapse was significantly lower in patients who received maintenance ATRA
(10 of 46 cases) than in patients who received no maintenance (21 of 54
patients). Liver toxicity of the treatment was, however, relatively important.
A benefit for ATRA maintenance was also found in patients who had received
no ATRA during induction therapy. In addition, patients who received CT
alone followed by maintenance with ATRA had a similar outcome to patients
who received ATRA followed by CT, but no maintenance ATRA [39].

The European APL group (APL 93 trial) randomized patients who had
achieved CR with a combination of ATRA and CT to receive no maintenance,
maintenance with ATRA (45 mg/m? per day) 15 days every 3 months, contin-
uous low-dose CT with 6MP and MTX or both during 2 years using a 2-by-2
factorial design [40]. The rationale for intermittent rather than continuous
ATRA for maintenance was based on pharmacokinetic studies showing a pro-
gressive decrease of serum peak levels of ATRA after a few weeks of treatment,
due to hypercatabolism of the drug [49-52], those studies showed that this
hypercatabolism was reversible after a few weeks of drug discontinuation [51].
The rationale for low-dose maintenance CT was based on two nonrandomized
studies (see previous paragraph). The incidence of relapse after 2 years was
25% in patients who received no maintenance ATRA vs 13% in those who
received maintenance ATRA (p =0.02), and 27% in patients who received no
maintenance CT vs 11% in those who received maintenance CT (p = 0.0003).
Furthermore, an additive effect of intermittent ATRA and low-dose CT in
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reducing the risk of relapse was seen. Regarding survival, the effect was sig-
nificant for maintenance with CT, but was only borderline for ATRA, at least
with the current follow-up. In addition, patients presenting with WBC counts
exceeding 10,000/mm?, who remain at higher risk of relapse after ATRA and
intensive CT, seemed to benefit particularly from maintenance with both CT
and ATRA. Finally, liver toxicity (and other toxicities) was moderate with
intermittent ATRA.

Those results have led most groups to use ATRA for maintenance treatment
generally in combination with low-dose CT, especially MTX and 6MP. Long-
term results of the APL 93 trial suggest that this type of maintenance treatment
should be administered during at least 1 year. Indeed, in that trial, where
maintenance treatment was scheduled for 2 years, the incidence of relapse
was 45% in patients who discontinued treatment after less than 1 year (for
reasons other than relapse) as compared to 16% in patients who received it
during more than 1 year.

ATRA may also play a role when administered during consolidation
courses, in combination with anthracycline-based CT. In the PETHEMA
(Programa para el Tratamiento de Hemopatias Malignas) experience,
reduction in the relapse rate was observed between the LPA (Leucemia
Promielocitica Aguda) 96 and LPA 99 trials by addition of 15 days of ATRA
during the three consolidation courses in the high- and intermediate-risk
patients [52]. However, the addition of ATRA during consolidation courses in
the LPA 99 trial was not randomized. It was also associated with an increase
in the cumulative dose of anthracyclines, by comparison with the LPA 96
trial, rendering any straightforward explanation difficult.

5
Prognostic Factors in Patients Treated with ATRA and Chemotherapy

In spite of the improvement of outcome seen with the combination of ATRA
and CT, some patients with newly diagnosed APL still do not achieve CR, and
others still relapse.

5.1
Prognostic Factors of CR Achievement

Of APL patients, 5%-10% fail to achieve CR with ATRA and CT, almost
exclusively due to early death, as resistance to ATRA is exceptional (probably
less than 1/500) in cytogenetically t(15;17) or molecularly (PML-RAR alpha
rearrangement) confirmed APL [40]. The three major causes of early death
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are CNS bleeding, ATRA syndrome, and sepsis, the latter usually occurring
later, during the phase of aplasia induced by CT. High WBC counts and older
age appear to be the main risk factors of early death in APL.

5.2
Prognostic Factors of Relapse

With a combination of ATRA and CT followed by maintenance treatment,
about 10%-15% of APL cases still relapse. Prognostic factors of relapse include
pretreatment factors, and monitoring of minimal residual disease (mrd) by
reverse transcriptase (RT)-PCR analysis of PML-RAR alpha rearrangement.

5.2.1
Pretreatment Factors

High WBC counts remain a risk factor of relapse in all reports [53], even if, as
seen above, results of the European APL group suggest that maintenance treat-
ment may particularly reduce the risk of relapse in this population [40]. Some
of the other risk factors found in most studies—including morphological M3
variant, low platelet count, and expression of CD34 or CD2 on blast surface
Fms-like tyrosine kinase 3 (FLT3) duplication—are generally correlated to
high WBC counts [54-56]. On the other hand, a meta-analysis of GIMEMA
and PETHEMA protocols in APL (both of which included maintenance with
ATRA and low-dose CT) showed that WBC and platelet counts had indepen-
dent prognostic value for relapse. Disease-free survival (DFS) at 4 years was
98% in patients with WBC counts less than 10,000/mm? and platelets greater
than 40,000/mm?, 90% in patients with platelets less than 40,000/mm?> but
WBC less than 10,000/mm?, and only 68% in patients with WBC greater than
10,000/mm? [47].

Other factors independent of the WBC count, including CD13 and
CD56 [57] expression, were associated with an increased risk of relapse in
some studies, whereas cytogenetic abnormalities in addition to t(15;17) did
not confer a higher relapse risk. Regarding the PML-RAR alpha breakpoint,
the short isoform (S isoform or bcr;) and possibly the rare ber, (or V)
breakpoint have poorer prognosis than bcr; (or L breakpoint); they are
also usually correlated with high WBC counts and may not carry a poor
prognostic value per se. The degree and rapidity of in vitro differentiation of
APL blasts with ATRA may also have prognostic value [58].
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5.2.2
Monitoring of Minimal Residual Disease

A clear correlation has been found in APL between detectable disease by RT-
PCR and the risk of relapse. Patients with detectable PML-RAR alpha fusion
messenger RNA (mRNA) by RT-PCR at the end of consolidation and perhaps,
more importantly, patients with positive findings after a phase of negative
results are at high risk of relapse [59-63]. It should be noted, however, that
for unknown reasons, the PML-RAR fusion transcript appears to be easily
degraded in bone marrow samples, often making results uninterpretable.
In addition, in spite of consensus meetings [64], there may be a certain
interlaboratory variation in the sensitivity of RT-PCR, especially due to the fact
that some laboratories perform one-round PCR, and others two-round PCR.
Therefore, comparison between successive samples rather than interpretation
of one given sample is advised.

U.S. and Italian investigators have used an assay with consistent but only
moderate sensitivity but close to 100% specificity [59, 60]. With this assay,
a negative result had good but not perfect predictive value, whereas a posi-
tive test (“molecular relapse”) was considered sufficiently reliable to institute
treatment, including toxic treatment with autologous stem cell transplanta-
tion [59, 60].

Quantitative PCR techniques, especially with TagMan probes, determine
for each patient at a given point a quantity of fusion PML-RAR mRNA. This
allows better analysis of an increase or decrease in successive samples, and
should improve clinical interpretation of results and therapeutic decisions [61,
63].

5.3
Extramedullary Relapses

A relatively large number of cases of extramedullary relapses have been re-
portedin APL treated with ATRA and CT, generally as single case reports [65].
Extramedullary sites were seen in 13 of the 97 relapses in a GIMEMA group
study and 10 of the 169 relapses seen by the European APL 93, LPA 96, and
LPA 99 trials [40, 65]. Sites of extramedullary relapse in those three studies
mainly included the CNS and less often the skin or other organs. CNS relapse-
was associated with marrow relapse in 8 of our 10 cases; it was only molecular,
however, in half of those cases.

Although it was initially suggested that the use of ATRA could increase
the incidence of extramedullary relapses in APL, this was not confirmed by
subsequent studies. The latter in fact strongly supported the fact that it was



Treatment of Acute Promyelocytic Leukemia by Retinoids 111

the prognostic improvement brought by ATRA that increased the number of
surviving patients potentially at risk of extramedullary disease.

6
Unresolved Issues in the ATRA and Chemotherapy
Combination Treatment of Newly Diagnosed APL

6.1
Duration and Dosing of ATRA During Induction Treatment

The optimal duration of ATRA during induction treatment of APL is not
known. Most centers administer ATRA until achievement of hematological
CR, which usually occurs after 40-60 days if ATRA is used alone and after less
than 30 days if CT is combined to ATRA from the onset. A British Medical
Research Council (MRC) randomized study compared a short course (5 days)
of ATRA followed by CT to a long course of ATRA (until CR achievement)
combined to the same CT in newly diagnosed APL. A better outcome was seen
in the latter group, demonstrating that longer administration of ATRA during
induction is required [43]. It is, however, unknown if discontinuation of ATRA
before CR achievement (e.g., after 15 to 20 days of treatment) is sufficient to
achieve full activity of the drug, in particular in terms of reduction of the
incidence of relapses. Analysis of the outcome of patients who had early
discontinuation of ATRA may be difficult to interpret in this context, as early
discontinuation is generally due to the occurrence of ATRA syndrome, which
may be per se a risk factor of relapse in APL [44].

Although ATRA is generally used at the dose of 45 mg/m? per day, it
has been shown that lower doses, i.e., 25 mg/m2 per day, gave similar CR
results [45]. Those lower doses are often applied in children when severe
headache, due to ATRA, develops [46]. Itis not certain, however, if the additive
or synergistic effect obtained with ATRA, at 45 mg/m? per day, and CT on
reducing the incidence of relapses in APL would persist completely with lower
doses of ATRA.

6.2
Scheduling of ATRA and Chemotherapy in APL

Most cooperative groups initially treated APL patients by ATRA alone, until
CR achievement, and then introduced CT. The European group (APL 93 trial)
randomized newly diagnosed APL patients with WBC counts 5,000/mm?
between ATRA followed by CT (ATRACT) and ATRA plus CT (ATRA+CT,
where CT was started on day 3 of ATRA treatment). The CR rate was similar
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in the two groups, but relapses at 2 years were significantly less frequent in
the ATRA+CT group [40]. This suggested that the “additive” or “synergistic”
effect of ATRA and CT on reducing the incidence of relapse in APL was optimal
when the two treatment modalities were administered together. In addition,
there was alower incidence of APL differentiation syndrome in the ATRA+CT
group, as compared to the ATRA followed by CT group (see below).

6.3
Role of AraC in the Chemotherapy of APL

As previously seen, when APL is treated with CT alone, it is unclear if AraC has
abeneficial role in addition to an anthracycline in the treatment of APL. When
CT is combined to ATRA, this is also debated. Sanz et al. [47] treated, in the
LPA 96 trial, newly diagnosed APL with ATRA and four successive courses of
CT with idarubicin or mitoxantrone alone, followed by maintenance treatment
with intermittent ATRA and low-dose continuous 6MP and MTX. The CR rate
was 89% and the 4-year incidence of relapse was 79%. After the end of CT, 93%
of the patients had converted to PCR-negative. Furthermore, consolidation
CT courses were associated with no mortality, limited morbidity, and very few
days in hospital. Those results were recently confirmed in the LPA 99 trial [52].
The low mortality in CR was in contrast with the 3.5% mortality (when
unrelated causes of death in CR were excluded) observed by the European APL
group after consolidation CT with two DNR-AraC courses [40]. Estey et al. [48]
also obtained favorable results in APL using ATRA followed by idarubicin
without AraC in 43 patients. However, the European APL group performed
astudy randomizing newly diagnosed APL patients with an initial WBC count
of less than 10,000/mm? between treatment with ATRA+DNR and treatment
with ATRA+DNR+AraC. All patients received maintenance treatment with
continuous 6MP+MTX and intermittent ATRA. Early termination of the trial
was made due to significantly higher relapse rates in patients treated without
AraC. Differences with the (nonrandomized) Spanish LPA 96 and LAP 99
trials are difficult to explain. They may be due to the higher cumulative dose
of anthracyclines used in the Spanish studies, to a possible superiority of
idarubicin over daunorubicin in APL or to the fact that, as seen above, the
addition of ATRA during consolidation courses may reduce the incidence of
relapses.

The role of AraC in addition to ATRA and anthracycline therefore remains
debated, at least concerning patients with no high pretreatment WBC counts.
Indeed, in patients with WBC counts greater than 10,000/mm?, the relapse
rate was 23% in LPA 96 and 99, without AraC, whereas it was only 8% in the
French APL 2000 trials, where patients received AraC (including high-dose
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AraC). The GIMEMA group’s results, although they were not randomized,
also strongly supported a role for AraC in reducing the relapse rate in APL
with WBC counts greater than 10,000/mm? [67]. Results of the German APL
group also support those findings [68]. Therefore, in APL with high WBC
counts, where the risk of relapse remains relatively important, the main issue
may not be so much the role of AraC, which appears justified, but a possible
interest of adding arsenic derivatives during consolidation courses.

7
Role of Retinoids in the Treatment of Relapsing APL

7.1
Retreatment with ATRA

In patients who relapse shortly after discontinuation of ATRA no response to
ATRA, even at higher doses, is generally observed [32, 69, 70]. Pharmacoki-
netic studies have indeed shown that prolonged use of ATRA was associated
with hypercatabolism of the drug through cytochrome P450 mechanisms,
with dramatic reduction of the serum peak levels of ATRA [50, 51].

On the other hand, in the APL 91 European trial, all the 10 patients initially
treated with ATRA who relapsed and were retreated with ATRA achieved a sec-
ond CR. An explanation could be that all relapses, in patients initially treated
with ATRA and intensive CT in this trial, occurred more than 6 months after
CR achievement (i.e., more than 6 months after discontinuation of ATRA).
Pharmacokinetic studies indeed suggest that the hypercatabolism of ATRA
induced by treatment with this drug is reversible after a few weeks of ATRA
discontinuation [52, 70]. Another reason is that in some of those patients,
CT was relatively rapidly added to ATRA, generally due to increasing WBC
counts, and that this possibly overcame partial resistance to ATRA. Recently,
the European APL group completed a study of ATRA followed by intensive
CT in 50 APL patients in first relapse who had received ATRA during their
first line treatment. Of the 50, 45 achieved CR [71]. When performed after this
intensive salvage treatment, autologous stem cell transplantation gave very
favorable results if (this was generally the case) stem cells were collected in
molecular CR. By contrast, allogeneic stem cell transplantation (SCT) after
such an intensive regimen give a high incidence of toxic mortality [72]. These
findings further support a role for arsenic trioxide, a nonmyelosuppressive
agent capable of inducing molecular CR after two courses in most relapsing
patients, as the first-line treatment of relapsing APL.
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7.2
Other Forms of Retinoids

Another argument supporting the systematic use of arsenic derivatives in
the first-line treatment of relapsing APL is that maintenance treatment with
ATRA is used more often by clinical cooperative groups. Therefore a large
proportion of first relapses now concern patients who are receiving or have
recently received ATRA, and will probably show resistance to this drug. In
addition, in some patients, resistance to ATRA is not due to hypercatabolism of
the drug, but to the occurrence of point mutations in the DNA-binding domain
of the RAR alpha gene [73]. Those mutations are associated to irreversible
resistance to ATRA.

In those situations of resistance to ATRA, preliminary studies suggest that
liposomal ATRA can still induce some responses [74]. One reason is that this
mode of administration of ATRA does not seem to induce hypercatabolism of
the drug and reduction of its plasma levels [48, 75]. Because it interacts with
both RXR and RAR receptors, 9-cis retinoic acid (RA), does not induce its own
catabolism to the same extent as ATRA. Favorable preliminary results with
9-cis RA have been published, but responses were seen in relapsing patients
that were possibly not resistant to conventional ATRA [76, 77]. A synthetic
retinoid Am80, approximately 10 times more potent than ATRA as an in
vitro differentiation inducer, has been used in a cohort of relapsing APL
patients and 58% achieved CR [78]. However, because all those patients had
discontinued ATRA for at least 18 months, it is also unclear whether Am80
was superior to ATRA in this situation, and whether it was able to overcome
resistance to ATRA.

8
APL Differentiation Syndrome (ATRA Syndrome)
and Other Side Effects of ATRA

ATRA therapy is usually well-tolerated and its side effects moderate. ATRA
has a few major side effects, however, dominated by ATRA syndrome (now
rather called APL differentiation syndrome, as it can also be observed during
treatment with arsenic derivatives).
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8.1
APL Differentiation Syndrome (ATRA syndrome)

8.1.1
Incidence and Clinical Signs

A progressive and symptomless rise in WBC counts is frequently seen with
ATRA treatment, but our group [26, 33] reported in some cases a rapid rise
of WBC counts associated with cardiopulmonary and renal failure. Frankel
et al. (1992) [34] then precisely described clinical symptoms of this “ATRA
syndrome,” and several large series of cases of this syndrome have been
published [44, 108]. Clinical signs of ATRA syndrome combine fever, res-
piratory distress, weight gain, lower extremity edema, pleural or pericardial
effusions, hypotension, and sometimes renal failure. These signs are preceded
by increasing WBC counts in the majority of case, but some patients develop
symptoms at normal WBC counts [69]. Of note is that some cases of ATRA
syndrome can occur upon recovery from aplasia in patients who have received
early CT and are still receiving ATRA [44].

ATRA syndrome occurred in 6%-27% of the patients in previous reports,
and mortality of the syndrome ranged from 8%-15% [34, 37, 39, 109, 110].
In the European APL 93 trial, patients who survived ATRA syndrome had
a higher risk of bone marrow relapse than patients who had no ATRA
syndrome (32% vs 15% at 2 years). In another study, the occurrence of
ATRA syndrome was associated with a possibly higher risk of subsequent
extramedullary relapse [111]. Finally, of note is that ATRA syndrome has not
been reported during maintenance treatment with ATRA. Therefore, patients
who experience tretinoin syndrome during induction treatment may safety
receive tretinoin for maintenance.

8.1.2
Pathophysiology of Hyperleukocytosis and ATRA Syndrome

The pathophysiology of hyperleukocytosis and ATRA syndrome is still not
completely understood. ATRA syndrome is not due to leukostasis or throm-
bosis (or both) [34], and because its clinical signs are reminiscent of those ob-
served in endotoxic shock and in adult respiratory distress syndrome (ARDS),
a possible stimulatory effect of ATRA on cytokine expression by APL cells has
been envisaged. Induction of interleukin (IL)-1 alpha and granulocyte colony-
stimulating factor (G-CSF) secretion by APL cells under ATRA may contribute
to hyperleukocytosis in vivo. On the other hand, the secretion of IL-1 alpha,
IL-6, tumor necrosis factor (TNF) alpha, and IL-8—which are involved in
leukocyte activation and adherence, and are implicated in the development
of ARDS—could have a pathogenetic role in ATRA syndrome [112, 113].
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More recently, it has been shown that ATRA induced aggregation of NB4
cells (an APL cell line). This process was mediated by the adhesion molecules
lymphocyte function-associated antigen (LFA)1 and intercellular adhesion
molecule (ICAM)2 and was reversed by addition of methylprednisolone [114].
These findings suggest that modification of the adhesive properties of APL
cells by ATRA could play a role in ATRA syndrome.

8.1.3
Prophylaxis and Treatment

Once ATRA syndrome has developed, addition of low-dose CT is ineffective in
lowering WBC counts, and leukapheresis is unable to reverse symptoms. Two
different approaches aimed at preventing or treating early ATRA syndrome are
proposed. One of them, mainly used by the European and Japanese groups [33,
37, 109], consists of adding CT from the onset of ATRA in patients presenting
with high WBC counts (WBC greater than 5,000/mm? in the European trial,
or greater than 3,000/mm?® in the Japanese trials) or when increases in the
WBC counts are seen with ATRA. This approach has been associated with
a low incidence of fatal ATRA syndrome. A disadvantage of this approach is
that about two-thirds of the patients treated with ATRA also received early
CT. However, several reports have shown that the period of neutropenia and
thrombocytopenia is significantly shorter in patients who receive CT while
already on ATRA, by comparison with CT alone [37, 115]. Furthermore,
intensive CT, if not administered early, would have to be administered later
on, as consolidation treatment. The possibility, suggested by the European
APL 93 trial, that early onset of CT (ATRA+CT) reduces the incidence of
relapse, by comparison to ATRA followed by CT (ATRA CT), could be an
additional argument for the early onset CT, even in the absence of high WBC
counts. This attitude is now a standard approach for the Spanish PETHEMA
and Italian GIMEMA groups. Also, of note is that, in APL 93 trial, there
were significantly fewer cases of ATRA syndrome in patients who received
ATRA+CT as compared to those treated by ATRA CT (y%) [44, 116].

By contrast, the usual U.S. approach is to prevent ATRA syndrome by high-
dose intravenous corticosteroids (dexamethasone, 10 mg IV twice daily for
3 days or more) as soon as the first symptoms occur. This attitude proved
effective in the U.S. Intergroup study, both for preventing ATRA syndrome
and reducing its mortality [39].

Finally, there is a consensus concerning the fact that patients presenting
with high WBC counts (e.g., more than 15,000-20,000/mm?) will very often
develop severe ATRA syndrome with ATRA alone, and require CT and intra-
venous dexamethasone from the onset of treatment. Some of these patients
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even present with symptoms analogous to those of ATRA syndrome at diag-
nosis [117]. The same recommendations that apply to ATRA syndrome during
treatment with ATRA apply to the similar syndrome observed after treatment
with arsenic derivatives.

8.2
Coagulopathy and Thrombosis

Because the release of leukemic cell components during ATRA treatment
is slow when compared to massive cell death induced by CT, no exacerba-
tion of the bleeding tendency is observed in APL patients undergoing ATRA
therapy. In the European APL 91 trial, median time to disappearance of sig-
nificant coagulopathy was 6 days after CT alone and 3 days in the ATRA
group (p=0.001) [37]. ATRA therapy may be especially important in reduc-
ing the severity of the bleeding tendency in hyperleukocytic APL patients,
a population still at a relatively high risk of early death with CT alone [6, 7,
118].

In APL patients treated with ATRA alone, primary fibrinogenolysis disap-
pears during the first 5 days of treatment, while DIC and leukocyte-mediated
proteolysis seem to persist during the first 2 or 3 weeks of ATRA therapy. This
could lead to a transient period of hypercoagulability, which could explain
the few well-documented cases of thromboembolic events in APL patients
treated with ATRA [119-121].

83
Other Side Effects of ATRA

Dryness of lips and mucosae are usual but are reversible with symptomatic
treatment. Increases in transaminases and triglycerides are common, but they
have never required treatment discontinuation in our experience. Headache,
due to intracranial hypertension, is generally moderate in adults but may be
severe in children, and associated with signs of pseudotumor cerebri [46].
Lower ATRA doses (25 mg/m? per day) reduce this side effect in children
and seem as effective as conventional doses of 45 mg/m? per day in inducing
CR [46]. Isolated fever frequently develops in the absence of other signs
of ATRA syndrome (or infection) and is reversible within 48 h of ATRA
discontinuation [37, 109].

Other side effects, including bone marrow necrosis [11], hypercal-
cemia [122], erythema nodosum [123], marked basophilia [124, 125], severe
myositis [126], Sweet syndrome [127, 128], Fournier’s gangrene (necrotizing
fasciitis of the penis and scrotum) [129, 130], thrombocytosis [131], and
necrotizing vasculitis [132] have rarely been reported with ATRA treatment.
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Abstract Arsenic has recently been identified as an effective drug in the treatment of
newly diagnosed and relapsed acute promyelocytic leukemia. Indeed, arsenic triox-
ide combined with all-trans retinoic acid shows a synergistic effect. Mechanistically,
arsenic targets the key leukemogenic protein PML-RARa, setting up a new example
of molecular target-based cancer therapy.

Arsenic is a natural substance that has been used as a drug for over 2,000 years
in both traditional Chinese medicine and the Western world (Zhu et al. 2002a).
However, in the early twentieth century, arsenic disappeared in medical his-
tory, due to its low effect compared to modern chemo- and radiotherapy and
concerns about its toxicity and potential carcinogenicity. Until recently, this
old remedy has been revived thanks to the discovery that it is specifically ef-
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fective and remarkably safe in the treatment of acute promyelocytic leukemia
(APL) (Chen et al. 1996a; Shen et al. 1997; Sun et al. 1992). Acting on the
PML-retinoic acid receptor (RAR)a fusion protein, arsenic trioxide (As,03)
represents a promising example of molecular target-based cancer therapies,
and a new approach in leukemia treatment (Chen Z et al. 1997; Zhou et al.
2005; see also below).

1
As;03 as Single Treatment in Remission Induction

The application of arsenic compounds to APL treatment can be traced back to
the early 1970s when white arsenic, containing essentially As,03, was used by
a group from Harbin Medical University in China, and its therapeutic effects
were identified in some human cancers such as esophageal carcinoma, lym-
phoma, and leukemia. In 1992, the same group reported, for the first time, the
administration of Ailin-1 (anticancer-1) solution, containing 1% As,03; and
a trace amount of mercury chloride by the intravenous route, for the treat-
ment of APL. Of 32 cases treated, a complete remission (CR) rate of 65.6% was
achieved, with the 5- and 10-year survival rates of 50.0% and 18.8%, respec-
tively (Sun et al. 1992). In 1996, two groups in China, one from Harbin and the
other from Shanghai Institute of Hematology, started to treat APL patients
with pure 1% As,0s3. Zhang et al. reported a CR rate of 73.3% in 30 primarily
diagnosed patients, and 52.4% in 42 relapsed or refractory cases (Zhang et al.
1996), whereas our group obtained a CR rate of 93.3% in 15 relapsed patients
(Chen et al. 1996b; Shen et al. 1997). Hence, As,;0s is an effective therapy
not only in newly diagnosed APL patients, but also in relapsed ones who
obtained CR with all-trans retinoic acid (ATRA)/chemotherapy. These results
have gradually been confirmed by reports of larger trials in China and then
in Western countries (Niu et al. 1999; Soignet et al. 2001; Zhang et al. 2000).
Table 1 summarizes the CR rate in APL treated with As,0s.

2
Dosage and Pharmacokinetics

The 10% solution of As; O3 can be diluted in 250-500 ml of 5% glucose normal
solution and administered by intravenous drip for 2-3 h. The standard dosage
of 0.16 mg/kg per day over a course of 28-42 days is usually required to induce
CR. Importantly, treating APL with low doses of As,03 (0.08 mg/kg per day)
canyield similar CR rate (80%) to that attained with a conventional dosage. In
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the low-dose group, among 14 relapsed patients followed-up for 7-33 months
after CR, the estimated disease-free survival (DFS) rates and overall survival
(OS) at 2 years were 42+10% and 50+10%, respectively, which were similar to
the results obtained among 33 relapsed patients followed up for 7 to 48 months
in the standard-dose group (49+15% and 62%16%, respectively; Niu et al.
1999). Hence, low-dose As,05 treatment was proved equally effective in APL
patients, although a larger scale randomized study must be launched in order
to reach a firm conclusion (Shen et al. 2001).

Pharmacokinetic studies showed that plasma arsenic concentration
rapidly reached the peak level, with the mean Cpmax at 6.85 pmol/l (5.54-
7.30 pmol/l), t1/2o 0.89£0.29 h and t;/5p 12.13+3.31 h (Shen et al. 1997).
In patients given 0.08 mg/kg As,Os3, the mean Cppax fell to 2.45 pmol/l
(1.54-2.81 pmol/l), and the ranges of t1/,, and 1,3 were 1.2-2.7 h (median
1.4h)and 6.23-14.9 h (median 9.4 h), respectively (Shen et al. 2001). Although
the mean Cppax 0ccurred in nearly the half of the results with standard dose,
the plasma concentration was maintained in the range of 0.1-0.5 pmol/l,
which is the level of in vitro differentiation.

Urinary arsenic content increased during drug administration, and the
total amount of arsenic excreted daily in the urine accounted for 1%-8%
of the daily dose. A temporary increase of arsenic in hair and nails was
documented, with peak levels at 2.5-2.7 ug/g tissues, and a decline of arsenic
was observed soon after withdrawal of arsenic therapy (Shen et al. 1997).

3
As,03 as Combined Treatment with ATRA in Remission Induction

In accordance with the synergistic effect of As,0; and ATRA supported in
experimental studies (Jing et al. 2001; Lallemand-Breitenbach et al. 1999;
Rego et al. 2000), clinical application of As;O3; combined with ATRA demon-
strated a significant improvement on disease control in newly diagnosed
APL patients (Shen et al. 2004). Dual treatment induced remission faster
than treatment with ATRA or As,03 alone. With the CR rate remaining high
(>90%), the median time to achieve CR in patients treated with As,0; and
ATRA [25.5 days (range 18-35 days)] was significantly decreased as com-
pared to those of patients treated with ATRA [40.5 days (range 25-65 days)]
or As,Osalone [31 days (range 28-38 days)]. Correspondingly, earlier re-
covery of normal platelets counts (>100x10°/1) was observed in combined
therapy vs monotherapy.

The reverse transcriptase polymerase chain reaction (RT-PCR) system for
examining PML-RAR« fusion gene transcripts, apart from its value for diag-
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nosis, offers a reliable tool for the detection of minimal residual disease. After
CR, evaluation by quantitative real-time RT-PCR for PML-RAR« transcripts
confirmed that the combined therapy achieved a more profound molecular
response than monotherapy, with the median fold reduction of PML-RAR«
fusion transcript copies as 118.9 (As,Os; and ATRA), 32.1 (As;03), and 6.7
(ATRA), respectively. Further decrease of this fold reduction was found after
consolidation chemotherapy, indicating that this beneficial effect in reducing
tumor burden by combination therapy is persistent (Shen et al. 2004).

Integrated study using complementary DNA (cDNA) microarray, 2D gel
electrophoresis with mass spectrometry (MS), and methods of computa-
tional biology revealed that the co-treatment with As,O3; and ATRA induced
synergistic impact at the transcriptome and proteome levels, including a co-
ordinated regulation of an array of transcription factors and cofactors, ac-
tivation of calcium signaling, stimulating of interferon pathway, activation
of the ubiquitin-proteasome system, induction of cell growth arrest, gain of
apoptotic potential, and degradation of the PML-RARa« fusion protein (Zheng
etal. 2005). The latter is in accordance with our previous finding that the more
degradation of the PML-RARa occurs, the better is recovery from the disease
(Shen et al. 2004).

In relapsed patients, As,0; and ATRA combination failed to show any
superiority in the clinical outcome compared with As,0; monotherapy, prob-
ably because most relapsed cases lost sensitivity to ATRA due to previous
exposure, and so the synergism between As,03; and ATRA could not be fully
expected (Raffoux et al. 2003).

4
Adverse Effects

There is no bone marrow depression during As,0s; treatment, and no signif-
icant changes of hemoglobin and platelet levels were observed. However, an
increase in the white blood cell count was observed in more than 50% of cases
in most studies, but hyperleukocytosis with signs similar to retinoic acid syn-
drome was relatively infrequent and most cases responded to dexamethasone
treatment.

Main adverse effects include skin reaction, gastrointestinal disturbances,
peripheral neuropathy, and electrocardiographic changes. Mild to moderate
increases of hepatic enzyme were observed, which was transient and re-
sponded well to either dose modification or concomitant hepatic protection
therapy.



Arsenic Trioxide and Acute Promyelocytic Leukemia: Clinical and Biological 135

Other less frequent adverse effects include enlargement of salivary gland,
enlarged thyroid gland without hyperthyroidism, oral ulcer, toothache, and
gingival or nose bleeding. These side effects could disappear with symp-
tomatic treatment, and the withdrawal of the drug is of no necessity during
remission induction.

Some of the side effects seem to be less frequent in patients treated with low-
dose As, O3 vs the standard dose; these include gastrointestinal disturbance,
facial edema, and cardiac toxicity (Shen et al. 2001). In combination therapy
with As,05; and ATRA, no evidence of increased adverse effects was observed
(Shen et al. 2004).

5
Postremission Treatment and Survival Time

For patients achieving CR and receiving As,03, chemotherapy, or both as
maintenance therapy in our previous study, 33 relapsed APL patients were
followed for 8 to 48 months and the estimated DFS rates and OS rates at 2 years
were 41.6% and 50.2%, respectively (Niu et al. 1999). Zhang et al. reported in
136 cases that the 5- and 7-year OS rates were 92.0% and 76.7%, respectively
(Zhang et al. 2000). In the U.S. multicenter study, when As,O3; was used
in relapsed cases, among 32 patients achieving CR, 18 received additional
As,0; treatment and 11 underwent allogeneic or autologous bone marrow
transplantation. The estimated 18-month OS and relapse-free survival rates
were 66% and 56%, respectively (Soignet et al. 2001). Mathews et al. reported
that 10 of 11 newly diagnosed APL patients treated with As, O3 and achieving
CR remained in CR at a median follow-up of 15 months (Mathews et al. 2002).
Therefore, it seems likely that As,O; appropriately used in postremission
therapy could prevent recurrence and achieve a longer survival time.
Recently, we developed a protocol for newly diagnosed APL with a com-
bination of As;O3 and ATRA as front-line therapy followed by consolidation
chemotherapy and maintenance with sequential use of ATRA, As,03, and
low-dose chemotherapy (Table 2; Shen et al. 2004). A total of 43 patients who
have completed the whole treatment process have been followed up in a me-
dian time of 37 months (range 27-46 months) and only two patients relapsed.
The first patient experienced central nervous system (CNS) leukemia and
a subsequent bone marrow relapse and the second patient experienced a CNS
relapse. Both patients presented a prior molecular relapse after an interval
of about 6 months by regular and quantitative RT-PCR and achieved the sec-
ond remission using the same protocol. These data suggested that, with the
current ATRA+As;0s+chemotherapy protocol, the relapse rate remains low
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Table2 As,O3/ATRA combination treatmentin newly diagnosed APL (Shen etal.2004)

Induction therapy® ATRA orally 25 mg/m? per day until CR
As;0j3 intravenously 0.16 mg/kg per day until CRB
Consolidation therapy Three consecutive regimens
DA regimen
Daunorubicin 45 mg/m? per day for 3 days
Ara-C 100 mg/m? per day for 7 days
Ara-C "pulse” regimen
Ara-C 1.5-2.5 g/m? per day for 3 days
HA regimen
Homoharringtonine 2-3mg/m? per day for 3 days
Ara-C 100 mg/m? per day for 7 days
Maintenance therapy Five cycles of three regimens
ATRA orally 25 mg/m? per day for 30 days
As; 03 intravenously 0.16 mg/kg per day for 30 days

6-Mercaptopurine 100 mg/day for 30 days or 15 mg
of methotrexate once a week for 4 weeks

As; 03, arsenic trioxide; APL, acute promyelocytic leukemia; ATRA, all-trans retinoic
acid; CR, complete remission

AHydroxyurea (daily doses of 20-40 mg/kg) or IA regimen (idarubicin: 6 mg/m? per
day for 3 days, Ara-c: 100 mg/m? per day for 3-5 days) when peripheral white blood
cell counts were over 10x10°/1

B As,0; decreased to 0.08 mg/kg per day for patients with grade 0-1 liver dysfunction,
and withdrawn in those of grade 2-4, according to Miller et al. (1981)

with prolonged follow-up; however, CNS involvement should be watched for,
as close molecular monitoring was informative in predicting the potential of
relapse.

6
Molecular Mechanisms of Arsenic Action

At the molecular level, APL is characterized by a chromosomal transloca-
tion t(15 ;17), which fuses the RARa on chromosome 17 to the PML gene
on chromosome 15 (de Thé et al. 1990, 1991; see other chapters in this vol-
ume). The PML-RARa fusion gene and its protein product PML-RAR are
thought to be responsible for APL pathogenesis. In the now classic model
of APL leukemogenesis, PML-RAR homodimers, by tightly binding to the



Arsenic Trioxide and Acute Promyelocytic Leukemia: Clinical and Biological 137

transcription co-repressor NcoR or SMRT, repress the expression of master
genes of myeloid cell differentiation (Lin and Evans 2000; Minucci et al. 2000).
Only a pharmacological RA concentration will release repressors, recruit ac-
tivators, and allow myeloid differentiation. The nature of the complex which
contains PML-RARw is still poorly characterized, although it seems to be
very large (Nervi et al. 1992). Several piece of evidence suggest that the DNA-
binding specificity of PML-RAR« is considerably relaxed with respect to that
of RARa, identifying a major gain of function of the fusion protein (Jansen
et al. 1995; Kamashev et al. 2004; Perez et al. 1993). The precise molecular
bases of repression are still the subject of intense research and involve both
histone deacetylation and DNA methylation (Di Croce et al. 2002; Grignani
et al. 1998; He et al. 1998; Lin et al. 1998; see below).

PML belongs to a so-called RBCC/TRIM protein family, which is basically
composed by one RING finger, two B boxes and a coiled-coil dimerization do-
main (Reymond et al. 2001). The RING-finger motif in other protein families
has been reported to be involved in ubiquitin conjugation; its exact role in
PML remains unclear. PML knockout mice are viable but susceptible to vari-
ous infections and tumor development (Wang et al. 1998a,b). In contrast to the
PML-null cells, which are resistant to apoptosis triggered by different stimuli,
PML overexpression could induce cell growth arrest, senescence, and apop-
tosis (Quignon et al. 1998). One of the most characteristic features of PML is
so-called PML nuclear bodies (NBs) (Salomoni and Pandolfi 2002). PML is the
organizer of these nuclear matrix-associated multiprotein complexes, which
include many key regulators such as Sp100, CBP, and Daxx. Although the phys-
iological function of PML NBs is far from clear, disruption of these structures
has been observed in a variety of disease processes, for instance, neurodegen-
erative disorders, virus infections, and APL (Seeler and Dejean 2001).

PML can be covalently modified by a small peptide, SUMO (small ubi-
quitin-like modifier)(Duprez et al. 1999; Kamitani et al. 1998a; Kamitani et al.
1998b; Lallemand-Breitenbach et al. 2001; Muller et al. 1998). Sumoylation has
also been reported for many other proteins, such as, Sp100, IkBa, RanGAP1,
and a variety of transcription factors. In contrast to ubiquitination, which
usually targets the modified proteins for proteasome dependent degradation,
sumoylation is thought to regulate the subcellular localization, stability, and
transcription activity of its target proteins (Seeler and Dejean 2001). For
instance, RanGAPI1 sumoylation triggers its binding to the nuclear pore com-
plex, while unsumoylated ones are cytoplasmic. In the case of IxBa, SUMO
competes with ubiquitin for the same target lysine, which stabilizes IxBa by
inhibiting its ubiquitin-proteasome degradation. PML has three SUMO mod-
ification sites, K65, K160, and K490 (Kamitani et al. 1998a). While it has been
proposed that sumoylation of PML is required for PML NB formation (Muller
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et al. 1998), we demonstrated that PML sumoylation is dispensable for the
organization of the primary PML NBs and is only required for the maturation
of NBs and the recruitment of other partners (Lallemand-Breitenbach et al.
2001). Furthermore, we demonstrated that only K160 sumoylation is critical
for the partners’ recruitment (Lallemand-Breitenbach et al. 2001; Zhu et al.
2005), identifying a critical asymmetry in the function of the two major PML
sumoylation sites.

Before the discovery of its sensitivity to arsenic, APL was already a model
disease for both differentiation therapy and oncogene-targeted treatment
(Warrell et al. 1993). Retinoic acid targeting of the PML-RARa fusion in-
volves a number of distinct steps whose contribution to APL cell differentia-
tion are still unclear. Those involve disruption of corepressor/RARa binding,
coactivator recruitment, and PML-RARa degradation. The molecular de-
tails of this degradation pathway have been well described (Zhu et al. 2001).
ATRA activates the RARa through its activation function 2 (AF2) transactiva-
tion domain and induces the polyubiquitination-19S proteasome-dependent
catabolism of fusion protein (Zhu et al. 1999). It was also shown that ATRA
triggers caspases that cleave PML-RARa (Nervi et al. 1998).

While the molecular mechanism of ATRA treatment has been extensively
studied and well-elucidated, that of arsenic therapy is still under debate (Miller
et al. 2002; Zhu et al. 2002a). The cellular mechanisms of arsenic therapy was
first proposed by our group (Chen et al. 1996a). Based on ex vivo exper-
iments with the human APL cell line NB4, we found the major effect of
arsenic is to trigger cell apoptosis at high concentration, while it also triggers
a partial differentiation at low concentration. Of note, when APL cells were
exposed to both As,0; and cyclic AMP (cAMP), a terminal differentiation
could be achieved (Zhu et al. 2002b). Interestingly, in an in vivo setting, ar-
senic had a dominant differentiation effect, with modest apoptotic effect in
APL transgenic mice (Lallemand-Breitenbach et al. 1999). In 1997, we found
that in striking similarity to ATRA, As;03; degrades PML-RAR«a (Quignon
et al. 1997; Zhu et al. 1997, 2001). In contrast to ATRA, which targets the
RARa moiety of the fusion, As,Os targets its PML part, since it degrades
either PML or PML-RARa. More specifically, As;O03 induces the targeting of
the nucleoplasmic fraction of PML onto the matrix-bound NB, where PML
is degraded (Zhu et al. 1997). Intriguingly, As,03 did not affect the localiza-
tion (nor the abundance) of PML (or PML-RAR) in transiently transfected
COS or CHO cells. This observation could suggest that As;O5; does not act
directly on the protein, but on a rate-limiting posttranslational modification
implicated in the NB/matrix association of the protein. The latter might be
phosphorylation, as arsenicals are well known to inhibit phosphatases. Re-
cently this hypothesis was supported by the observation that As,O; treatment
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induces phosphorylation of the PML protein, through a mitogen-activated
protein (MAP) kinase pathway. Increased PML phosphorylation is associated
with increased sumoylation of PML (Hayakawa and Privalsky 2004). Using
MAP kinase cascade inhibitors, or the introducing of phosphorylation or
sumoylation-defective mutations of PML, As,Os-mediated apoptosis could
be impaired by PML.

In a recently published paper, the functions of two informative mutants
of PML-RARa in hematopoietic progenitor cells, determined by retrovi-
ral transduction and transgenic mouse, were studied. We introduced into
PML-RAR« the specific mutant of the site of sumoylation, K160, which is im-
plicated in the degradation induced by the As,O3 and the recruitment of the
other proteins of nuclear bodies, in particular Daxx (Zhu et al. 2005). We be-
lieved that this transgene would lead to an As,05-resistant APL. To our great
surprise, PML-RARaK160R is no longer transformative ex vivo. Similarly, the
expression of this mutant in transgenic mice only induced myeloid hyperpla-
sia, which was never associated with a differentiation block, the characteristic
feature of APL. These results show that the dimerization of PML-RAR« is not
sufficient to induce transformation, which was not expected by the current
models for APL pathogenesis. Yet, RARa dimerization can be implied in the
process of myeloid hyperplasia. What is the role of K160 sumoylation? It
appears that the function lost upon mutation of this site is transcriptional
repression. In addition, sumoylation of the K160 site in PML induces the
recruitment of the repressor, Daxx. Fusion of Daxx to PML-RARaK160R
restores leukemogenesis ex vivo, strongly suggesting that K160 is essential
for transcriptional repression. These observations could explain why PML is
the recurrent partner of RARa in APL. Could arsenic-induced modulation
of the posttranslational modifications occurring on K160 affect the ability of
PML-RARa to repress target gene? This could be an attractive hypothesis that,
as in the case of ATRA and RARa, would couple depression to degradation.
Indeed, arsenic is well-established to greatly enhance sumoylation of K160,
specifically (Lallemand-Breitenbach et al. 2001). Should K160-recruitment of
the putative repressor onto PML be dependent on another posttranslational
modification, this would provide an attractive new model for arsenic response
of APL cells (Zhu et al. 2005).

7
Perspectives

Although remarkable clinical achievements have already been obtained in the
treatment of APL with arsenic, and the underlying mechanism of action has
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gradually been uncovered, further investigation must be performed. Clini-
cally, the ATRA, As, 03, and chemotherapy triad needs further confirmation in
larger studies and over longer follow-up periods. Biologically, further efforts
should be made to elucidate the mechanisms of apoptosis and differentiation
induced by As,0s. In addition, it will be interesting to see if we can broaden
the indication of As;Os3 therapy in malignancies other than APL, making
arsenic a more beneficial drug in cancer therapy.
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Abstract In spite of the very high cure rate (70%-80%) achieved in APL with combina-
torial all-trans retinoic acid (ATRA) and anthracycline-based chemotherapy regimens,
anumber of issues are still open for investigation in front-line therapy of this disease.
These include, among others, improvements in early death rate, the role of arsenic tri-
oxide (ATO) and maintenance treatment, and, finally, optimization of molecular mon-
itoring to better identify patients at increased risk of relapse. The current consensus
on the most appropriate induction therapy consists of the concomitant administration
of ATRA and anthracycline-based chemotherapy. Although the antileukemic benefit
provided by the addition of ATRA to consolidation therapy has not been demonstrated
in randomized studies, historical comparisons of consecutive studies carried out by
Spanish and Italian cooperative groups suggest that the combination of ATRA and
chemotherapy for consolidation may also contribute to improving therapeutic results.
While a variety of distinct treatments are being investigated for front-line therapy, most
experts agree that a risk-adapted therapy represents the optimal approach, through
the use of more intensive therapy in patients with initial hyperleukocytosis. Longitu-
dinal RT-PCR of PML/RAR« allows sensitive assessment of response to treatment and
minimal residual disease (MRD) monitoring in APL. Achievement of negative PCR
status or molecular remission at the end of consolidation is now universally accepted
and recommended as a therapeutic objective in this disease. On the other hand, persis-
tence of, or conversion to, PCR positive in the marrow during follow-up is associated
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with impending relapse. Preliminary studies on therapy of molecular relapse indicate
a survival advantage as compared to administering salvage treatment at time of hema-
tologic relapse. The more accurate and reproducible real-time PCR method to detect
at quantitative levels the PML/RARa hybrid will likely provide better inter-laboratory
standardization and trial results comparison in the near future.

1
Diagnostic Approach

Acute promyelocytic leukemia is a medical emergency requiring rapid diag-
nosis and prompt administration of specific therapy. In typical hypergranular
cases, morphologic characteristics of APL blast cells allow easy recognition
of this leukemic subtype, while some difficulties may be encountered in the
morphologic identification of the less frequent hypogranular variant (Bennett
et al. 1976, 1980; McKenna et al. 1982; Tallman et al. 1993). Early initiation
of specific treatment with all-trans retinoic acid (ATRA) is of paramount
importance because this agent ameliorates the life-threatening coagulopathy
associated with the disease (Barbui et al. 1998). Hence, although confirmation
of diagnosis by genetic tests is always required, it is highly recommended that
treatment be started with no delay based on morphologic/clinical suspect of
APL (Sanz et al. 2005). In addition to cytological features, a characteristic im-
munophenotypic profile is detectable in this leukemia that usually includes
lack of the HLA-DR expression, and positivity for CD13, CD15, and CD33
(Guglielmi et al. 1998; Paietta 2003). The demonstration of the APL unique
genetic lesion, which may be searched by clinicians even after treatment ini-
tiation, is strongly recommended in all cases including the morphologically
typical ones. In fact, the specific t(15;17) and particularly the corresponding
gene fusion PML/RARa predict ATRA responsiveness in 100% of cases (Miller
et al. 1992). The APL-unique hybrid gene may be detected using RT-PCR or
fluorescent in situ hybridization (FISH) methods (Lo-Coco et al. 1999; Reiter
et al. 2004). For the purpose of rapidly initiating ATRA-containing therapy,
the use of anti-PML antibodies also represents a valid approach. Anti-PML
antibodies allow identification in t(15;17)-positive APL of a microspeckled
distribution of the PML protein, as opposed to the speckled distribution of
the wildtype PML that is observed in non-APL leukemias (Falini et al. 1997;
Samoszuk et al. 1998; Villamor et al. 2000; Gomis et al. 2004). This technique
should not, however, replace RT-PCR, because only this latter method identi-
fies the type of PML/RAR«x isoform and the target for minimal residual disease
(MRD) evaluation in the individual patient.
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2
Molecular Architecture of the t(15;17) and Definition
of the RT-PCR Strategy

Two fusion genes are formed as a consequence of the t(15;17) transloca-
tion on the 17q and 15q derivatives. Of these, the RARa/PML fusion gene
is transcribed in about 70% of APLs, whereas the reciprocal PML/RARw is
expressed in 100% of cases (Alcalay et al. 1992). Therefore, most laboratories
have adopted the PML/RARa RT-PCR assay for rapid diagnosis and monitor-
ing of residual disease (Lo-Coco et al. 1999; van Dongen et al. 1999; Reiter
et al. 2004). On the 17q, breakpoints are located in RAR« intron 2, while on
the 15q derivative breakpoints may be located at three different sites of the
PML gene i.e, intron 6, exon 6, and intron 3. Based on this variability and due
to alternative splicing of PML exons, three different PML/RARa isoforms are
formed (Pandolfi et al. 1992). Of these, the so-called bcrl type, derived from
breakpoints in PML intron 6, is detected in 55%-60% of cases; bcr3 transcript
type derives from breakpoints in PML intron 3 and is found in 35%-40%
of patients, and finally, the bcr2 isoform (also referred to as “variant” type)
results from breakpoints in PML exon 6 and is identified in approximately
8% of cases (Fig. 1). Together, bcrl and ber2 isoforms are frequently referred
to as the “long transcript,” while the bcr3 type is referred to as the “short
transcript” (Grignani et al. 1994; Chen et al. 1995; Warrell 1996; Fenaux et al.
1997). Primers for PML/RARx amplification are usuallylocated on PML exon 3
(forward primer) and RAR« exon 3 (reverse primer). Using the conventional
nested RT-PCR approach, a single amplification band is visualized in cases
with the short transcript isoform, and a multiple band pattern due to alter-
native splicings downstream of PML exon 3 is detected in cases bearing the
long (bcrl-2) isoform (Pandolfi et al. 1992).

Following the design of RT-PCR assays for PML/RARa in the early 1990s,
many studies have been carried out to investigate the value of minimal residual
disease (MRD) monitoring in APL. In addition, a number of technical issues
have been addressed in the literature on the advantages and drawbacks of
this assay as well as on the optimal ways to adapt PCR monitoring to clinical
protocols. As discussed in the following section, a consensus exists on the
invaluable clinical information provided by PCR testing, such that the status
of molecular remission is nowadays recognized as a target of treatment and
a surrogate marker of improved survival in APL (Cheson et al. 2003). In
fact, according to the results of the largest prospective monitoring studies
reported so far (Diverio et al. 1998; Burnett et al. 1999; Jurcic et al. 2001)
the achievement of PCR negativity at the end of consolidation correlates
with sustained remission while the persistence or reappearance of a PCR-
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Fig. 1 Schematic representation of the PML/RARa cDNA hybrid with the distinct
isoforms that are generated according to heterogeneous breakpoints in the PML gene.
The arrows indicate the approximate location of primers used for PCR amplification
of the fusion gene

positive test during follow-up is strongly associated with hematologic relapse
(reviewed in Grimwade and Lo-Coco 2002).

3
Technical Issues Related to RT-PCR Amplification

The quality of RNA and efficiency of the reverse transcription (RT) step is
one of the most important factors for successful RT-PCR amplification of
PML/RARa. Assessment of RNA quality and choice of appropriate control
genes in MRD experiments is crucial in order to avoid false-negative results.
Atdiagnosis, APLis frequently characterized by low white blood cell countand
activation of coagulation and proteolytic enzymes. Hence, obtaining sufficient
RNA from the peripheral blood may be difficult. Improvement in the reverse
transcription step has been reported using the so-called “hot start” method,
which contributes to minimize primer misannealing and enhances sensitivity
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ofthereaction (Seale et al. 1996; Lo-Coco etal. 1999b; Grimwade et al. 1999). As
discussed above, the initial strategy should allow us to detect the PML/RAR«
isoform type and finally to resolve a single amplification fragment. Thus, the
appropriate primer set will subsequently be adapted to the individual patient
and be used after consolidation treatment for MRD monitoring. The precise
characterization of cases with the bcr2 variant isoform requires sequencing
of the breakpoint on PML exon 6.

4
Strategies to Improve RT-PCR Monitoring
and Quantitative Real-Time RT-PCR

Although the standard RT-PCR-based approach is regarded as clinically rel-
evant for response assessment and prognosis, several issues have to be con-
sidered for improving standardization and reliability of results. To define
molecular relapse (i.e., conversion from PCR-negative to PCR-positive) some
investigators have recommended confirming positivity of the test in two suc-
cessive marrow samples before initiating salvage therapy (Lo-Coco et al. 1999;
Estey et al. 1999). Moreover, the frequency of PCR testing in clinical trials
may be adapted to the relapse risk. According to most of the recent trials
in which ATRA and chemotherapy have been used, the majority of relapses
occur within the first 6-8 months after the end of consolidation; therefore,
amore stringent monitoring might be justified during this period. In addition,
it seems reasonable to recommend more frequent sampling for monitoring
studies in patients with hyperleukocytosis at presentation, as these patients
have been shown in most trials to be at higher risk of relapse (Asou et all 1998;
Fenaux et al. 1999; Mandelli et al. 1997; Sanz et al. 2004; Lengfelder et al. 2000;
Tallman et al. 2002).

While it is commonly accepted that reduction of the PML/RARa transcript
below the threshold detectable by standard RT-PCR is associated with long-
term survival, the achievement of PCR-negative status is no guarantee of final
cure. In fact, using assays with sensitivity thresholds of approximately 107,
a significant proportion of APL patients who ultimately relapse show no de-
tectable residual disease after induction and consolidation therapy (Grimwade
et al. 1996). Because of this, different approaches have been undertaken in
order to better identify, at the molecular level, patients at higher relapse risk;
these include attempts to increase the sensitivity level of the reaction, the anal-
ysis of the reciprocal RARa/PML fusion, and prolonged post-consolidation
monitoring (Lo-Coco et al. 1999b; Grimwade et al. 1999).
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The detection of reciprocal RARx-PML transcripts results in improved
sensitivity (approximately 1 log) over the standard PML/RAR« assay. In APL
patients enrolled in the Medical Research Council (MRC) group ATRA trial,
the RARa-PML amplification led to the detection of residual disease in an
additional 20% of patients who were in hematologic remission following
induction or consolidation treatment (Burnett et al. 1999). This increased
sensitivity did not, however, translate into better predictive value of MRD
detection. In fact, most patients who relapsed in this study showed, at this
time-point, levels of disease still below the detection limit of the more sen-
sitive assay, whereas detection of RARx-PML transcripts was not necessarily
indicative of impending relapse (Burnett et al. 1999).

Because the standard nested RT-PCR assays do not allow us to precisely
quantitate the amount of residual disease, a comparison of MRD results in
distinct clinical trials is imprecise. In light of this, for PML/RARa monitoring
some investigators have adopted the newly developed real-time PCR method
(RQ-PCR), which holds promise for better interlaboratory standardization
and interstudy comparison (Grimwade et al. 2002). This amplification system
provides increased specificity and sensitivity, and it results in reduced risk of
carry-over contamination due to the use of a closed vial system that avoids
the need of nested PCR and the run of PCR products on an agarose gel
electrophoresis. According to the largest RQ-PCR study reported so far in APL,
this technology also allows for better monitoring in peripheral blood samples
as compared to the conventional nested approach (Gallagher et al. 2003). This
in turn would greatly improve clinicians’ compliance for monitoring studies.
The results of RQ-PCR monitoring in prospective studies on large patient
cohorts are required to establish its value in guiding therapeutic decisions.

5
Front-Line Therapy

Anthracycline-based chemotherapy and ATRA are the mainstays of front-line
treatment. Other agents that have recently proved to be highly effective in
APL include arsenic trioxide (ATO) and anti-CD33 antibodies. These agents
have been mainly used for relapsed patients, although their potential role in
front-line therapy is currently under investigation (Estey et al. 2002; Shen et al.
2004). ATO and immunotherapy with anti-CD-33 antibodies are the subject of
two dedicated chapters in this volume (see Z. Chen et al. and P.G. Maslak et al.).

The striking sensitivity of APL to anthracyclines was originally reported
for daunorubicin by Bernard and colleagues in 1973 (Bernard et al. 1973),
and confirmed successively by other European groups who extended this
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observation to other anthracyclines (Marty et al. 1984; Sanz et al. 1988; Avvisati
et al. 1990). The reasons underlying such high sensitivity are unclear, but the
absence of the multidrug resistance glycoprotein P170 on APL cells may be an
important factor influencing the favorable response to anthracyclines (Paietta
et al. 1994; Candoni et al. 2003).

Following the initial results on ATRA reported from China and confirmed
by several groups worldwide, a number of multicenter trials were conducted in
the 1990s to explore optimal ATRA and chemotherapy combination schedules
(e.g., sequential vs simultaneous administration), the role of maintenance, and
that of molecular monitoring (reviewed in Sanz et al. 2005). The main results
of these studies may be summarized as follows:

1. The concomitant ATRA plus chemotherapy schedule provides better out-
come results compared to the sequential (ATRA followed by chemother-
apy) schedule, as demonstrated in a randomized comparison reported by
the European APL 1993 study (Fenaux et al. 1999). In addition to better
DEFS rates, the simultaneous approach is more effective in diminishing the
occurrence of overt ATRA syndrome (Fenaux et al. 1999).

2. The type and intensity of induction and consolidation chemotherapy var-
ied considerably in the reported trials. In particular, polychemotherapy
regimens including cytarabine have been used in most of the above stud-
ies (Asou et al. 1998; Burnett et al. 1999; Fenaux et al. 1999; Lengfelder et al.
2000; Tallman et al. 2002) while anthracycline-based chemotherapy has
been used with ATRA for remission induction by the GIMEMA (Gruppo
Italiano Malattie Ematologiche dell’Adulto) and PETHEMA (Programa
para el Tratamiento de Hemopatias Malignas) groups. The GIMEMA
and PETHEMA regimens also omitted nonintercalating agents from the
consolidation phase, with no apparent reduction of therapeutic efficacy
(Mandelli et al. 1997; Sanz et al. 1999). The PETHEMA study showed
a substantial benefit of an anthracycline-based consolidation, due also to
reduced toxicity (Sanz et al. 1999).

3. Two randomized trials showed the advantage of including ATRA-based
maintenance (Tallman et al. 1997; Fenaux et al. 1999). The European APL
1993 study (Fenaux et al. 1999) suggested further benefit from mainte-
nance with combined ATRA plus low-dose chemotherapy with methotrex-
ate and 6-mercaptopurine. The role of maintenance was also investigated
by the GIMEMA group, which adopted the same four randomization arms
of the APL 1993 study (ATRA vs chemotherapy vs ATRA+chemotherapy
vs observation; Mandelli et al. 1997). Updated results of the GIMEMA
study do not seem to confirm a benefit from using maintenance in APL.
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4. All studies reported the clinical relevance of longitudinal RT-PCR mon-
itoring to assess response to therapy. Approximately 50% of patients re-
ceiving ATRA plus chemotherapy have detectable PML/RARa transcript
in their marrow after completing induction. No correlations were found
between the PCR status at the time of morphologic remission achievement
and the relapse risk, whereas PCR status after consolidation is highly pre-
dictive of outcome (Diverio et al. 1998; Jurcic et al. 2001; Gallagher et al.
2003). After completion of consolidation, 90%-95% of cases tested PCR-
negative in the GIMEMA, MRC, and PETHEMA studies (Burnett et al.
1999; Mandelli et al. 1997; Sanz et al. 1999).

As expected, a distinct kinetics of PML/RARa negativization was observed
in the German AMLCG (Acute Myeloid Leukemia Cooperative Group) study,
in which patients received a double-induction strategy including high-dose
cytarabine (TAD/HAM regimen) in association with ATRA (Lengfelder et al.
2000). Up to 91% of patients studied after this induction tested negative by
RT-PCR, corresponding to the fraction of molecular remission obtained after
two chemotherapy courses in other trials.

In addition to the above multicenter trial results, investigators at the MD
Anderson Cancer Center suggested that the liposomal ATRA formulation is
more effective compared to orally administered ATRA, and that the amount
of chemotherapy needed to cure the disease might be reduced if it were used
in combination with liposomal ATRA (Estey et al. 1999). Unfortunately, this
formulation is no longer available.

In spite of the dramatic improvement in patient outcome, the above studies
left unsolved a number of issues that have been addressed in successive trials
designed in 1999-2000, most of which are still ongoing. Investigational areas
addressed in current trials are the role of cytarabine, the type and intensity
of consolidation, the possibility to differentiate treatment according to the
relapse risk, and the place of novel agents such as other retinoids and ATO.
The main ongoing multicenter studies in untreated APL are summarized in
Table 1.

At present, the results of the Spanish PETHEMA study have been reported
(Sanz et al. 2004). According to the design of this trial, patients received after
the AIDA (all-trans retinoic and idarubicin) induction distinct consolidation
approaches based on a predefined relapse risk established at diagnosis (Sanz
et al. 2000). The study reported low toxicity, a high degree of compliance, and
high antileukemic efficacy, adding ATRA to anthracycline monochemother-
apy during both induction and consolidation, with a considerably improved
outcome for low- and intermediate-risk patients. As to the high-risk group,
unpublished data of the GIMEMA group suggest this category of patients can
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Table1 Current multicenter trials in APL

Group Induction Consolidation Maintenance
U.S. Intergroup ATRA+DNR+AraC ATRA+DNR+ATO ATRA
JALSG ATRA+IDA+AraC Polychemotherapy =~ ATRA vs NO
European ATRA+DNR=*AraC DNR+AraC ATRA+CHT
UK MRC AIDA vs ATRA+DAT Pethema vs MRC ATRA+CHT
GAMLCG TAD/HAM+ATRA TAD CHT
GIMEMA AIDA Risk-adapted ATRA+CHT
Pethema AIDA Risk-adapted ATRA+CHT

AIDA, all-trans retinoic acid and idarubicin; AraC, cytosine arabinoside; ATO, arsenic
trioxide; ATRA, all-trans retinoic acid; CHT, chemotherapy; DAT, daunorubicin, AraC,
6-thioguanine; DNR, daunorubicin; GAMLCG, German Acute Myeloid Leukemia
Cooperative Group; GIMEMA, Gruppo Italiano Malattie Ematologiche dell’Adulto;
IDA, idarubicin; JALSG, Japan Acute Leukemia Study Group; PETHEMA, Programa
para el Tratamiento de Hemopatias Malignas; UK MRC, United Kingdom Medical
Research Council

benefit from using a combination including both anthracycline and nonin-
tercalating agents with high-dose cytarabine in addition to ATRA. While the
results of other addressed issues are being awaited, these data suggest the im-
portance of differentiating front-line treatment in APL patients by reducing
the amount of chemotherapy in patients with low WBC, and by intensifying
treatment or adding new therapies in hyperleukocytic patients.
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Abstract In recent years the study of chemical modifications to chromatin and their
effects on cellular processes has become increasingly important in the field of cancer re-
search. Disruptions to the normal epigenetic pattern of the cell can serve as biomarkers
and are important determinants of cancer progression. Accordingly, drugs that inhibit
the enzymes responsible for modulating these epigenetic markers, in particular his-
tone deacetylases, are the focus of intense research and development. In this chapter
we provide an overview of class I and II histone deacetylases as well as a guide to
the diverse types of histone deacetylase inhibitors and their activities in the context
of APL. We also discuss the rationale for the use of histone deacetylase inhibitors in
combination therapy for the treatment of cancer and the current status of clinical trials.

In the 18 years since all-frans-retinoic acid (ATRA) was first used against
PML-RARa-associated acute promyelocytic leukaemia (APL) [109], com-
bined treatment with chemotherapy has proved to be very successful and the
prognosis for most patients is good [232, 254]. The relative simplicity of the
molecular biology underlying APL arising from the t(15;17) translocation as
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a cancer model was able to provide a scientific rationale for the remarkable re-
sults of differentiation therapy using ATRA. Further studies have revealed that
amongst fusion oncoproteins involving RARa and others, a common mecha-
nism exists whereby a key transcriptional activator is rendered a constitutive
repressor by acquisition of co-repressor/histone deacetylase binding domains
from the fused sequences encoded by the translocation partner gene [160, 297,
298]. Animportant aspect of this research, which has great therapeutic poten-
tial, was the discovery that agents capable of inhibiting enzymatic components
of the co-repressor complexes could revert the differentiation blocks imposed
by such fusion proteins.

1
Cancer Epigenetics and Histone Acetylation

Although genetics have played a dominant role in cancer, in recent years
the importance of epigenetic regulation of chromatin states through specific
modifications to DNA or histones has become widely recognized [62, 284].
The term epigeneticis derived from the Greek for upon, epi, and can be viewed
as a secondary level of cellular information, in addition to the genomic DNA
sequence, that may be passed on during cell division. There are three conduits
through which epigenetic information has thus far been shown to be conveyed:
via genomic DNA methylation, histone modification and silencing of genes on
parent-of-origin-specific alleles by genomic imprinting. Many of the enzymes
responsible for the establishment of specific epigenetic modifications have
been identified to date and some have been shown to directly associate with
leukaemogenic fusion proteins, such as t(15;17)-associated PML-RARa in
APL [164]. An important characteristic of these epigenetic modifications is
their potential reversibility, and molecular therapies that target the underlying
processes responsible for their deposition have been the focus of intense
research [59].

Epigenetic modification of genomic DNA is characterized by methylation
of cytosine and is important for gene repression in mammals and plants, al-
though it does not occur in a number of eukaryotes including Saccharomyces
cerevisiae and Caenorhabditis elegans [16]. In animal genomes, the cyto-
sine residues of cytosine-guanine pairs (CpG) are often methylated [183],
a reaction catalysed by members of the DNA methyltransferase (DNMT)
family. Methylation can occur as part of a maintenance mechanism during
DNA replication and repair, carried out by Dnmt1, as well as through de novo
methylation by Dnmt3a or Dnmt3b [15]. Between 60% and 80% of all CpG din-
ucleotides are methylated in animal genomes and approximately 60% of genes
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have promoters containing dense regions of CpGs, called CpGislands, which in
contrast to other CpG dinucleotides, are often unmethylated [5, 16]. In normal
cells, the majority of CpG methylation occurs in heterochromatic DNA and is
generally considered to facilitate static long-term gene silencing, and also to
confer genome stability through repression of transposons and repetitive DNA
elements [289]. Where methylation of CpG islands does occur, it leads to gene
repression as evidenced by the silencing of tumour-suppressor genes during
cancer progression, a process accompanied by genomic global hypomethyla-
tion [62]. Although the extent to which aberrant promoter hypermethylation
plays a role in cancer initiation remains unresolved [11], there is some evi-
dence for a “CpG island methylator phenotype” in some cell types [118].
The other central tenet of the epigenetic control of gene expression is the
histone code [248, 261], which provides a means whereby input signals can be
interpreted by a cell and translated into a heritable pattern of gene expression
that defines a particular cellular output state or states (for a recent review
see Margueron et al. [171]). Although it is clear that information encoded
by histones is transmissible to daughter cells, the underlying mechanisms
by which this occurs are not yet well understood [262]. The histone code it-
self is a combinatorial array of post-translational modifications (acetylation,
phosphorylation, methylation, ubiquitination, sumoylation, for example) of
N-terminal tails of core histone and to a lesser degree their globular domains.
Probably the most studied component of this code, both in terms of the
residues affected and the consequences for transcriptional activity, is histone
acetylation. Multiple lysines on each of the core histones can be dynamically
modified by reversible acetylation [58]. The acetylation reaction is catalysed
by histone acetyltransferases, which modify the e-amino group of histone
lysine residues in an acetyl-CoA dependent reaction, whilst removal of acetyl
group is catalysed by histone deacetylases. Hyperacetylated histones are stably
associated with transcriptionally active domains and more accessible chro-
matin structure, whereas hypo-acetylated histones are enriched in regions
that are transcriptionally silent [95]. Over the past few years, the complexity
of cross-talk between different histone modifications, which can involve both
same and different histones in the nucleosome, as well as between histones
and DNA methylation, has begun to emerge [69]. For example, in mammalian
cells, various degrees of histone H3 Lys’ methylation and histone hypoacety-
lation are usually associated with methylated DNA, heterochromatin and
gene silencing. Histone hyperacetylation and methylation of H3 Lys*, on the
other hand, are associated with unmethylated DNA, euchromatin and gene
expression [139, 164]. Various DNA or histone markers that constitute active
or inactive chromatin states, together with details of the cross-talk between
them and the enzymes responsible for their deposition are shown in Fig. 1.
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Fig. 1 Markers of active and inactive chromatin states. Active euchromatin: various
biochemical markers found on the core histones are boxed in green. Reciprocal arrows
indicate where a particular marker can influence the acquisition of another. Single
arrows reflect a situation where the deposition of a marker enhances or has been
demonstrated to be necessary for the acquisition of another. The reciprocal arrows
in between promoter hypomethylation and euchromatic histone markers refer to the
reinforcement of the active state that occurs as a result of HATS, for example, gaining
access to ‘open’ chromatin and depositing acetyl lysine markers that, in turn, provide
anchorage sites for coactivators and components of the transcription initiation com-
plex. TA denotes a transcriptional activator. Silent heterochromatin: various proteins
associated with transcriptionally inactive chromatin are indicated. Lysine™ refers to
positively charged, unacetylated histone H3 or H4. Recent evidence suggests that each
epigenetic modification (histone acetylation, DNA methylation, histone methylation)
can influence the acquisition of the other two (indicated by reciprocal arrows). Initia-
tion of the heterochromatic state may occur through sequence-specific DNA binding
proteins (TR) that promote either histone methylation or histone deacetylation, and
subsequent recruitment of specific co-repressors and the general silencing machinery.
DNMTs may also be recruited in this manner. Gene silencing and formation of het-
erochromatin may proceed through changing the balance of dynamic processes, e.g.
histone acetylation/deacetylation, or deposition of long-term markers such as DNA or
histone methylation. Maintenance of the repressive heterochromatic state is achieved
through binding of proteins to specific histone modules (for example HP1a for methy-
lated H3 Lys®); or to methylated CpG dinucleotide sequences [methylDNA binding
proteins (MBD)]. The enzymes responsible for the transition between the active and
silent chromatin states are indicated. DNA demethylase activity is represented by a
dashed line because, although an active DNA demethylase has been postulated [253],
its existence remains to be established

Although many aspects of the mechanisms that are responsible for estab-
lishing pathological epigenetic changes remain to be elucidated, two non-
exclusive models have emerged over the past years. In a stochastic model,
overexpression of a given component of the machinery responsible for writ-
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ing epigenetic code may increase probability of its mistargeting and causing
deregulated expression of a gene important for tumourigenesis (tumour sup-
pressor or oncogene) [62]. This is consistent with experimental findings indi-
cating over-expression of some histone and DNA-modifying enzymes in can-
cer [32, 61, 133, 244]. In the other scenario, as mentioned above, chromatin-
modifying complexes are inappropriately targeted to regulatory regions of
specific genes by AML-associated fusion oncoproteins such as PML-retinoic
acid receptor o (RARa) or PLZF-RARa [54, 160, 297, 298].

2
The Histone Deacetylase Family

Whilst it has not been demonstrated that alterations to histone deacetylase
(HDAC) genes play a causative role in human cancer, recruitment of histone
deacetylase activity by fusion oncoproteins [160, 297, 298] and abnormally
expressed HDAC partner proteins such as BCL6 [196] is well known in haema-
tological malignancies. Another important way in which, HDACs plays a role
in the pathogenesis of cancer is based on their recruitment to hyperme-
thylated CpG island-associated promoters by both DNMTs and methylCpG
DNA-binding proteins [70, 124].

The breakthrough in the identification of mammalian histone deacetylases
came with the isolation and cloning of HDAC1 by Stuart Schreiber’s group in
1996 [255]. An affinity matrix containing trapoxin (a compound previously
shown to inhibit histone deacetylation in vivo) was able to specifically bind
HDACI, and subsequent sequence analysis showed that HDAC1 shared ho-
mology with RPD3, a protein known to be regulator of gene expression in
S. cerevisiae [271]. Histone deacetylases may represent the catalytic compo-
nents of the large multi-protein complexes that make up part of the general
transcriptional silencing machinery, or act as part of smaller, discrete protein
complexes that perform diverse cellular functions in terms of gene-specific
transcriptional regulation or activities against non-histone substrates. Eleven
HDACs that share homology through their deacetylase domains have been
characterized and may be broadly divided into two classes on the basis of
homology to the S. cerevisiae HDACs: RPD3 (class I) and HDA1 (class Ila
and IIb) [92] (Fig. 2). There also exists a third class of nicotinamide adenine
dinucleotide (NAD)*-dependent class III deacetylases, known as the sirtuins,
but they will not be discussed in detail in this chapter. This family of proteins
comprises seven members related to S. cerevisiae sirtuin, SIR2, but their cat-
alytic domains do not share homology with the “classical” HDAC family, and
core histones do not appear to be their main physiological substrates [192].
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Fig. 2 The human histone deacetylase family. The eleven human HDACs are shown
together with their length in amino acid residues and classification. Deacetylase do-
mains are indicated in red and the common N-terminal region associated with class ITa
HDAG:s is shown in green. The polyubiquitin-associated zinc finger (PAZ) and SE14
repeat domains of HDAC6 are indicated in blue and purple, respectively. The partial
HDAC domain located in the C-terminal region of HDAC10 is shown in orange

HDAC1 and HDAC2 are closely related enzymes found together within
well-characterized multi-protein complexes, such as the Sin3, NuRD and CoR-
EST complexes [121]. In addition to interacting with chromatin-associated
factors and transcriptional repressors through these complexes, HDAC1 and
HDAC?2 can also bind directly to many DNA-binding proteins that mediate
their recruitment to a particular chromatin domain or gene promoter [46].
HDACS3 is present in a separate protein complex that contains SMRT (silenc-
ing mediator of retinoic and thyroid hormone receptors) or NCoR (nuclear
receptor co-repressor) [121], which are two distinct, but highly related, co-
repressor proteins sharing similar domain structure and function. HDAC3
also interacts directly with the class Ila HDACs [66, 287]. HDACS shares the
least homology with the other class I HDACs, and in contrast to other class I
HDACs, which are widely expressed in normal tissues, its expression is re-
stricted to differentiated smooth muscle cells [272]. Moreover, endogenous
HDAC8 was mainly detected in the cytoplasm and co-localized with smooth
muscle a-actin, where it is thought to play an important role in the contractile
capacity of these cells [273].
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The class IIa HDACs, HDAC4, HDAC5, HDAC7 and HDACY, contain
a highly conserved C-terminal catalytic domain comprising around 400
amino acids homologous to yeast HDA1 and an N-terminal domain unique to
this sub-group of HDACs (Fig. 2). Drosophila and C. elegans each possess one
copy of a gene encoding this sub-type of the HDAC family, and both contain
motifs found in the N-terminal regions of the mammalian enzymes [33, 300].
Whilst class ITa HDACs often display distinct patterns of expression, they are
also co-expressed in certain tissues and cell types, indicating that an element
of redundancy in their biological functions may exist [66, 68, 93, 274].

The class IIb HDACs, HDAC6, HDACI0, are characterized by duplicated
HDAC domains, although this duplication is partial in the case of HDAC10
as the C-terminal HDAC domain lacks the active pocket residues required for
enzymatic activity (Fig. 2). The enzymatic activities of HDAC6 and HDAC10
are more resistant to the HDAC inhibitors trapoxin and sodium butyrate than
those of class I and class IIa HDACs [71, 96]. HDAC6 is normally localized in
the cytoplasm, but may undergo partial translocation to the nucleus after
cell-cycle arrest [269]. HDACI10 is also primarily cytoplasmic, but shows
significant nuclear staining in several cell lines [64, 96, 129, 258]. HDAC6
shows some degree of tissue-specific gene expression [93] whilst HDACI0 is
widely expressed in adult human tissues and cultured mammalian cells [129,
258]. Another member of the HDAC family, HDAC11, was recently cloned [75]
but little is known about the biological function of this enzyme, except that
it is mainly localized to the nucleus, has a restricted pattern of expression
and associates with HDAC6. HDAC11 cannot be classified as either class I or
class IT on the basis of catalytic domain homology, and it has been suggested
that it constitutes a class IV HDAC [92].

2.1
The Biological Roles of Histone Deacetylases

Studies on histone deacetylases in model organisms such as S. cerevisiae [151]
and the many interactions that have been established between HDACs and
transcriptional regulators, cofactors, structural and other proteins in humans
suggest a wide variety of biological roles [38, 46, 270]. One of the themes
that has become clear in recent years is that HDACs cannot simply be
regarded as histone-modifying enzymes, and their activities are implicated
in the modification of a wide range of proteins, including a number of
oncoproteins [112, 292].

The role of histone deacetylases in relation to normal myelopoiesis and
the pathogenesis of APL is well documented [179, 256]. APL translocation-
associated PLZF has also been shown to co-localize with HDAC4 in myelodys-
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plastic MDS cells, and HDAC4 appeared to mediate its transcriptional repres-
sion [30]. HDAC4 can also be recruited, via interactions with 53BP1, to nuclear
foci after double-strand DNA damage occurs, perhaps playing a role in con-
trol of cell-cycle checkpoints [128]. Additional example for the importance
of HDACs in haematopoiesis is illustrated by their interactions with BCL6,
another BTB/POZ family transcription factor hat plays an important role in
lymphoid development [240] as well as in the pathogenesis of non-Hodgkin’s
lymphoma (NHL) [40, 137, 288]. BCL6 interacts with both class I and Ila
HDACSs, either directly or through co-repressor complexes. BCL6 recruits the
HDACI- and HDAC2-containing Sin3A repressor complex [42, 106, 114], and
the N-terminal BTB/POZ domain can bind either to SMRT/NCoR [52, 53,
113, 282] or to BCoR, another co-repressor protein [114]. BCL6 also interacts
directly with HDACI [42] and a conserved region in the N-terminal domain
of class IITa HDACs [158]. Thus, both class I and IIa HDACs can be recruited to
BCL6-regulated promoters by either direct interactions with BCL6 or indirect
recruitment via co-repressors.

Class ITa HDACs are also important for thymic T cell development; they
undergo negative selection through apoptosis if they receive a strong signal
from major histocompatibility complex self-peptide via their antigen recep-
tors. In response to calcium signalling, the apoptotic process is activated by
the orphan steroid receptor Nur77 [293], expression of which is tightly con-
trolled through two myocyte enhancer factor 2 (MEF2)-binding sites in the
promoter [283]. HDACY is highly expressed in CD4/CD8 double-positive thy-
mocytes, where it associates with MEF2-D and represses the NUR77 gene until
T cell activation occurs and the HDAC is re-localized to the cytoplasm [50].

Of the class IIb HDACs, only HDAC6 has been extensively characterized.
HDACES is localized to the cytoplasm where its primary catalytic substrate
appears to be a-tubulin, which it specifically deacetylates at Lys*® [111, 173].
Moreover, HDACS6 interacts and co-localizes with a member of the NAD*-
dependent class III HDAC family, SIRT2, which also deacetylates a-tubulin
at Lys*® [191]. It is noteworthy that acetylation of a-tubulin is a marker of
microtubule stability [206]. HDAC6 also associates with p97/VCP and phos-
pholipase A2-activating protein, which are both involved in the control of
ubiquitination [238]. The link with ubiquitination is reinforced by the fact that
HDAC6 contains a C-terminal zinc finger motif [known as a polyubiquitin-
associated zinc finger (PAZ) domain], which shares significant homology
with several ubiquitin-specific proteases [238] and mediates binding of ubiq-
uitin to HDAC6 [107, 238]. Interestingly, HDAC6 co-localizes and interacts
with the dynein motor complex [111, 132], which transports aggregated, mis-
folded proteins to aggresomes [147]. These complexes degrade the protein
aggregates, which are not dealt with effectively by the proteasome, and loss of
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HDACE6 severely impairs aggresome formation [132]. These data indicate that
HDACS also functions as a link between aggresomes and the active transport
of ubiquitinated protein aggregates, playing a crucial role in the management
of cellular stress.

Another important role for HDACs is in regulation of the cell cycle.
E2F, which controls the G1/S phase transition by regulating specific check-
point genes, functions as a repressor when bound by retinoblastoma protein
(RDb) [63]. This effect is mediated mainly through HDAC recruitment by Rb [18,
167]. E2F/Rb control of the cell cycle is disrupted in virtually every human
cancer and this often occurs through inactivation of the RBI gene [239], thus
deregulating HDAC activity and favouring cell proliferation.

Several mouse models of HDAC function have been generated, which con-
sist of HDACI1, HDAC5 and HDAC9 knock-outs, and a mouse expressing an
HDAC5 mutant [29, 39, 154, 302]. The mice null for HDAC5 or HDAC9 did
not show serious health problems, but when HDAC5/HDAC9 double knock-
outs were generated, the embryos displayed multi-focal haemorrhages, and
the few animals that survived to adulthood were severely growth retarded.
These data support the notion that an element of redundancy may exist in the
functions of class IIa HDACs. In contrast to loss of HDAC5 or HDAC9 alone,
a knock-out of HDACI was found to result in embryonic lethality before em-
bryonic day (E)10.5 due to major proliferation defects and developmental
retardation [154]. Also in contrast to the knock-out of HDAC5, expression of
a mutated HDACS5 protein that cannot undergo nucleocytoplasmic transport
(see next section) led to a significantly more severe phenotype [39]. Mice
constitutively expressing the mutant were embryonic lethal and, in subse-
quent experiments, most adults conditionally expressing the mutant from
the cardiac-specific a-myosin heavy chain promoter died within 1 month of
doxycycline withdrawal.

2.2
Regulation of Histone Deacetylase Activities

Gene regulation arising from alternative splicing is recognized as an increas-
ingly important mechanism in the creation of proteomic complexity [90], and
recent data suggest that up to 74% of human multi-exon genes are alternatively
spliced [123]. Previously, expression analyses indicated that both class I and I
HDAC:s existed as single isoforms. However, an inspection of the nucleotide se-
quence database at the National Center for Biotechnology Information reveals
that HDAC?7 is alternatively spliced, and also various transcript variants have
been reported for HDAC3, HDAC9 and HDAC10 [64, 91, 201]. The most exten-
sively spliced histone deacetylase gene is HDACY, which generates at least 24
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different messenger RNA (mRNA) species through alternative splicing [201].
Some of these HDACY transcript variants encode proteins with potentially
distinct biological activities, for example the MITR (MEF2-interacting tran-
scription repressor) isoform, which lacks the catalytic domain [246].

There is evidence that co-repressor availability plays an important part
in regulating HDAC activity, as both class I and class IIa HDACs are en-
zymatically inactive as purified recombinant proteins generated by in vitro
translation, or as glutathione S-transferase (GST) fusion proteins in E. coli [66,
67, 97, 159]. In vitro-translated HDAC3, however, becomes enzymatically ac-
tive when bound to SMRT/NCoR [67, 97]. In this context, post-translational
modification of HDACs by reversible phosphorylation is a vital mechanism of
control. For example, HDAC1 and HDAC2 serve as substrates for various pro-
tein kinases and differential phosphorylation regulates complex-formation,
subsequently modulating the level of deacetylase activity and substrate speci-
ficity [20,74,202,250,259]. Full activity of HDAC3 requires phosphorylation of
Ser?4, a non-conserved residue among the class I HDACs [304]. By contrast,
HDACS is negatively regulated by cyclic AMP-dependent protein kinase A
(PKA)-mediated phosphorylation at Ser*® [157]. HDAC activity may also be
modulated by sumoylation, with HDAC1 modified at Lys*** and Lys*’® [36,
43], and HDACA4 at Lys>*® [143]. HDAC6 and HDACS9 are also small ubiquitin-
like modifier (SUMO)-modified, indicating that sumoylation may have an
important role in the control of HDAC functions [143, 201].

The class Ila HDACs undergo nucleocytoplasmic shuttling in response
to calcium signalling, a re-localization that removes these enzymes from
their nuclear substrates [94, 130, 174, 275, 303]. This trafficking is depen-
dent on the phosphorylation of conserved N-terminal serine residues in
class ITa HDACs that are closely related to the consensus phosphorylation
sites for Ca’*/CaM-dependent protein kinases (CaMKs) [94, 130, 275] or
protein kinase D (PKD) [195, 268], a downstream effector of protein ki-
nase C (PKC) [268]. Phosphorylation by CaMK or PKD of class Ila HDACs
promotes their association with 14-3-3 proteins, leading to cytoplasmic se-
questration [94, 130, 174, 175, 268, 275] and suppression of their nuclear
activities [163, 174]. Class IIa HDACs contain a conserved C-terminal chro-
mosome region maintenance 1 (CRM1)-dependent nuclear export signal [175,
276] and also a N-terminal localization signal (NLS) [276],located in the same
region as two of the CaMK/PKD phosphorylation sites. It is believed that the
binding of 14-3-3 proteins could affect class Ila HDAC localization, at least in
part, by masking the NLS and altering the balance of the competing effects of
nuclear export and import signals.

An additional level of regulation of HDAC activity that has come to at-
tention through recent research is the direct interaction of histone acetyl-
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transferase (HAT) complexes with HDACs. HDAC1 co-immunoprecipitates
with the nuclear HAT, PCAF (p300/CBP associated factor), and the two pro-
teins co-localize in HeLa cells. Another HAT, GCN5 (global non-repressed 5)
interacts with HDAC1 and HDAC2 and the Sin3A complex, and also with
HDAC3 and NCoR [285]. Moreover, HDACI interacts with the C/H3 domain
of p300 [242] and HDAC6 associates with the SUMO-modified CRD1 domain
of this HAT, causing it to function as a transcriptional repressor. In this con-
text, p300-mediated repression is relieved by histone deacetylase inhibition
and short interfering RNA (siRNA)-mediated reduction of HDAC6 expres-
sion [84]. Consistent with the finding that HDACs can interact physically
with transcriptional co-activators, they have also been implicated in gene
activation [45, 131, 229]. Also, in mouse embryonic fibroblasts derived from
NCoR-null embryos, RAR/RXR binding to DR+1 (separated by one base pair)
retinoic acid response elements (RARE) was associated with gene repres-
sion rather than the anticipated activation as found with DR+5 RARE. The
ligand-dependent activation of a DR+1-containing promoter was restored
by addition of NCoR and, consistent with the known association between
NCoR and HDACS3, specific depletion of HDAC3 activity via antibodies or
dominant-negative forms abolished activation [120].

3
Histone Deacetylase Inhibitors

The discovery that HDACs are involved in cancer, together with the knowledge
that the activities of these enzymes could be inhibited by small molecules has
prompted a great deal of research with the goal of the discovery of new drugs.
Structurally, a wide variety of HDAC inhibitors (HDACi) exist and can be

Table 1 Structural groups of HDAC inhibitors

Group Classification Examples
1 Hydroxamic acids Trichostatin A (TSA), suberoylanilide
hydroxamic acid (SAHA)
Short chain fatty acids Butyrate, phenylbutyrate, valproic acid
Benzamides MS-275, N-acetyldinaline
Cyclic peptides Fungal metabolites such as trapoxin A,

apicidin and depsipeptide
5 Cyclic hydroxamic-acid- Synthetic hybrids of hydroxamic acids
containing peptide (CHAP) and cyclic tetrapeptides
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classified into groups as detailed in Table 1. The anti-tumoural activities of
HDAC ! arise from their ability to specifically target cancer cells via modulation
of cellular processes such as apoptosis, the cell cycle, and differentiation
pathways that are deregulated in neoplastic cells.

3.1
Hydroxamic Acids

The general structure of these molecules consists of a polar hydroxamic acid
site (used to chelate the cation at the bottom of the HDAC catalytic pocket),
which is separated by a spacer arm from a hydrophobic moiety that acts as
a cap for the catalytic tube of the deacetylase (Fig. 3). These compounds con-
stitute the broadest set of HDACI, and most are very potent but reversible
inhibitors of both class I and II (except HDAC6) HDACs, with an ICsq (in-
hibitory concentration 50%) in the low nanomolar to micromolar range in
vitro. The most well-known member of this group of inhibitors is tricho-
statin A (TSA), which was originally developed as an anti-fungal agent [260,

0 5 ey
Surface
recognition wNHOH

N Linker

Fig.3 Structural characteristics of hydroxamic acid-based HDACi. Based on crystallo-
graphic studies of hydroxamic acid-based HDACi [trichostatin A, (TSA) shown here]
bound to the bacterial deacetylase HDLP and HDACS, their general structural char-
acteristics comprise a metal binding group, which targets the catalytic site, a linker
region and surface recognition group. These structural characteristics can also be
extended to other classes of HDACi

»
»

Fig. 4a-e Selected HDAC inhibitors. The chemical structures of various histone
deacetylase inhibitors (HDACI) are shown as indicated. The upper left panel (a) con-
tains examples of the hydroxamic acid-based HDACi trichostatin A (TSA), suberoy-
lanilide hydroxamic acid (SAHA) and LAQ-824, with the hydroxamic acid moiety
highlighted in magenta. b The structures of the short chain fatty acids phenylbu-
tyrate and valproic acid with the carboxylic acid group coloured red. Also indicated
is the structure of Pivanex, AN-9 (pivaloyloxymethyl butyrate) and its metabolites.
¢ MS-275 and N-acetyldinaline (CI-994), with the benzamide moieties of these HDACi
highlighted in orange. d The structure of FK-228 (depsipeptide), with the disulphide
bridge that is reduced in vivo indicated in green. e The naturally occurring cyclic pep-
tide trapoxin A, with the epoxide group shown in blue, and also the synthetic hybrid
peptide CHAP31, with the hydroxamic acid moiety highlighted in magenta
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290, 291]. Although TSA was a very potent HDACI, solubility problems and
lack of specificity motivated the search for other inhibitors [266]. More-
over, TSA displayed no anti-tumour activity during in vivo studies of human
melanoma xenografts in nude mice, most likely due to metabolic inactivation
in the liver and kidney [212]. Many HDACi have, however, used the structural
characteristics of TSA as a template, including closely related compounds
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such as suberoylanilide hydroxamic acid (SAHA) [221] and Scriptaid [249],
and recently developed drugs such as LAQ-824 [6, 219] and PXD-101 [207],
which are structurally more complex (Fig. 4a).

In the context of APL, the hydroxamic acid-based HDACI, TSA and SAHA,
were able to induce apoptosis in NB4 cells harbouring the t(15;17) transloca-
tion and also an ATRA-resistant subclone, NB4 306 [4]. The degree of apopto-
sis was both time- and concentration-dependent, and apoptosis was markedly
diminished in the presence of caspase inhibitors. A decrease in the level the
anti-apoptotic regulator Daxx was also observed. Similar data were obtained
by He et al. with TSA and SAHA in NB4 cells, and with SAHA in trans-
genic mice expressing PLZF-RARa and RARa-PLZF fusion proteins [102],
which develop ATRA- and As,;Oj;-resistant APL [100]. SAHA induced apop-
tosis in bone marrow cells collected from PLZF-RARa/RARa-PLZF mice and
potentiated ATRA-induced differentiation. In vivo, SAHA treatment in com-
bination with ATRA achieved complete remission in over 50% of the PLZF-
RARo/RARa-PLZF mice, which lasted for up to 7 weeks and was accompanied
by an increase in the levels of acetylated histone H4.

Despite the extensive range of hydroxamic acid-based HDACI, only SAHA
has progressed to a phase II/III clinical trial setting. SAHA was originally eval-
uated in a phase I clinical trial using an intravenous preparation, and although
treatment led to an increase in histone acetylation, the drug suffered from
similar solubility and pharmacokinetic problems to TSA [136]. These prob-
lemsled to the development of an orally administered version of SAHA, which
has been used with successful results [77]. A phase II/III clinical trial of SAHA
is currently underway for patients suffering from advanced cutaneous T cell
lymphoma (Table 2). A great deal of expectation initially surrounded another
hydroxamic acid-based HDACi, LAQ-824, which displayed very promising re-
sults in vitro [6, 28, 218, 223]. However, in a phase I clinical trial, intravenous
administration caused patients to develop serious cardiac problems. Conse-
quently, development the drug by Novartis has ceased and it has been replaced
by a modified version, LBH-589, which was also initially administered intra-
venously [13, 65, 82]. An oral formulation of LBH-589 has now, however, been
developed and is undergoing a phase I/II clinical trial [12] (Table 2).

3.2
Short Chain Fatty Acids

This category of HDAC inhibitors comprises, among others, butyrate [24, 236],
valproic acid [89, 203] and phenylbutyrate [156] (Fig. 4b). Some studies have
also investigated an in vivo metabolite of phenylbutyrate, phenylacetate [27,
87, 257]. Members of this class of HDACi are considerably less potent than
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hydroxamic acids, with ICsq values occurring in vitro at millimolar concen-
trations and at very high doses in vivo.

The prodrug form of butyrate, pivaloyloxymethyl butyrate (known as Pi-
vanex, AN-9) [8, 105], which must undergo chemical conversion by metabolic
processes before becoming an active pharmacological agent (Fig. 4b), hasbeen
shown to display selective toxicity towards acute leukaemia and drug-resistant
primary leukaemia and cancer cell lines, including HL60 AML (M2) cells [10].
The studies in NB4 cells discussed for hydroxamic acid HDACi also showed
induction of apoptosis by butyrate [4], and apoptosis and differentiation by
phenylbutyrate [102]. The results for phenylbutyrate mirrored previous data
from studies carried out in ML-1 AML cells [55]. Recently, death receptor-
dependent apoptosis in PML-RARa transgenic mice was demonstrated after
treatment with valproic acid [117]. Induction of apoptosis was found to be
p53-independent and dependent on tumour necrosis factor (TNF)-related
apoptosis inducing ligand (TRAIL) and Fas signalling pathways. Moreover,
leukaemic cells, but not haematopoietic progenitors, displayed an increase in
the levels of TRAIL, DR5 FasL and Fas upon valproic acid treatment. Short
chain fatty acids also display pleiotropic activity, effecting phosphorylation,
methylation and cytoskeletal structure [150]. However, they are currently
amongst the best-studied HDACI and, in America, the Food and Drug Ad-
ministration has previously given clinical approval for valproic acid to be
used in the treatment of epilepsy, and phenylbutyrate in patients with urea
cycle disorders. Pivanex is currently in clinical trials [197, 217], as is phenyl-
butyrate [26, 81, 88] and valproic acid [7, 78, 182] (Table 2).

33
Benzamides

Benzamides have an ICsy in the micromolar range, and the two representa-
tives of this class of HDACI that have attracted most attention are MS-275
(Fig. 4c) [251] and acetyldinaline (CI-994) [60, 162, 237]. The mechanism by
which the benzamides exert their activities is not clearly understood, but it
is has been suggested that the diaminophenyl group enters the catalytic site
and chelates the Zn>* cation. Recent research has shown MS-275 to inhibit
the activity of HDACI more than HDAC3 and to a much greater degree than
HDACS [108]. Moreover, in contrast to several other HDACI tested, use of
MS-275 does not lead to a build-up of acetylated a-tubulin, most likely due
to a lack of activity towards HDACG6 [85].

The effects of MS-275 have been examined in human histiocytic lym-
phoma U937 and acute myeloid leukaemia HL60 cells by Rosato et al., who
found that micromolar concentrations induced differentiation (1 pM), or
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apoptosis (5 pM) [224]. Apoptosis was characterized by an increase in reac-
tive oxygen species (ROS), a loss in mitochondrial membrane potential and
cytosolic release of cytochrome ¢ leading to activation of the caspase cascade.
Degradation of anti-apoptotic proteins such as Bcl-2, Mcl-1 and XIAP, as well
as BID (BH3 death domain agonist) cleavage was also reported. Apoptosis
directed through the extrinsic pathway mediated by FasL was not found to
play a significant role.

Recent research has shown that MS-275 (and also SAHA and valproic acid)
can induce apoptosis in NB4, HL60 and U937 cells through up-regulation
of TRAIL expression [184]. The major part of the work carried out for this
study utilized MS-275, which was found to induce expression of p21"Af! and
TRAIL, and to a lesser degree DR4 and DRS5, whilst down-regulating cyclin
D2. AML and APL patient blast cells also responded to MS-275 treatment with
TRAIL induction and apoptosis, whereas CD34*¢ progenitor cells were insen-
sitive to the apoptogenic effects of this HDACi. Both MS-275 (phase I) [228]
and CI-994 (phase II) [185, 198, 209, 264] are undergoing clinical trials
(Table 2).

3.4
Cyclic Peptides

These irreversible inhibitors constitute the most structurally complex HDACi
(Fig. 4) and have an ICs in the nanomolar range. The best-characterized
examples are a fungal metabolite, apicidin [41], the microbial metabolites
trapoxin A and B [119] and FK228 (also known as depsipeptide and
FR901228) [263]. Trapoxin A and B HDACi are thought to trap HDACs
through the reaction of the epoxide moiety with the zinc cation or an amino
acid in the binding pocket. FK228, which is derived from Chromobacterium
violaceum, is the only cyclic peptide undergoing clinical trials, where it is be-
ing investigated in both solid tumours and haematological malignancies [19,
172, 204, 205, 230, 235]. In a phase I/II clinical trail this HDACi has been
shown to be effective in patients with refractory cutaneous (overall response
rate of 50%) or peripheral T cell (partial response of 24%) lymphoma [204,
205] (Table 2). The mechanism by which FK228 inhibits HDACs is not known
with certainty but it has been proposed that the disulphide bridge is reduced
inside the cell and releases a free thiol analogue, redFK, as the active species.
This is then able to fit inside the HDAC catalytic pocket and interact with the
zinc cation, forming a covalent bond [72]. FK228 can therefore be thought of
as a naturally occurring prodrug.

In the context of APL, nanomolar concentrations of FK228 were cyto-
toxic to and, in combination with ATRA, induced differentiation in NB4
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cells [148]. Moreover, in vivo administration of ATRA and FK228 in com-
bination synergistically inhibited the growth of established tumours of NB4
cells subcutaneously transplanted in NOD-SCID mice. FK228 was also found
to restore transcription of silenced genes [e.g. interleukin (IL)-3] and in-
duce cell differentiation in AML1/ETO-positive Kasumi cells and blasts from
a patient with t(8;21) AML [145]. The activity of FK228 was enhanced by
5-aza-2’-deoxycytidine, a DNMT inhibitor, resulting in enhanced histone
acetylation, IL-3 expression and cytotoxicity. Cyclic peptides have also been
combined with hydroxamic acid groups, a class of HDACi referred to as cyclic
hydroxamic-acid-containing peptide (CHAP) [71, 146], and this underlies the
rationale behind the development of an HDAC6-specific hexapeptide hydrox-
amic acid inhibitor based on the a-tubulin sequence [125].

3.5
Molecular Mechanisms Underlying Biological Effects of HDACi

Although it is likely that not all biological effects of HDACi are a direct con-
sequence of HDAC inhibition, effects of HDAC inhibition on gene expression
are consistent with effects that a given HDACI exerts on a biological function
of a specific cancer cell. There have been relatively few studies comparing
global alterations to gene expression as a result of treatment with different
HDAC:I [85, 180, 199]. The data indicated that structurally diverse HDACi sig-
nificantly affect a relatively small number of genes—between 10% (>2-fold
change in expression [85]) and 20% (>2-fold change in expression [199]).
Similarly, effects of different inhibitors on patterns of gene expression sug-
gest that certain loci are particularly susceptible to the effects of these agents.
Nevertheless, small subsets of regulated genes exist, which are specific for
a given inhibitor [199], and this may reflect an inhibitor and/or cell type-
specific response.

The gene expression analyses confirm that many of the target genes for
HDACI encode proteins involved in regulation of cell proliferation and apop-
tosis. Induction of tumour cell apoptosis by HDACi is usually associated with
up-regulated expression of genes encoding proteins involved in the extrin-
sic death receptor-mediated apoptotic pathway such as DR5, Fas, FasL or
TRAIL [86, 117, 153, 184]. With regard to the intrinsic (via disruption of the
mitochondrial membrane) apoptotic pathway, genes encoding pro-apoptotic
proteins Bak and Bax [252] are up-regulated, whilst the anti-apoptotic Bcl-2,
Bcl-XL, Mcl-1 and XIAP [25, 57, 138, 224] are down-regulated. Cell-cycle con-
trol genes that are affected include p21"WAf! [220], which is up-regulated, or
loss of cyclin D1 expression [231]. This results in hypophosphorylation of Rb
and GI arrest, preventing S phase progression [161].
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HDACi-induced differentiation has been demonstrated in a variety of ma-
lignancies, and PLZF-RARa-associated APL provides an excellent example
of the efficacy of HDAC: in this context. Unlike PML-RAR«x associated APL,
which responds to treatment with pharmacological concentrations of ATRA
as a result of ligand-induced conformational changes in the fusion protein
and release of the co-repressor complex, PLZF-RARa recruits HDAC activ-
ity in an ATRA-insensitive manner. However, combined treatment of ATRA
and HDACI leads to differentiation and apoptosis of PLZF-RARa-positive
cells [98, 101, 144].

HDACi-induced apoptosis may also be influenced by events that do not
rely on changes in expression of target genes. SAHA treatment is associated
with cleavage and activation of the pro-apoptotic Bcl-2 family member BID
and production of ROS, which induces mitochondrial damage, initiating the
intrinsic apoptotic pathway [227]. MS-275 also elevated ROS levels [224], and
this activity of these HDACI, which specifically affects cancer cells, appears
to be, at least in part, due to differential induction of thioredoxin [265].
Thioredoxin acts as a scavenger of ROS, and the fact that it is induced in
normal, but not transformed, cells helps to explain why normal cells are
more resistant to HDACi-induced cell death. Recent research has indicated
that another way in which HDACiI (in this case depsipeptide) can facilitate
apoptosis is through redistribution of TRAIL receptors to membrane lipid
rafts, increasing sensitivity to TRAIL-induced apoptosis [267].

An effect of HDACI activities that, as yet, has not been extensively ex-
plored and could prove to be extremely important relates to modification of
the acetylation status of non-histone proteins such as a-tubulin and transcrip-
tion factors [292]. A good example of the potential importance of this aspect of
HDACI function is the tumour-suppressor protein p53, for which acetylation
is important for stability and the ability to activate transcription [9]. Deacety-
lation by either the class III deacetylase SIR2 [155] or HDAC1 [110, 165] leads
to inhibition of p53 transcriptional activity and prevents apoptosis. Recently,
p53 has been found to be specifically deacetylated and degraded via inter-
actions with PML-RAR« [116] and could be an important target, at least in
some cancers, as it is necessary for TSA- and SAHA-mediated apoptosis [103].
Another important mechanism of action of HDACi is the modulation of genes
involved in hypoxia-induced angiogenesis such as VEGF and HIF-1« [51, 176,
233, 234, 281, 301]. Finally, in analogy to the arsenic trioxide-induced degra-
dation of PML-RARa [44], treatment of cells with valproic acid has been
shown to cause the specific degradation of HDAC2 [149].
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3.6
Combination Therapy

Whilst some HDACi are in clinical trials as monotherapy, most are now being
tested in combination with other drugs such as DNA demethylating agents,
retinoids or chemotherapy (Tables 2 and 3). Better understanding of the
molecular mechanisms that underlie biological effects of various HDACi has
facilitated a more rational design of combination therapies. The molecular
basis for the use of HDACI in combination with ATRA was mentioned previ-
ously, and this concept is being extended to synthetic retinoids and drugs that
elevate levels of cyclic AMP such as pentoxifylline, which also promote differ-
entiation of APL cells by targeting activities of the fusion oncoprotein [127,
299]. The cross-talk between DNA methylation and histone modification has
also encouraged combinatorial targeting of these processes in anti-cancer
therapy [34, 59]. Another effect of HDACI, for example with MS-275 and
SAHA, is to sensitize cells to chemotherapeutic agents [3, 166], and several
clinical trials are ongoing based on this principle. There are a number of other
innovative strategies employing the use of HDACi in combination with other
therapies, and details of the various rationales underlying them are shown in
Table 3.

4
Future Directions

It is clear that HDACI have a strong therapeutic potential, and this class
of enzymes represents a bone fide target for anti-cancer drug development.
However, there remains much to learn with respect to the specific substrates of
individual family members, target genes that they may act upon and what their
precise roles are as they function in concert with other chromatin modifiers
to shape particular domains. In this regard, recent research has indicated
that HDAC3 preferentially deacetylates histone H4 at position Lys’, then Lys®,
Lys'? and Lys'® [99], which is in agreement with previous hypotheses on the
mechanisms of H4 tail acetylation. Moreover, whilst the situation in humans
is undoubtedly more complex, work in S. cerevisiae and more recently in C.
elegans has indicated non-redundant roles for different HDACs in regulation
of specific genes [222, 280].

A somewhat disappointing characteristic of the HDACi that have so far
have been developed is overall lack of selectivity towards individual family
members, although some inhibitors are less effective against certain HDACs.
This may be explained in part by the finding that area surrounding the cat-
alytic pocket of HDAC8 actually alters its conformation to accommodate
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structurally different HDACi [243]. This malleability, if it extends to other
family members, may also account for the ability of these enzymes to deacety-
late diverse target proteins. Newly published data, however, show that an
HDACG6-specific inhibitor, tubacin, may have therapeutic potential in multi-
ple myeloma through targeting of its aggresome function [104]. Targeting the
a-tubulin acetylation activity of HDAC6 with tubacin in combination with
lonafarnib (a farnesyl transferase inhibitor) and paclitaxel also proved effec-
tive in non-small cell lung cancer cell lines [170]. Moreover, class I specific
HDACI [194], and also an inhibitor that inhibits HDAC4 but not HDAC1 [168]
have been recently described. The class IIa specific inhibitor did not, however,
induce apoptosis or granulocytic differentiation in U937 cells in compari-
son with SAHA [168]. Finally, MethylGene (Montreal, Canada) has recently
published two abstracts detailing the development of a novel and allegedly
specific HDACi, MGCD0103; however, the details of the basic research have
not been revealed [79, 126].

The rational use of HDACi currently in clinical trials with other agents
has great potential to target and enhance the activity of these drugs towards
a particular malignancy. An exciting line of investigation currently being ex-
plored that has potential for use in combination therapy with HDACi utilizes
peptides that block specific oncoprotein-co-repressor interactions [208, 213].
Peptides targeting the interface between PML-RARa and NCoR/SMRT re-
stored ATRA sensitivity to differentiation resistant NB4 cells [213]. Similarly,
peptides disrupting interaction between NCoR and BCL6 induce apoptosis
of diffuse large B cell lymphoma cell lines [208]. In the future, this principle
could readily be extended to HDACs themselves as the domains of interaction
with partner proteins are mapped, potentially revealing more specific targets
for development of small molecular drugs. Another option is to follow the ex-
ample of valproic acid, and further investigation of compounds that promote
selective degradation rather than those that inhibit directly could also yield
improved selectivity. Other potential targets are the enzymes responsible for
the modulation of HDAC activities such as kinases or phosphatases [74].

Clearly we are now well into the era of rational design of anti-cancer
therapeutics, and a number of target-based therapies that reach the clinic
is rapidly growing [299]. As the biological activities of individual HDACs
are elucidated and novel, perhaps more specific, HDACIi are developed, the
potential for a highly effective use of these agents in combination therapies
that are specifically tailored to different cancer types draws ever closer.
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