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Abstract

Arsenic has been known for centuries for its double-edged
potential: a poison and at the same time a therapeutic agent.
The name “arsenikon,” meaning “potent,” speaks itself for
the pharmaceutical properties of this compound, ques-
tioned and analyzed for at least 2000 years. In the last de-
cades, acute promyelocytic leukemia (APL) has evolved from
a highly fatal to a curable disease, due to the use of all-trans-
retinoic acid and, more recently, arsenic trioxide combina-
tions. The success of these entirely chemo-free regimens in-
creased the awareness of APL and reduced the prevalence of
early deaths, which was an impending issue in this disease.
Furtherimprovements are expected with the next use of oral
arsenic formulations, which will allow a complete outpatient
approach, at least in the post-induction settings, further im-
proving patients’ quality of life. The wide use of standardized
approachesin APL will also help unravel long-standing open
questions, including the pathogenesis, prevention, and
treatment of the differentiation syndrome and of short-term
organ toxicities. In the long term, the study of survivorship
issues, such as fertility and organ-related and psychological
damages, in the increasing number of survivors will help fur-

ther improve their life after APL. ©2020S. Karger AG, Basel

Introduction

First described in 1957 [1], acute promyelocytic leuke-
mia (APL) is a subtype of acute myeloid leukemia (AML)
characterized by the typical promyelocytic leukemia pro-
tein (PML)/retinoic acid receptor-a (RARA) rearrange-
ment and an aggressive clinical presentation. In 1977,
Rowley and colleagues [2] identified the characteristic
t(15;17)(q22;q12) balanced chromosomal translocation,
while the pathophysiological effects of the deriving PML/
RARA fusion gene were described starting from the last
decade of the 20th century [3] (Fig. 1).

Following description of the APL pathogenesis, the
identification of targeted treatments, which first occurred
“by chance,” made APL a paradigm in the field of AML.
Indeed, the specific PML/RARA rearrangement has a di-
agnostic and therapeutic role, not only as a drug target but
also as a reliable biomarker for minimal residual disease
monitoring, and for the definition of molecular relapse

(4].
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Fig. 1. Timeline of progresses in APL. ATO, arsenic trioxide; ATRA, all-trans-retinoic acid.

APL Pathogenesis: The PML/RARA Fusion Gene

The fusion of the N-terminus of the PML, on chromo-
some 15, to the C-terminus of the RARA, on chromosome
17, explains APL pathogenesis in 95-98% of cases, result-
ing in the production of the biological hallmark of the
disease: the PML/RARA rearrangement and the conse-
quent oncogenic chimeric protein [5-7]. The prominent
role of the rearrangement has been recently stressed by
the updated 2016 WHO classification, which renamed
this leukemia as “APL with PML-RARA” [8].

PML is a member of a protein family containing a zinc
finger domain (RING domain), located within nuclear
macromolecular structures, called PML-nuclear bodies
(PML-NBs). PML acts as an organizer of PML-NBs and,
in conditions of cellular stress, as a potent growth and tu-
mor suppressor, exerting its proapoptotic properties
through p53 activation. The interaction between PML
and p53 results critical for senescence induction [9, 10].

RARA is a nuclear receptor that physiologically binds
retinoic acid (RA), including natural or synthetic deriva-
tives of vitamin A involved in cellular differentiation.
RARA forms heterodimers with RXR and, in the absence
of its ligands, recruits co-repressors and histone deacety-
lases to induce chromatin condensation and repression of
transcription of target genes. In the presence of RA at
physiological levels, the RARA-RXR heterodimer releas-
es the repressor complex and recruits co-activators and
histone acetyltransferases, resulting in hyperacetylation
of histones at retinoic acid responsive element sites and
accessibility of chromatin to transcription factors. In this
setting, RARA becomes a potent activator of myeloid dif-
ferentiation [11, 12]. In the presence of the PML-RARA
chimeric protein, the heterodimers bind more tightly the
repressor complex and induce resistance to physiological
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levels of RA, constitutive repression of transcription, and
the classical differentiation block seen in APL [13]. Phar-
macological doses (1 uM) of the RA derivative all-trans-
retinoic acid (ATRA) are then able to degrade PML-
RARA and release the repressor complex, reactivate tran-
scription, and promote myeloid differentiation in vitro
and in vivo (Fig. 2).

Although ATRA induces differentiation in all APL pa-
tients, it is not curative as a single agent, suggesting that
impairment of differentiation is not the only mechanism
sustaining the disease [14]. This is attributed to the dou-
ble oncogenic pathway that underlies leukemogenesis in
APL: the differentiation arrest and the aberrant self-re-
newal of APL cells. Indeed, PML-RARA interferes with
the normal formation of PML-NBs, and this results in an
impaired stress response and apoptosis block. In this set-
ting, arsenic trioxide (ATO) has been shown to act on 2
fronts, inducing differentiation and apoptosis of APL
cells. For these reasons, the combination of ATRA with
chemotherapy and/or ATO is more effective than ATRA
as monotherapy, in terms of long-term remission, both in
de novo and relapsed cases [11, 12].

ATO acts through direct binding to PML/RARA via 2
cysteine residues (C212/213) in the B2 domain, inducing
oxidation of these residues and formation of intermolec-
ular disulfide bonds. This process leads to sumoylation of
alysine residue (K160) and to the reorganization of PML-
PML/RARA from a diffuse/micro-speckled nuclear pool
into PML-NBs. Within these structures, PML-PML/
RARA is polyubiquitinated by the SUMO-dependent E3
ubiquitin ligase ring finger protein 4 and successively de-
graded by the proteasome [15]. Besides inducing protea-
some degradation, ATO also directly binds the wild-type
PML proteins, promoting and amplifying the reforma-
tion of PML-NBs. Targeting of both PML-RARA and
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Fig. 2. Synergistic action of the combination ATRA/ATO and main
mechanisms of resistance. a The PML/RARA fusion transcript
blocks myeloid differentiation at the promyelocyte stage. The syn-
ergistic action of ATRA and ATO leads to proteasomal degradation
of the oncoprotein, finally resulting in transcriptional reactivation
of RARA target genes and granulocytic differentiation. b ATO re-
sistance due to acquisition of mutations (A216V in the example) to
alternative RARA rearrangement (with STAT5b in c), while the

wild-type PML by ATO results in a more effective pro-
apoptotic activity and clinical superiority when added to
ATRA [16]. Finally, ATO is able to degrade PML-RARA
through an indirect mechanism, recruiting caspases and
inducing production of reactive oxygen species, which
are toxic for APL cells.

History of Arsenic as a Drug

Interestingly, the clinical application of ATO in APL
preceded the complete understanding of its molecular
mechanisms of action. Actually, several arsenic-contain-
ing regimens have been used for a long time, both in
Western medicine and in Chinese traditional medicine
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presence of additional somatic mutations in APL cells is a more
prominent feature in patients treated with the ATRA/chemothera-
py combination (d). PML, promyelocytic leukemia protein; RARA,
retinoic acid receptor-a; APL, acute promyelocytic leukemia;
ATRA, all-trans-retinoic acid; ATO, arsenic trioxide; Ub, ubiqui-
tin; STATS5b, signal transducer and activator of transcription 5b;
ARID1B, AT-rich interaction domain 1B; RUNXI, runt-related
transcription factor 1; WT1, Wilms’ tumor gene 1.

[17]. At the same time, arsenic has a long history as poi-
son to humans, both for intentional and environmental
exposure. In the environment, arsenic is found in inor-
ganic and organic forms and in different valence or oxi-
dation states, being the trivalent oxidation state (which
ATO belongs to) characterized by the strongest toxicity.
Considered the “king of poisons,” arsenic gained notori-
ety as an intentional homicidal or suicidal poison during
the Middle Ages and Renaissance because of its odorless
and tasteless properties and its frequent involvement in
high-personality murders. Medical recipes containing ar-
senic are even more ancient, and it is thought that Hip-
pocrates already used an arsenic paste to treat ulcers and
abscesses [18]. In 1786, Thomas Fowler introduced a po-
tassium bicarbonate-based solution of ATO that was em-
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pirically used in the treatment of various diseases, includ-
ing malaria, syphilis, asthma, chorea, eczema, and psoria-
sis. After leukemia was discovered in 1845, because of its
capability to lower white blood cell (WBC) counts, “Fowl-
er’s solution” was used to treat leukemia first in 1865 and
againin 1931 [19]. In 1910, Paul Ehrlich discovered a new
arsenic-based drug called “Salvarsan,” which was used to
treat syphilis until the advent of penicillin [20]. After a
decline in the use of arsenic due to its excessive toxicity,
in the 1960s, the Chinese traditional medicine started to
use combinations including arsenic sulfate to treat leuke-
mia. Since the preparation and processing of these medi-
cal recipes did not involve the high temperature required
for the conversion of arsenic sulfate into ATO, the rela-
tion of arsenic sulfate with ATO in such composites is
unclear [17].

A new Chinese arsenic-based drug to treat cancers ap-
peared in 1971, called “713” or “Ailin,” consisting of a
combination of ATO, mercury, and toad venom. In the
subsequent years, Zhang and colleagues focused their re-
search on the treatment of leukemia and, after having an-
alyzed the components of “713,” they observed that the
therapeutic effect was solely ascribable to arsenic. Since
then, the recipe was modified, leaving only ATO (“Ailin
I”) and a trace amount of mercury, and in 1979, it was
successfully used to treat patients with acute leukemia,
with granulocytic leukemia (corresponding to the West-
ern definition of APL) being the most sensitive to the
treatment. In 1991, Sun and colleagues continued the
work of Zhang and reported that “Ailin I” had been used
from 1974 to 1985 to treat 32 patients with APL, with
achievement of remission in 19 cases and long-term sur-
vival in 16 cases [17].

In the same decades, the effects of ATRA on myeloid
differentiation of APL cells were reported first in vitro and
then in vivo, leading to the recognition of the role of ATRA
in APL treatment in 1991 [21-23]. As reported by Rao et
al. [17], first studies on the in vitro effects of ATO on leu-
kemic cells were published in 1992, and in 1996, Chen et
al. [24] reported apoptosis induction as one of the possible
mechanisms of ATO on the APL clone. After 1 year, the
group of Shanghai published the dose-dependent effects
of ATO on leukemic cells in vitro: at higher concentra-
tions (0.5-2 mM), ATO preferentially induces apoptosis,
mainly through activation of the mitochondria-mediated
intrinsic apoptotic pathway, while at lower concentrations
(0.1-0.5 mM), ATO promotes the partial differentiation of
APL cells, both in ATRA-sensitive or ATRA-resistant
APL cells [25]. This study laid the foundations for under-
standing the complex and dualistic mechanisms of action
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of ATO on APL cells. Meanwhile, two research groups
demonstrated the synergic superiority and curative poten-
tial of ATRA-ATO combination therapy using transgenic
mouse models of APL [26, 27]. In 2000, ATO was also ap-
proved by the FDA for the treatment of relapsed APL.

Clinical Use of Arsenic in APL: The Long Journey to a
Chemotherapy-Free Approach

Until recently, ATRA combined with anthracyclines
has been the standard of care for newly diagnosed pa-
tients with APL [28]. With this strategy, about 70-75%
long-term overall survival rates have been achieved.
However, myelosuppression and subsequent infections,
and early and late toxicities (including secondary leuke-
mias) were major concerns. In this scenario, early studies
conducted in China and the USA demonstrated that sin-
gle-agent ATO could induce molecular remission in ap-
proximately 80% of APL patients, relapsed after ATRA
chemotherapy regimens [29-31] (Table 1). These results
in the relapsed setting paved the way for the use of ATO
in newly diagnosed patients with APL. Shen et al. [32]
proved for the first time that the ATRA/ATO combina-
tion exerted a synergic action in APL, showing that none
of 20 patients treated with the ATRA/ATO combination
relapsed, while 7 of 37 cases (19%) in the monotherapy
group relapsed after a median follow-up of 18 months.
Riding the wave of a more effective and chemo-free alter-
native to ATRA plus anthracyclines, Estey et al. [33] dem-
onstrated the feasibility of the ATRA/ATO approach in
newly diagnosed patients with APL of all-risk groups
[34]. Unlike Shen et al. [32], the study included the use of
gemtuzumab ozogamicin in case of high-risk groups
(WBC count exceeding 10,000 x 10°/L, PML-RARA PCR
positive after the 3rd month from complete remission or
any toxicity related to ATRA/ATO treatment). A total of
44 patients received ATRA (45 mg/m? daily) and ATO
(0.15 mg/kg daily, beginning on day 10 of ATRA) as in-
duction therapy, and for 28 weeks after complete remis-
sion (CR), with dose adjustments according to treatment
toxicity. Overall, the CR rate was 89% (96% in standard-
risk and 79% in high-risk APL), proposing this combina-
tion as an alternative treatment to chemotherapy in stan-
dard-risk APL. Following this idea, Iland et al. [35]
(APLM4 study) included ATO during both induction
and consolidation in patients with newly diagnosed APL,
achieving excellent survival outcomes despite a substan-
tial reduction in the dose of chemotherapy and confirm-
ing previously reported results of improved event-free
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Table 1. Results of arsenic treatment in APL according to the major clinical trials and case series

APL Patients, n Arsenic dose, Prevalence of  Median EFS or 0OS, % Ref.
type mg/kg differentiation  follow-up DFS, %
syndrome, %  time,
months
Standard 77 pts: first-line ATRA/ATO 0.15 19 66.4 EFS: 96.6; 99 (38,
risk DFS: 96.6 40]
37 (ATRA/ATO) versus 72 (ATRA/RIF) pts: first-line ATO 0.16 28 (ATO); 32 EFS: 94 (ATO); 94 (ATO); [59]
versus RIF60 26 (RIF) 97 (RIF) 100 (RIF)
Standard 40 relapsed pts: ATO alone NA 25 18 56 66 [31]
and high
risk 20 pts: first-line ATRA/ATO 0.16 0 18 DFS: 95 100 (32]
44 pts: first-line ATRA/ATO (19 HR pts + GO or IDA 0.15 20 16 RFS: 92 86 [33]
during induction)
244 pts: first-line ATRA/AraC/DAUNO + consolidation ~ 0.15 37 36 EFS: 80; 86 [36]
with ATO DFS: 90
124 pts: first-line ATRA/ATO/IDA (22 HR pts) 0.15 14 24 DFS: 97.5 93.2 [35]
116 pts: first-line ATRA/ATO (28 HR pts + GO) 0.3 and then = 25.8 30.5 EFS: 91 93 [43]
0.25
187 pts: first-line ATRA/ATO+GO (54 HR pts) 0.15 11 47.6 EFS: 85; 88 [41]
DFS: 96
278 pts: first-line ATRA/AraC/IDA + consolidation with ~ 0.15 NA 52 EFS:95.7 (SR);  95.7 (SR);  [44]
ATO (98 HR pts) 92.1 (HR) 93 (HR)
101 pediatric pts: first-line ATRA/IDA + consolidation 0.15 20 44.7 EFS: 95 (SR); 98 (SR); [48]
with ATO 83 (HR) 86 (HR)
18 pediatric pts: first-line ATRA/ATO 0.15 5.5 24 DEFS: 100 100 [50]

SR, standard (low-to-intermediate)-risk APL according to the Sanz criteria; HR, high-risk APL according to the Sanz criteria; ATO, arsenic trioxide; RIF,
Realgar-Indigo naturalis formula; ATRA, all-trans-retinoic acid; IDA, idarubicin; AraC, cytarabine; DAUNO, daunorubicin; GO, gemtuzumab ozogamicin;
EFS, event-free survival; DFS, disease-free survival; OS, overall survival; NA, not available; pts, patients.

survival (EFS) when using ATO in the consolidation
phase [36]. The APLM4 study [35] also confirmed the
observations by Mathews et al. [37], who noticed that
ATO may abrogate the poor outcome of patients harbor-
ing FLT3 mutations. Since that moment, all the studies
variably included ATO in both induction and consolida-
tion phases, in combination with other cytotoxic agents
(idarubicin, daunorubicin, and gemtuzumab). The role
of maintenance in the new ATO era remained a matter of
controversial debate.

Many of the open issues were then solved by the prac-
tice-changing Italian-German study APL0406, which
confirmed the combination of ATRA and ATO as the ref-
erence treatment for standard-risk APL [38]. This multi-
center phase 3 trial compared ATRA plus chemotherapy
with ATRA plus ATO in newly diagnosed patients with
standard-risk APL. The first results showed that the che-
mo-free combination provided an advantage in terms of
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EFS, probably as a consequence of the reduced severity of
myelosuppression, together with the increased antileuke-
mic efficacy. Moreover, the toxicity profile of ATRA/ATO
appeared to be mild and manageable if compared to the
previously experienced toxicities of ATRA plus chemo-
therapy. Indeed, myelosuppression was milder in the
ATRA/ATO group, and consequently fewer febrile neu-
tropenia episodes were recorded (30 vs. 75 in the ATRA/
ATO and ATRA/chemotherapy arms, respectively, p <
0.001). The major nonhematological toxicities in the
ATRA/ATO group were transient liver enzyme altera-
tions (44 vs. 3%) and QTc prolongation (11 vs. 0.7%),
while gastrointestinal and cardiac function abnormalities
were more frequent in the ATRA/chemotherapy group. A
typical aspect of the ATRA/ATO group was the develop-
ment of leukocytosis during induction (43% of cases), suc-
cessfully managed with hydroxyurea (the only cytotoxic
agent allowed as per protocol recommendation). Differ-
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ent from the previous studies, where ATO was started at
day 9 or 10 of induction to reduce the risk of hyperleuko-
cytosis and subsequent differentiation syndrome (DS)
[33, 35], in the APL0406 study, ATO was administered at
the beginning of the induction phase. Moderate to severe
DS [39] was registered in 19% of patients in the ATRA/
ATO group and 16% in the ATRA/chemotherapy group.
Dexamethasone treatment (10 mg every 12 h for at least 3
days) was used at the first suspicion of DS. The excellent
outcomes of the chemo-free regimen were also empha-
sized by the recent update [40] of this pivotal study, show-
ing an increased advantage over time of the ATRA/ATO
combination in terms of EFS (96.6% at 72 months vs.
77.4% in the ATRA/chemotherapy group), and a signifi-
cantly reduced cumulative incidence of relapse (1.7 vs.
15.5%, respectively). The long-lasting advantage of the
chemo-free regimen, concentrating the treatment in about
7 months, doubted the role of maintenance, especially
pointing out the 2% increased prevalence of secondary
leukemias in the ATRA/chemotherapy arm. The low inci-
dence of relapses, which occurred exclusively during the
first 24 months in the ATRA/ATO arm, also questioned
the necessity of prolonged molecular monitoring in pa-
tients with standard-risk APL treated with ATO frontline.
The durability of the results of the ATRA/ATO combina-
tion was confirmed by Abaza et al. [41], who also demon-
strated that relapses concentrate in the first year after CR.
Indeed, we [42] showed that ATRA/ATO exerts superior
antileukemic activity compared to ATRA/chemotherapy,
by significantly reducing the PML-RARA load during
treatment and monitoring, irrespective of FLT3 muta-
tional status. Moreover, we also confirmed the lack of
prognostic significance of minimal residual disease levels
at the post-induction checkpoint, emphasizing instead the
relevance of the post 3rd consolidation time point.

If these results showed that ATRA/ATO combination
is the standard of care for low-to-intermediate risk pa-
tients, there is still room to improve the treatment sched-
ule of high-risk patients (about 25% of newly diagnosed
APL). The randomized AML17 study [43], conducted in
the UK, showed that ATRA/ATO is feasible also in this
setting. The ATRA treatment scheme was similar to
APL0406, with this drug given orally at the same dose for
the first 60 days or until remission, and then for 15 days
on an on-and-off basis (for days 1-14 and 29-42 during
courses 2-4 and for days 1-14 of course 5). On the other
hand, ATO was given intravenously at the alternative
dose of 0.3 mg/kg on days 1-5 of each course, and then at
0.25 mg/kg twice weekly (during the rest of induction and
weeks 2-4 of courses 2-5). Actually, the ATRA/ATO
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combination prolonged the EFS also in high-risk APL,
when compared to ATRA/chemotherapy (87 vs. 64% at 4
years, respectively, p=0.07). Furthermore, the new sched-
ule of administration of ATO (with 63/168 treatment
days vs. 140/180 days, and a twice-weekly administra-
tion) led to a lower incidence of liver toxicity (around
29% of grade 3-4 toxicity, compared to 40% in the Italian-
German trial during induction). A further difference
from the APL0406 trial was the elimination of mainte-
nance therapy. Similar to previous studies [33, 41], high-
risk patients received a dose of gemtuzumab ozogamicin
(6 mg/m?) within the first 4 days of induction, to lower
WBC counts and prevent the risk of hyperleukocytosis
and subsequent DS. Using these precautions, the inci-
dence of DS was similar in high- and standard-risk pa-
tients. The results of the AML17 study have been further
confirmed by the APL2006 trial, conducted by the French
Belgian Swiss APL group in 795 patients of all-risk groups
to test the role of ATO in the consolidation phase [44].
After a classical ATRA/chemotherapy induction, 214
high-risk patients were randomized to receive either che-
motherapy or chemotherapy plus ATO. The 5-year EFS
was 85.5 and 92.1% (p = 0.38) in the chemotherapy alone
and in the chemotherapy plus ATO group, respectively.
Of note, during conduction of the study, an amendment
led to the exclusion of cytarabine in the ATO group due
to the high rate of myelosuppression. This study showed
that ATO can replace chemotherapy in high-risk patients,
without increasing the risk of relapse and with a milder
toxicity profile in terms of myelosuppression and infec-
tious episodes. The randomized, multicenter, pan-Euro-
pean APOLLO trial (NCT02688140) and a Chinese study
[45] are ongoing to specifically assess the role of ATO/
ATRA frontline in high-risk APL.

The introduction of ATO in the panoply of APL man-
agement also improved patient-reported outcomes and
quality of life. Actually, in the Italian-German study [46],
lower fatigue severity was reported at the end of induction
in patients receiving ATRA/ATO versus ATRA/chemo-
therapy (mean score difference, —9.3; 95% CI, —17.8 to
-0.7; p = 0.034). Results at long term are being exploited
and will be also compared to the recent Italian study [47]
conducted in APL survivors treated with standard che-
motherapy, showing that, after a median follow-up of
14.3 years from diagnosis, the symptom “fatigue” was re-
ported as moderate to severe by 29% of patients, with
84.4% of patients complaining at least one comorbidity.
The new formulation of arsenic (see below) may further
improve treatment results and allow a chemo-free, totally
oral anti-APL regimen.
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Special Situations in APL

Since the introduction of ATRA/ATO as standard of
care in APL, some hurdles remain to face. As previously
discussed, arsenic has been mostly used in randomized
trials including patients aged between 18 and 70 years,
leaving elderly patients and children as patient categories
reported as sporadic cases or retrospective series. Indeed,
the recent experiences with ATRA/ATO combinatory tri-
alsin adults prompted pediatricians to translate this high-
ly effective frontline treatment in newly diagnosed chil-
dren with APL. The COG-AAMLO0631 protocol, includ-
ing 101 children receiving induction therapy with ATRA/
idarubicin and ATRA/ATO as consolidation for both
high- and standard-risk APL, showed that ATO may re-
duce the cumulative anthracycline dose, without affect-
ing survival outcomes [48]. This led to the use of the che-
mo-free combination frontline in children, with excellent
results reported by different groups, without known long-
term sequelae [49, 50]. The main difference with adults is
the lower ATRA dose (25 mg/m?), due to the recognized
higher risk of pseudotumor cerebriin the younger popula-
tion [51]. A new open-label protocol (ICC APL Study 02,
Eudract: 2017-002383-40) investigating ATRA/ATO
frontline is now ongoing to validate these results in the
standard-risk setting.

Similarly, elderly patients have been mostly investi-
gated after the introduction of ATO in a scattered and
retrospective fashion [43, 52]. Older patients with APL
(aged >70 years) treated with chemotherapy are more
prone to develop toxicities and experience up to 60% ear-
ly death rates [53], making the milder toxicity profile of
ATO combinations attractive to treat these fragile pa-
tients. A large retrospective study analyzed data from 475
patients (median age 73.4 years, range 70-89 years) de-
rived from different multinational registries. Patients re-
ceived different supportive therapies, and only 26 pa-
tients (6%) were treated with the ATRA/ATO regimen,
while the rest received ATO in different combinations
with ATRA and chemotherapy. The early death rate was
lower for the ATRA/ATO combinations (8 vs. 18%),
while the CR rate was 82%. The estimated 5-year overall
survival within the wide 1990-2018 temporal range was
66%. A recent abstract [54] presented at the 2019 ASH
meeting, reporting real-life data on 45 patients aged >70
years, showed that at least half of them were not consid-
ered eligible for a standard approach, highlighting the
unmet clinical need of protocols specific for this patient
subset, where also different ATO scheduling and dosing
could be tested.
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Oral ATO Formulations

In the long journey toward a more effective, manage-
able, and toxicity-free regimen, the availability of an
oral arsenic compound has been eagerly pursued in
APL. Again, Chinese researchers have been pioneers in
testing oral arsenic compounds [55]. Nowadays, the
only commercially available agent in China is Realgar-
Indigo naturalis formula (RIF), approved by the Chi-
nese Food and Drug Administration in 2009 for the
treatment of APL [56]. First developed in 1980, RIF
demonstrated in vitro and in vivo activity, due to the
upregulation of aquaglyceroporin 9 that allows its intra-
cellular uptake [57]. So far, more than 5,000 patients
have been treated with RIF-based regimens with excel-
lent results and very favorable toxicity profiles, espe-
cially when considering the potential of a completely
chemo-free regimen [55]. An important milestone has
been the demonstration of non-inferiority of ATRA/
ATO versus ATRA/RIF treatment in terms of 2-year
EFS in newly diagnosed patients with APL (94 vs. 97%,
respectively) [58]. These results were confirmed by the
use of RIF/ATRA in standard-risk and later in high-risk
patients [59, 60]. Regarding toxicities, the favorable
pharmacokinetic profile (reaching a more wide and
prolonged concentration curve) renders the oral formu-
lation attractive in terms of cardiac and liver toxicity,
main drawbacks of the i.v. ATO formulation. If up to
16% of patients with APL experience a QTc¢ prolonga-
tion of any grade after ATO administration [38], no car-
diac toxicity has been reported using RIF [59, 60]. On
the other hand, liver toxicity still occurs with ATRA/
RIF, at a milder degree than with ATRA/ATO [58]. A
further advantage of the ATRA/RIF combination is the
applicability of this entirely chemotherapy-free, outpa-
tient-based post-remission strategy, attractive in terms
of quality of life and health system-related costs, in par-
ticular for children or elderly patients [61].

ATO: Mechanisms of Resistance

The most frequent mechanisms of ATRA/ATO resis-
tance are due to the presence of alternative genetic rear-
rangements in cases of AML with an APL-like morphol-
ogy. Indeed, a minor proportion of APL-like AML does
not present the typical PML-RARA fusion gene: in these
cases, variant cytogenetic translocations have been
identified, involving the RARA gene on chromosome 17
and alternative partner genes, resulting in X-RARA re-
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arrangements. The most common and best known
“APL variant” presents the PLZF-RARA fusion gene, as
a result of the t(11;17)(q23;q21) chromosomal translo-
cation, first described by Chen and colleagues [62]. The
second most common “APL variant” is characterized by
the NPM1-RARA rearrangement, caused by the t(5;17)
(935;921) translocation. Other partner genes, alterna-
tive to PML, have been observed in few case reports;
among them, STAT5b is of interest, since its presence,
similar to PLZF, is synonymous of resistance to ATRA-
ATO therapy and worse prognosis (Fig. 2) [63]. The
lack of ATO-binding sites in X-RARA oncogenic pro-
teins is thought to be responsible for ATO resistance
[64].

An additional molecular mechanism of resistance to
ATO is the presence of mutations within the B2 domain
of the PML gene, where the ATO-binding region is lo-
cated. Lack of response to ATO has been documented in
vitro and in vivo in APL cells harboring missense muta-
tions in this region [65, 66]. The most common mutation
results from the A216V amino acidic substitution in the
B2 domain, which we found not only in the PML-RARA
fusion gene but also in the unrearranged PML allele, al-
though in different clones. In these cases, ATO binding is
prevented, and this impairs the disruption of the onco-
genic fusion protein and the reformation of NBs, which
are the 2 mechanisms of action of this drug [67] (Fig. 2).
These types of mutations, as well as those observed in the
RARA gene, which impair response to ATRA, mostly
emerge under the selective pressure of ATO treatment
[68-70].

We also found that patients relapsing after ATRA-
ATO treatment are characterized by a higher number of
mutations in other genes, including ASXL1, DNMT3A,
JAK2, SRSF2, TET2, and TP53 [70]. Similarly, Madan et
al. [71] found FLT3-ITD, WT1, RUNX1, and ARID1B
mutations as recurrent in relapsing APL cases. However,
the appearance of additional somatic mutations in resis-
tant/relapsed APL is a more prominent feature in patients
previously treated with the ATRA-chemotherapy combi-
nation (Fig. 2).

Other possible mechanisms of resistance to ATO are
under study and are not yet clear. Involvement of the
microenvironment has been hypothesized, together
with alterations in the redox system and abnormalities
in autophagy pathways, considering that some autoph-
agy regulatory proteins have been shown to play a pro-
survival role in APL cells during ATRA-ATO treatment
[64].

Arsenic: A Poison or a Cure?

Conclusions and Future Perspectives

Arsenic has shown to be a very effective drug in APL.
This compound allowed the management of a highly fa-
tal hematological cancer with a totally chemo-free ap-
proach, with impressive survival rates. However, many
issues still require international efforts. For example, the
role of oral arsenic, possibly leading to management of
APL on an outpatient basis at least in the post-induction
phase, will have to be confirmed by the ongoing and clin-
ical trials. Together with ATRA, arsenic is one of the first
examples of precision medicine and, in the near future,
the availability of big data will help further dig into the
still open contentions in APL, including the long-term
effects of arsenic in the increasing population of APL sur-
vivors.
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