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Abstract

:

Simple Summary


Acute Promyelocytic Leukemia (APL) was the most aggressive form of leukemia, historically associated with massive and rapid mortality. However, empirical clinical advancements and in-depth mechanistic exploration have now transformed APL into the most curable form of leukemia, culminating with the ATRA/ATO combination, which cures up to 98% APL patients. This review recapitulates a three-decade journey which led to the development of this groundbreaking treatment, through several paradigm shifts to explain its scientific underpinnings.




Abstract


The story of acute promyelocytic leukemia (APL) discovery, physiopathology, and treatment is a unique journey, transforming the most aggressive form of leukemia to the most curable. It followed an empirical route fueled by clinical breakthroughs driving major advances in biochemistry and cell biology, including the discovery of PML nuclear bodies (PML NBs) and their central role in APL physiopathology. Beyond APL, PML NBs have emerged as key players in a wide variety of biological functions, including tumor-suppression and SUMO-initiated protein degradation, underscoring their broad importance. The APL story is an example of how clinical observations led to the incremental development of the first targeted leukemia therapy. The understanding of APL pathogenesis and the basis for cure now opens new insights in the treatment of other diseases, especially other acute myeloid leukemias.
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1. Introduction


The identification of leukemia (from “leukhemia” meaning “white blood”) is attributed to French Alfred Velpeau and Alfred Donné, as well as British John Hugues Bennett and Prussian Rudolf Virchow, whose early work described symptoms, as well as abnormalities, in the blood composition of several patients [1]. In 1936, Jean Bernard demonstrated that tar coal injection in rat bone marrow caused leukemia development, implying its hematopoietic origin [2]. In the 1950s, leukemia’s medical care was almost nonexistent, despite the early successes of experimentations with irradiation [3] and blood transfusions [4], which induced transient remissions in some cases.



Acute promyelocytic leukemia (APL) was first described by Leif Hillestad in 1957 (Figure 1) in three patients as a subtype of acute myeloid leukemia (AML) with “a very rapid downhill course” requiring a rapid diagnosis and management [5]. Hillestad described blood counts dominated by immature promyelocytes associated with severe bleeding in these patients. These early results were confirmed by the Bernard lab, which described 20 cases of leukemia associated with promyelocytic proliferation and hemorrhagic syndrome [6].



Later studies demonstrated that APL accounts for 10 to 15% of adult AMLs and is nowadays designated under the M3 subtype of the FAB classification, with an incidence of 0.1/100,000 in Western countries [7]. Symptoms include fatigue, fever, weight loss, and infections, as well as bleeding and the formation of blood clots (petechiae, purpura, and ecchymosis). APL patients generally display a low leucocyte count with an invasion of promyelocytic blasts found in the bone marrow and sometimes in the peripheral blood. These blasts display an irregularly shaped nucleus, with large cytoplasmic azurophylic granules and Auer rods, which can aggregate to form “faggots”. Blood diathesis, which most frequently yields hemorrhage in the brain or lung is the main cause of death for APL patients who are not treated on time [8].




2. Conventional and Unconventional Therapies


2.1. Chemotherapy’s Early Successes


Seminal discoveries were necessary to pave the way for the first APL therapies. Indeed, the development of chemotherapeutic drugs, which would later benefit thousands of patients, ironically originate in the horrors of World War I and World War II and the development of mustard gas. Reports from as early as 1919 described “remarkable changes in the peripheral blood” upon exposure to this poison, with “extreme leukopenia which followed the initial leukocytosis and in severe cases frequently fell below one thousand cells per cubic millimeter” [9]. After WWII, several teams experimented with sulphur mustard for the treatment of Hodgkin’s disease, lymphosarcoma, and leukemia and observed marked regressions in the tumor burden and subsequent brief and incomplete remission in patients [10,11,12]. These encouraging results prompted the development of other systemic anti-cancer drugs like anthracyclines [13]. Among these, daunorubicin monotherapy induced transient remissions in children suffering from leukemia [14].



A major breakthrough in APL therapy came from the Bernard lab, which described the exquisite sensitivity of APL for daunorubicin by inducing complete remissions (CR) in 55% of patients and succeeded in inducing long-term remissions in some of them, surpassing the results obtained with other AMLs [15]. These treatments were further improved by a consolidation with autologous or allogenic bone marrow transplantation [16]. Unfortunately, two-thirds of patients who achieved complete remission (CR) relapsed within the first year, decreasing event-free survival (EFS) to 25–55% [17]. Furthermore, chemotherapy exacerbates bleeding diathesis, thereby increasing the risk of early mortality, underscoring the urgent need to develop safer alternative therapies.




2.2. ATRA: Toward a Differentiation Therapy


The 1980s saw the emergence of retinoid-based therapies. The similarities between the histological changes associated with vitamin A deficiency and early cancerous lesions prompted the first assays with retinoids, which demonstrated prophylactic and therapeutic effects in various cancer models in vivo [18]. In the 1960s, capitalizing on all-trans retinoic acid (ATRA) effects on epithelial cells differentiation and proliferation, ATRA therapy was introduced in dermatology for the treatment of psoriasis, ichthyosis, and acne, demonstrating some clinical use [19]. Twenty years later, in the early 1980s, the clinical efficiency of retinoids in leukemia was first demonstrated on a small number of chemotherapy-resistant APL patients, showing some clinical benefits [20,21,22,23,24]. The major breakthrough in APL therapy was published in 1988. The first clinical trial conducted on 20 APL patients demonstrated that ATRA monotherapy can induce long-lasting CR, which is associated with maturation of the leukemic blasts into granulocytes [25], and was later confirmed by other groups [26,27]. Interestingly, ATRA therapy did not prompt severe bleeding, unlike chemotherapy, and rapidly stopped bleeding diathesis.



Despite the dramatic ATRA clinical efficiency, several teams noted that continuous ATRA treatment did not prevent relapses within a median time of 5 months [27,28,29]. This led clinicians to use a combination of ATRA with chemotherapy hoping to combine the long-term remissions induced by chemotherapeutic approaches with the improvement of bleeding diathesis induced by ATRA. A first clinical trial on 26 newly diagnosed APL patients treated with ATRA until CR followed by three courses of anthracyclines evidenced similar CR but a decreased number of relapses in response to the combination therapy when compared with historical data obtained with ATRA alone [30]. Concomitantly, the first European randomized clinical trial was launched, comparing anthracycline therapy with ATRA treatment until CR followed by three courses of anthracyclines. The superiority of ATRA + anthracyclines was such that the trial was prematurely stopped as anthracycline monotherapy was judged unethical, with results as follows: 91% vs. 81% CR and 79% ± 7% vs. 50% ± 9% EFS at 12 months, respectively [17]. Later clinical trials demonstrated that the simultaneous administration of ATRA and anthracyclines followed by a maintenance therapy led to better EFS [31,32,33]. More recent studies of the overall ATRA + anthracyclines therapy successes estimated that this treatment cures up to 80% of APL patients [34]. It should be noted that ATRA treatments led to life-threatening differentiation syndromes in one-third of European APL patients; these were characterized by fever, respiratory distress, unexplained weight gain, peripheral edema, dyspnea with interstitial pulmonary infiltrates, pleuropericardial effusion, hypotension, and acute renal failure [35,36]. Nowadays, differentiation syndromes are managed using corticosteroids, although their mechanisms are not completely understood [37].




2.3. Arsenic, a Secular Medicine


These early successes made ATRA-based treatment of APL an example of differentiation therapy as it was thought that terminal granulocytic differentiation elicits cure [38]. The success of APL treatment does not solely rely on ATRA but also involves another unexpected major player that has been utilized in traditional Chinese medicine for a long time, namely, arsenic.



Arsenic (atomic number 33) belongs to the class of transition metals. Arsenic comes from the Greek name “arsenikon”, which means potent. Written testimonies describe its use in a wide variety of conditions since antiquity. The oldest one dates back to Hippocrates, who reports its use to cure ulcers. Colorless, odorless, and tasteless once in solution, arsenic became a very popular poison in medieval Europe and even gained the name “succession powder”. The rehabilitation of arsenic in modern medicine can be attributed to Thomas Fowler, whose eponymous solution was used during the Victorian era to treat various conditions, including syphilis, asthma, chorea, eczema, psoriasis, rheumatism, tuberculosis, and ulcers [39]. The idea that low doses of arsenic could have therapeutic benefits was further supported by the discovery of Austrians “arsenic eaters”, referring to local populations where men, women, and animals consumed arsenic on a daily basis in order to improve physical strength and attractiveness [40]. In 1910, Nobel Prize laureate Paul Ehrlich introduced an organic arsenic-based preparation named salvarsan to treat viral and bacterial infections, such as tuberculosis and syphilis. Derivatives of this preparation were also used to treat infectious diseases, such as African trypanosomiasis, and still is to this day. Interestingly, remissions of what resembles chronic myeloid leukemia in response to Fowler’s solution were reported in several independent studies, first by Prussian physician Berl Klin Wochenschr in 1865 and then by Forkner and Scott from the Boston City Hospital in 1931. An abstract from an 1894 French medical textbook states “the arsenical treatment is to date the one which gave the best clinical results” in the treatment of leukemia [41]. Despite these early hints at arsenic’s therapeutic effects, its high toxicity and the development of new drugs with a higher therapeutic index soon made this secular drug wane.




2.4. The Reintroduction of Arsenic in Modern Medicine


Arsenic holds a prominent place in traditional Chinese medicine. In the early 1970s, a Chinese research group from Harbin university tested the clinical response of several cancers to Ailin-1, also called “713”, a mix comprising arsenic trioxide (ATO). They reported that of the 32 treated patients, 21 achieved CR, with a 5-year EFS of 50% and a 10-year EFS of 19% [42]. In 1995, at a meeting of the Chinese Society of Hematology, two independent Chinese groups presented clinical trials with similar results, achieving 73% CR in patients with newly diagnosed APL and 53% CR in relapsed APL patients with 10 mg/day of ATO [41]. One year later, another report described CR in nine out of ten patients with relapsed APL who were treated with ATO [43]. This pioneer study also describes that low concentrations of ATO can induce blast differentiation, while higher doses trigger apoptosis [44]. As Chinese researchers continued to experiment with ATO in the treatment of APL in newly diagnosed and relapsed patients [45], the first clinical trials in western countries were launched in the mid-1990s, reproducing the same results in the induction of CR [46]. Later studies demonstrated that arsenic monotherapy induces not only CR but actual cures in up to 70% of de novo APL patients [47,48].




2.5. The ATRA + ATO Synergy


The dramatic success of ATO treatment in APL was immediately of particular interest as patients resistant to ATRA remained sensitive ATO [44,49]. These results begged the question of the efficiency of an ATRA + ATO combination in APL treatment, although ex vivo studies had demonstrated antagonism of the two drugs for differentiation [50]. Yet, pioneer studies demonstrated the overwhelming benefit of the ATRA + ATO combination, which achieved cure in all animals when none of the monotherapies could [51,52]. Several clinical trials confirmed these results and demonstrated the superiority of ATRA + ATO (97% CR) in comparison to other treatments, ATRA + anthracyclines (86% CR) [34,53]. Indeed, the ATRA + ATO combination increases the number of CR, decreases the time necessary to reach remission, and increases EFS [34,54,55,56]. ATRA + ATO therapy is now the gold standard of APL treatment, eliminating the need for additional cytotoxic chemotherapy that can induce bleeding.



Current recommendations for the management of APL patients were reviewed elsewhere [55]. Briefly, diagnosis is based on blood counts, May-Grünwald Giemsa staining indicating an accumulation of promyelocytes, and sometimes, Auer rods in the bone marrow. A rapid confirmation using real-time quantitative polymerase chain reaction (RQ-PCR) should be performed to identify the APL-specific genetic lesion. After ATRA/ATO initiation and consolidation therapies, monitoring of minimal residual disease using RQ-PCR or RT-PCR may be performed on bone marrow samples from high-risk patients.





3. Understanding APL


3.1. The Discovery of PML-RARA


The first hints at understanding APL’s physiopathology were linked to advances in cytogenetic studies, aiming at identifying chromosomal defects in tissues or cells. In 1976, fluorescence banding performed on bone marrow samples from two APL patients identified the deletion of the long arm of chromosome 17 [57]. The following year, studies confirmed this defect and identified that APL cells harbor a balanced chromosomal translocation between the long arms of chromosomes 15 and 17 [58,59,60].



A few years later, the RARA gene was located at the 17q21 position, cytogenetically close to the APL breakpoint location [61]. Exploration of RARA gene structure and expression demonstrated the existence of a specific rearrangement in APL patients [62]. Cloning of the t(15;17) breakpoint in APL, later identified the RARA gene fusion to an unknown locus named myeloid leukemia (MYL), later renamed promyelocytic leukemia (PML) [63,64,65]. The PML-RARA fusion gene was shown to encode a fusion protein in all APL patients tested [66,67,68].



Pioneer experiments using gene reporter assays demonstrated that transfected PML-RARA in non-hematopoietic cells acts as a dominant negative gene, altering normal RARA signaling [66]. These results were later confirmed in myeloid cell lines in which PML-RARA blocked granulocytic differentiation [69]. These experiments raised two questions, one about RARA’s role in myeloid differentiation and the other about the molecular mechanisms underlying PML-RARA’s blockade of granulocytic differentiation.




3.2. RARA’s Regulation of Myeloid Differentiation


RARA’s contribution to hematopoiesis was first explored in a RaraKO mice model. Unexpectedly, granulocytic differentiation was accelerated upon RARA’s excision, but also upon pharmacological doses of ATRA, solely in the presence of RARA [70]. Therefore, RARA slows down granulopoiesis in physiological conditions and is the target of ATRA, mediating its effects on differentiation. In contrast with RARA’s loss, Rara403, a dominant-negative mutation on the ligand-binding site of the protein that is insensitive to ATRA, triggered profound modifications. This mutant can immortalize hematopoietic progenitors and induces a spontaneous differentiation shift from monocytes to mast cells when expressed in multipotent cell lines [71]. Yet this mutant is very stable, and it was proposed that it may titrate RXR, impeding global signaling of type 2 nuclear receptors. Counterintuitively, the simple overexpression of RaraWT enables the immortalization of progenitor cells [72] and in the human setting, viral insertions within the RARA gene, inducing its overexpression, impedes differentiation and may induce APL-like symptoms [73,74]. These findings underscore that the ATRA/RARA pair exerts multiple subtle effects on hematopoietic differentiation and self-renewal.



In normal conditions, RARA dimerizes with retinoic X acid receptors (RXRs), binds to retinoic acid response elements, and recruits transcriptional repressors, such as silencing mediator of retinoid and thyroid hormone response (SMRT) or nuclear receptor corepressor (NCOR), maintaining the chromatin in a transcriptional inactive state [75]. The RA binding onto RARA induces a conformational switch of the receptor, whereby co-repressors are replaced by co-activators, thereby inducing the expression of RA-target genes, in particular those implicated in myeloid differentiation [76,77]. In conclusion, RARA acts as a repressor whose activity can be modulated by RA. Increases in RARA’s quantity or impairments in RA-binding result in differentiation blockades and the immortalization of progenitor cells. However, which RARA genes are responsible for APL pathogenesis is still unknown and deserves further investigations.




3.3. PML-RARA Impairs the Transcriptional Regulation of Hematopoietic Cells


Since the 1990s, the development of cell lines and several mice models expressing PML-RARA cDNA in the myeloid lineage, mimicking APL symptoms has allowed further understanding of APL onset and progression [78,79,80]. Following PML-RARA’s initial cloning, first reports described that PML-RARA alters the normal function of RARA in a dominant-negative manner, thus blocking ATRA-induced differentiation at physiological concentrations, like the abovementioned RARA403 mutant [66,69,81].



In comparison to other malignancies, PML-RARA is often the sole driver for disease development as demonstrated in several models [78,79,82,83,84]. Moreover, PML-RARA’s incidence is almost constant with age, further confirming the idea of a single initiating genetic event [85]. Several cooperating mutations were identified at initial diagnosis or in relapsed APL patients, but their precise role in pathogenesis and resistance is still unclear [84,86]. However several studies have shown that activation of FLT3 signaling blunts RA response in APL or non-APL cells [87,88].



In APL, the PML-RARA oncoprotein binds to DNA through its RARA moiety, acting as a potent transcriptional repressor, insensitive to physiological concentrations of all-trans retinoic acid [89,90], thus blocking myeloid differentiation. Like RARA, PML-RARA dimerizes with RXR [91,92] and efficiently recruits canonical RAR-RXR co-repressors, such as SMRT or NCOR [93], further increasing its transcriptional repressive activity. Moreover, in APL, PML-RARA also transactivates hundreds of non-canonical RARA target genes, in particular, genes coding for chromatin-modifying enzymes or implicated in cell proliferation [92,94,95,96,97]. More importantly, deregulation of retinoic acid signaling is essential for the initiation of APL, as RARA fusions are responsible for over 99% of APLs while fusions involving RARB or RARG are very rare occurrences [98].



Very rare X-RARA fusions, not involving PML, can also drive APL [98,99]. These APL variants are insensitive to ATO therapy, consistent with PML absence from the fusion proteins. Clinical responses to ATRA therapy were suggested for some patients, although the rareness of these conditions precludes clear-cut answers.





4. PML’s Contribution to APL Pathogenesis and Response


4.1. PML Nuclear Bodies: Tightly Organized Membrane-Less Compartments


PML is the most recurrent partner fused to RARA which drives APLs [98]. Immunofluorescence and immunocytochemistry analysis demonstrated that PML-transfected cell lines are distributed in a speckled nuclear pattern, called PML nuclear bodies (NBs). In contrast, PML-RARA disorganizes these NBs, which are distributed in a micro-punctuated nuclear pattern, or a cytoplasmic localization in APL blasts expressing both rearranged and non-rearranged PML [100,101]. The disorganization of PML NBs raised inquiries regarding their biological functions and their role in APL development.



PML NBs were first identified through an electron microscopy analysis in the 1960s as electron dense structures in the nucleus of virus-infected rabbit cells [102]. First reports in the 1990s identified the ubiquitous PML expression [66], as well as several splice variants [103]. The following year, immunoelectron and confocal microscopy revealed the core-shell nature of PML NBs, with the PML protein structuring the shell of the body, as well as the presence of several other nuclear proteins in the bodies, including SP-100, but no nucleic acids [104,105]. In APL blasts, PML-RARA disrupts PML NB formation through a direct interaction between the two proteins [100,101].



PML NBs are membrane-less organelles with a diameter of 0.1 to 1 µm that are found in the nucleus of most cells and tissues [106]. Their number varies from 5 to 30 NBs per nucleus, depending on the cell type and the cell cycle [107]. PML belongs to the TRIM (tripartite motif) family of proteins, regrouping proteins harboring a RBCC (RING, B-BOX and coiled-coil), which have the ability to form homo-multimers [108]. Interestingly, many of these proteins display an ubiquitin E3 ligase activity, catalyzing the transfer of the small ubiquitin protein from the E2 ligase to the target substrate [109]. From N- to C-terminus, PML possesses a RING domain, followed by two B-boxes and a coiled-coil domain, which are all essential for PML NB formation [106].




4.2. PML Nuclear Bodies: From Structure to Function


After initial PML NB formation by RBCC interactions, PML can recruit UBC9 (the sole SUMO E2 conjugating enzyme) via its RING domain and be SUMOylated [110]. SUMO gets conjugated onto PML on three target lysines in positions K65, K160, and K490 [111,112,113]. PML NBs can then recruit partner proteins through interactions between the SUMO conjugated onto PML’s K160 and the SUMO-interacting motif of client proteins [114,115,116]. PML’s SUMOylation was initially proposed to be mandatory for PML NB formation [117,118]. Later experiments exploring a SUMOylation-deficient mutant (PML-3KR) or a selective inhibitor of the SUMO-activating enzyme proved its non-compulsory nature, as SUMO-deprived PML can still assemble some core-shell NBs [116,119,120]. This reinforces the idea that PML NBs arise from multiple interactions between RBCC motifs [110,121,122,123]. More than 100 client proteins have been identified at PML NBs [115,124]. By concentrating client proteins together with their modification enzymes at their inner core, PML NBs act as hubs for client proteins post-translational modifications, especially SUMOylation and ubiquitination [116,125,126]. Remarkably, a Pml knockout in embryonic stem cells phenocopies UBC9 deficiency inducing a transition towards the two-cell-like state, highlighting PML’s central role in the SUMO cascade and downstream biological functions [126,127].



Due to the large number of client proteins modified at PML NBs, these structures have been implicated in the regulation of a wide variety of biological functions, in particular tumor-suppressive functions such as senescence, apoptosis or transcription control [128]. The biological functions linked to PML-NBs were reviewed elsewhere [128]. PML may also assemble in the cytoplasm and a function for cytoplasmic PML bodies was proposed [129].




4.3. PML NBs Disruption Block Their Tumor Suppressive Functions


PML tumor suppressive functions have been known since the creation of PmlKO mice models. These animals are viable and exhibit normal development in the tightly controlled environment of an animal facility but develop more tumors in response to multiple carcinogens [130,131]. Later studies confirmed these results and reported elevated spontaneous tumorigenesis in these animals [132,133,134,135,136]. Nonetheless, some studies on human biopsies from patients further demonstrated that PML NBs are often lost during cancer progression, from various histological origins and that this loss correlates with a poor prognosis [137,138,139].



APL generation in a PmlKO background only results in an modest increase in leukemia’s incidence and an acceleration of leukemia onset, indicating a tumor-suppressive role of the non-rearranged Pml allele [140]. This study was further confirmed with mice models harboring mutations on the RING domain, which block PML NB formation and induces a nucleoplasmic distribution of the PML protein. These mice exhibit a doubling in the rate of leukemia induced by an oncogenic RARA fusion [141]. These results demonstrate a role of PML NBs in opposing oncogenic transformation and exclude a role of PML’s diffuse nucleoplasmic fraction in this process.



Early studies focused on the link between PML and senescence control. Precept papers demonstrated that PML opposes oncogene-induced transformation by inducing cell senescence [142,143]. Moreover, mere PML overexpression induces senescence while PmlKO are resistant to senescence induction [144,145]. Mechanistically, PML regulates senescence both through the Rb/p16 and p53/p21 pathways. On one hand, PML NBs can sequestrate Rb and E2F at nuclear bodies to induce cellular senescence [146,147]. On the other hand, PML NBs recruits p53 regulators, as well as p53 itself, thereby modulating the p53/p21 axis, at least in part through SUMOylation control [148,149,150]. The isoform IV of PML could be the primary effector of this response through a direct interaction with ARF, which in turn, stabilizes UBC9 and SUMOylates TP53 [151]. However, performing a Pml knockout in p53-mutated mice elevates the incidence of soft tissue sarcomas and decreased the overall survival in males while increasing the number of osteosarcomas in females, thereby indicating a role of PML in cancer development beyond the context of p53/senescence [136].




4.4. PML-Mediated Chromatin Regulation


Another relevant function associated with PML NBs is genome integrity maintenance and transcription control. PML NBs are located at the interchromatin space, but they establish contacts with the chromatin and undergo fission upon nuclear envelope disassembly during cell division [105,152,153]. Moreover, PML plays a role in the transcriptional control both through direct and indirect mechanisms. Indeed, PML associates to chromatin near highly active transcriptional loci, at promotor regions but also in gene-poor regions [153]. These loci do not localize at PML NBs, suggesting a role of the nucleoplasmic fraction of the protein [154,155]. PML NBs also recruit and control the post-translational modifications of numerous proteins at their inner core. This includes chromatin modifiers, such as CBP and HP-1, or chromatin remodelers, such as ATRX [154,156,157,158,159]. This was further confirmed by a recent study, showing that PML NBs can regulate their functions through client protein post-translational modifications, in particular, SUMOylation [126].




4.5. PML-Mediated PML-RARA Multimerization


Fusion oncoproteins arise from chromosomal translocations and are observed in ~17% of all human cancers [160]. Many cancers, especially hematological malignancies, are characterized by fusions between genes encoding multimerization domains and chromatin-binding proteins, driving aberrant downstream gene expression by increasing DNA binding affinity, allowing association with new targets [161]. Interestingly, some other members of the TRIM family are involved in cancer development, some of which are due to chromosomal translocations like TRIM24/TIF1a, TRIM27/RFP, and TRIM33/TIF1g, whose RBCC motifs play a critical role in cell transformation [162,163].



The fusion of PML’s coiled-coil domain to RARA is sufficient to transform hematopoietic progenitors in vivo, while only the overexpression of RARA induces an equivalent phenotype ex vivo [72,164]. Conversely, mutations on PML RING or B1 domains abrogating multimerization impede the immortalization of hematopoietic progenitors, while less stringent mutations that only partially block PML self-assembly do not [91,110,122,149,165]. Moreover, PML fusion to RARA drastically decreases its mobility at microspeckles [123], and all RARA oncogenic fusions display multimerization domains [98]. Yet, the fusion of synthetic dimerization domains to RARA only allows incomplete transformation in vivo, suggesting that some features of PML itself may be necessary [166,167]. Altogether, these elements point to a crucial role of PML-driven multimerization of PML-RARA in APL onset and development.




4.6. Recruitment of Partner Proteins on PML-RARA


PML’s SUMOylated lysine K160, which is responsible for partner protein recruitment, is conserved in PML-RARA [112,116]. The SUMOylation of PML-RARA through K160 is mandatory for optimal leukemic transformation [168]. The fusion of the DAXX transcriptional repressor to the PML-RARAK160R mutant oncoprotein restores the oncogenic transformation, pointing to a role of PML-partner proteins-mediated transcriptional regulation in APL [168]. Thus, PML-dependent recruitment of partner proteins may contribute to transformation. The RXR protein is essential for leukemic transformation through the formation of a RARA-RXR dimer, and its PML-RARA-dependent SUMOylation may favor this process [91,169]. The N-COR transcriptional co-repressor is also associated to PML-RARA, and its SUMOylation, which might be promoted by PML-RARA, favors its transcriptional repressive activities [170,171]. Altogether, the recruitment/modification of PML partner proteins could further control the repression of target genes implicated in hematopoietic differentiation and self-renewal [92,96,97,170,172,173].




4.7. PML and Leukemia Initiating Cells


PML is never lost at the genetic level and only rarely mutated in APL [84,149,174], despite a mild selective advantage of PmlKO blasts over their PmlWT counterpart, pointing to a context-dependent, pro-tumoral role of PML [140]. Studies focused on the control of embryonic stem cells (ESCs) self-renewal and differentiation identified a central role of PML in this process. PML promotes ESC cellular cycle progression, as well as lineage, and its down-regulation alleviates the reprograming of mouse embryonic fibroblasts into IPSCs [175]. PML does so by controlling SUMOylation of numerous partner proteins, especially members of the KAP1 complex, as well as that of the transcription factor DPPA2, modulating the transcriptional activity and 3D genome organization [126,176]. In AML patients samples, only a rare subset of immature cells, leukemia initiating cells (LICs), are able to reestablish the disease in vivo [177,178]. These LICs display many features of hematopoietic stem cells and are enriched in minimal residual disease after treatment, contributing to relapses [179,180]. In chronic myeloid leukemia, PML is highly expressed in LICs and plays a central role in their maintenance [181]. Mechanistically, PML decreases the activity mTOR pathway by inducing the expression of the PPARg master regulator and by increasing fatty acid metabolism, thereby allowing stem cell asymmetric division [182]. Similar mechanisms have since been described in breast and ovarian cancers and could play a role in APL [183,184,185,186].





5. Understanding APL Cure


5.1. ATO Drives PML-RARA Degradation


The first studies focused on PML subcellular localization both in APL and non-APL context reported that ATO induces aggregation of both PML and PML-RARA at short time points [101,187]. Subsequent research demonstrated that over time, ATO induces their degradation, even at minimal doses of 10−8 M, thereby prompting APL blast’s clearance [49,187]. This degradation-based therapy of APL contrasted with the classical view of ATRA-induced differentiation therapy.



Mechanistically, ATO has a dual effect. It can induce oxidative stress through mitochondria toxicity by poisoning the mitochondrial respiration complexes or by scavenging antioxidant proteins [188]. It can also directly bind to free cysteine residues due to its high affinity for sulfhydryl groups. PML is a cysteine-rich, oxidation-prone protein, and oxidative stress induced by multiple drugs, like paracetamol, induces NB assembly in vivo, similar to ATO [113,189,190].



ATO-induced PML NB formation results from its direct binding onto the PML protein. Indeed, point mutations around a di-cysteine motif in PML’s B2 box were identified in ATO-resistant APL patients (Figure 2) [84,149]. Moreover, experiments performed with fluorescent arsenic, which only fluoresces when bound to proteins, demonstrated direct arsenic binding onto the shell of PML NBs [189]. A recent study from our lab demonstrated that the homo-trimeric assembly of PML B2 regroups three free cysteines (C213) in the center of the structure in what resembles an arsenic-binding site [123,189]. Arsenic binding onto this cysteine rheostat induces a “gelling” of PML at nuclear bodies, likely favoring the recruitment and enzymatic efficiency of the SUMO machinery. Subsequently, ATO induces PML-RARA hyper-SUMOylation on PML’s lysine K160, subsequent RNF4 ubiquitin ligase, and ultimately, proteasomal degradation [112,114,191]. Recent studies proposed that other ubiquitin ligases, such as RNF111/Arkadia, may be involved in ubiquitin-dependent PML degradation [192,193]. The p90 segregase also removes the ubiquitinated PML protein from the NB prior to its proteasomal degradation [194].



Therapy response is compromised in APL blasts harboring a PML mutation on the non-rearranged allele, which hinders NB formation, thereby stressing PML’s role in this context [84,141]. PML-RARA’s degradation restores normal PML–PML interaction and arsenic-binding onto normal PML also enforces NB formation [187]. This leads to a massive SUMOylation of client proteins, including many p53 regulators and p53 itself [116,126], thereby restoring a p53 checkpoint and inducing a TP53 response exhibiting features of senescence responsible for the clearance of APL blasts [148].




5.2. Revisiting ATRA Treatment of APL: Is It a Differentiation Therapy?


The clinical response of APL patients to ATRA monotherapy is short despite reaching terminal granulocytic differentiation and the restoration of normal bone marrow. The requirement to combine ATRA with chemotherapy to maintain remission contradicts the classical view of differentiation-driven therapy [195,196]. In most cases, patients relapsed quickly, sometimes due to acquired mutations in on the ligand-binding domain of RARA [86,197].



The demonstration of ATO-mediated PML-RARA degradation gave a new basis of reasoning to explain ATRA’s therapeutic effects. Indeed, high doses of ATRA trigger a negative feedback loop, inducing PML-RARA’s proteasomal degradation through its RARA moiety [198,199], suggesting that ATRA therapy could also be a degradation-based therapy. Indeed, ATO treatment also prompts the differentiation of APL blasts in vitro and in vivo [44]. This suggests that alleviating PML-RARA’s transcriptional blockade through its degradation suffices to trigger this process [169].



The respective roles of transcriptional activation and degradation were debated until the analysis of synthetic retinoids, which can potently activate RARA- or PML-RARA-dependent transcription but failed to induce RARA degradation. APL cells treated with these drugs reached terminal differentiation, but some blasts retained PML-RARA expression and reinitiated APL. Thus, complete PML-RARA degradation is necessary for APL [200]. Similarly, only high doses of ATRA and active proteolysis allows for the complete clearance of APL [201]. In contrast, low ATRA doses only induce transient remissions despite triggering terminal differentiation. Recently, in vivo studies have demonstrated that the differentiation of p53KO AML cells can be reversible, thereby highlighting the necessity to eliminate the leukemic cells [202]. Actually, in APL patients, liposomal ATRA, which allows prolonged high plasma concentrations, drives some long-term remissions [203,204]. In summary, ATRA-induced PML-RARA degradation, rather than its sole impact on transcription, is required for its efficacy in curing APL.



Interestingly, the targeting of PML by ATO drives LIC eradication by inducing full PML-RARA degradation and p53-mediated senescence, resulting in low relapses rates [148,201]. This phenomenon is absent in non-PML driven APLs, confirming the pivotal role of PML [55].





6. Conclusions and Future Perspectives


ATO targeting of PML revolutionized our view of APL cure from a differentiation-based therapy to a degradation-based therapy. The ATRA + ATO combination is the frontline therapy, which nowadays, cures 97% of patients. The comprehension of the molecular mechanisms involved in APL pathogenesis and cure unraveled some features that could be targeted in other conditions. Indeed, PML protein is lost in many cancers from various histological origins, while its mRNA is still detected, suggesting a post-translational control-inducing PML degradation [132,138,205]. Several therapeutic strategies already gave promising results. In adult T-cell leukemia, PML NB formation triggered by interferon and ATO induces oncogenic TAX SUMO-dependent degradation and improves patients’ prognosis when used as a consolidation therapy with chemotherapy [206,207,208]. In AML-harboring NPM1c mutations, retinoic acid stabilizes PML through Pin1 inhibition, inducing TP53 activities and chemotherapy response [209,210]. In the same model, actinomycin D induces ROS production from the mitochondria, inducing PML NB formation and TP53 activation in vivo [211]. In a murine model of glioblastoma, the induction of PML expression by interferon improves the therapeutic effects of temozolomide by activating p73-mediated apoptosis [212]. In myeloproliferative neoplasia, interferon and ATO induce PML-dependent LIC’s senescence and eradicates the disease in a mouse model [213].



A converse strategy would consist in abolishing PML NBs through the induction of PML degradation. In a glioma xenograft mouse model, ATO-induced PML degradation triggers a decrease in c-Myc and inhibits tumor growth [214]. The induction of PML degradation triggers a similar response in a mouse model of triple-negative breast cancer by inducing a p27-mediated senescence [186]. Moreover, recent results on patients-derived cells demonstrated a potential clinical application of ATO-induced PML degradation in pediatric glioma [215].



Future studies will determine if these results can translate in the clinic. Finally, the recent understanding of the molecular mechanisms of ATO binding onto PML B2 could lead to the development of new therapeutics inducing PML NB formation, or disorganization, with a lesser toxicity than the original drug.



The story of APL cure also highlighted the high clinical potential of ATRA, which could be of significant use in other pathologies. Indeed, deregulated retinoic acid signaling was reported in other cancers (human breast and murine liver) and some non-APL AMLs [216,217,218]. Although these deregulations are diverse, AMLs expressing high levels of RARA are predisposed to an exquisite sensitivity to ATRA which induces differentiation and loss of proliferation in patients-derived xenografts models [218]. Clinical trials led in AML patients unfit for chemotherapy demonstrated that ATRA addition to DNA-hypomethylating agents resulted in higher remission rates and meaningful survival extensions [219,220]. Moreover, in AMLs without RARA rearrangements, which were treated with pharmacological doses of ATRA following an initial suspicion of APL, the exhibit acquired RARA mutations in its LBD [221]. This implies a selective advantage associated with the inhibition of ATRA-induced RARA activation. ATRA-treatment of APL, therefore, may open new opportunities for managing otherwise incurable AMLs. Future studies, using the lessons from the APL saga, will hopefully lead to new cures in other pathologies.
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Figure 1. Main milestones in the history of APL cure. 
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Figure 2. Genetic mutations of PML-RARA identified in therapy-resistant patients. Amino acids coordinating the zinc in PML’s B2 box are indicated in bold font. The critical C213 cysteine responsible for arsenic-binding onto PML is indicated in bold red font. 
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