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Abstract: SUMO (Small Ubiquitin-related MOdifier) is a post-translational modifier of the ubiquitin
family controlling the function and fate of thousands of proteins. SUMOylation is deregulated
in various hematological malignancies, where it participates in both tumorigenesis and cancer
cell response to therapies. This is the case for Acute Promyelocytic Leukemias (APL) where
SUMOylation, and subsequent destruction, of the PML-RARα fusion oncoprotein are triggered
by arsenic trioxide, which is used as front-line therapy in combination with retinoic acid to cure
APL patients. A similar arsenic-induced SUMO-dependent degradation was also documented for
Tax, a human T-cell lymphotropic virus type I (HTLV1) viral protein implicated in Adult T-cell
Leukemogenesis. SUMOylation also participates in Acute Myeloid Leukemia (AML) response to
both chemo- and differentiation therapies, in particular through its ability to regulate gene expression.
In Multiple Myeloma, many enzymes of the SUMO pathway are overexpressed and their high
expression correlates with lower response to melphalan-based chemotherapies. B-cell lymphomas
overexpressing the c-Myc oncogene also overexpress most components of the SUMO pathway and are
highly sensitive to SUMOylation inhibition. Targeting the SUMO pathway with recently discovered
pharmacological inhibitors, alone or in combination with current therapies, might therefore constitute
a powerful strategy to improve the treatment of these cancers.

Keywords: SUMOylation; leukemia; hematomalignancies; resistance

1. Introduction

In mammals, SUMO is a family of related ubiquitin-like peptidic post-translational modifiers
(collectively called SUMO hereafter), of which SUMO-1 to -3 are the best-studied members. SUMO-1
shares around 50% identity with SUMO-2 and -3, which are 97% identical. Experimentally, SUMO-2
and -3 are most often indistinguishable and will be referred to as SUMO-2/3 below. Although showing
functional specificities, SUMO-2/3 can nevertheless compensate for the knockdown of SUMO-1
in mice [1]. Other less characterized SUMO isoforms were also described. These are SUMO-4,
the polymorphism of which has been linked to type 2 diabetes [2], and SUMO-5, which seems to be
expressed specifically in certain tissues such as testes and the hematopoietic system [3]. However,
their expression and conjugation at endogenous level is still debated.

SUMOylation consists of the covalent C-terminal conjugation of SUMO to the ε-amino group of
lysines from target proteins via an isopeptide bond. This process is reminiscent of protein ubiquitylation
but involves dedicated enzymes [4]. SUMO is, first, activated via covalent attachment to the reactive
cysteine of a heterodimeric E1 SUMO-activating enzyme (Aos1/Sae1-Uba2/Sae2, Sae standing for
SUMO-activating enzyme) and, then, transferred to the reactive cysteine of a E2 SUMO-conjugating
enzyme (Ubc9/Ube2i). Finally, E3 factors facilitate the transfer of SUMO from the E2 to lysines of
target proteins. Only a few E3s have been characterized so far. Among them, the nucleoporin RanBP2
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is localized on the outer side of the nuclear pore complex and functions as an allosteric activator
of Ubc9 [5]. The E3s of the PIAS family, which all contain a SP-RING domain, display no intrinsic
catalytic activity but facilitate the binding of Ubc9 to its substrates. Other ligases, such as ZNF451,
can elongate SUMO-2/3 chains [6,7]. Indeed, similarly to ubiquitin, the SUMO proteins can form
chains. Thus, SUMO-2 and SUMO-3 can homopolymerize, or heteropolymerize, principally through
conjugation to their conserved Lys11. However, chain formation can also implicate other internal
Lys residues. Furthermore, SUMO-2/3 can form mixed chains with SUMO-1. However, the latter
acts as a chain terminator, as none of its lysine can be conjugated by any of the SUMO, including
itself (Figure 1).
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protein, either alone or with the help of a SUMO E3 ligase through the formation of an isopeptide 
bond (4. Ligation). The target protein can be monoSUMOylated, multi and/or polySUMOylated. 
SUMO isopeptidases cleave SUMO from its substrate and thereby release free SUMO (5. 
Deconjugation). 
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Figure 1. SUMO conjugation/deconjugation cycle. SUMO-1, -2, -3 precursors are maturated through
the action of SUMO isopeptidases, which cleave the C-terminus of SUMO to reveal a Gly-Gly motif
(1. Maturation). Mature SUMO is activated by forming an ATP-dependent thioester bond between its
C terminal Glycine and the catalytic Cys of the E1 enzyme, the heterodimer SAE1/SAE2 (2. Activation).
Activated SUMO is transferred, through trans-thiolation, to the catalytic cysteine of the E2 enzyme,
Ubc9 (3. Conjugation). Ubc9 triggers the enzymatic transfer to the Lys (K) of the target protein, either
alone or with the help of a SUMO E3 ligase through the formation of an isopeptide bond (4. Ligation).
The target protein can be monoSUMOylated, multi and/or polySUMOylated. SUMO isopeptidases
cleave SUMO from its substrate and thereby release free SUMO (5. Deconjugation).

Importantly, most SUMOylated proteins go through constant cycles of conjugation/deconjugation
due to a variety of cell deSUMOylases that can cleave the isopeptide bonds involving SUMO.
These include the isopeptidases from the SENP family (SENP-1, -2, -3, -5, -6, -7), which have different
intracellular localizations and SUMO paralogue specificities [8], as well as USPL1, which localizes to
Cajal Bodies [9,10], and DeSi-1 and -2 [11], which have not been fully characterized yet.

As for most other post-translational modification, SUMOylation changes target protein interaction
surfaces. It either masks certain domains, induces intraprotein conformational changes or brings a new
peptidic moiety, i.e., SUMO itself, which can recruit proteins harboring so-called SUMO-Interacting Motifs
(SIM). Of note, SIMs are short motifs with a hydrophobic core that are found in many polypeptides [12].

Recent high throughput mass-spectrometry-based experiments have revealed that more than
6000 proteins can be SUMOylated [13,14], which is, most probably, an underestimation of the actual
number of SUMOylatable substrates within cells. Consistently, SUMOylation has been implicated
in the control of numerous cellular and physiological processes [15]. Many components of the
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SUMO pathway are indeed essential for life in various organisms. For example, inactivating Ubc9
in mice leads to early embryonic death due to major mitotic defects [16]. As SUMO-conjugating-
and -deconjugating machineries are principally nuclear, SUMOylation occurs mostly in the nucleus.
Yet, various cytosolic- or plasma-membrane-associated processes were also found to be controlled
by SUMOylation [17]. One particularly well-studied example of nuclear SUMOylation is DNA
repair [18]. Upon DNA double-strand break formation, many proteins get SUMOylated at lesion sites,
in particular thanks to the recruitment of PIAS E3s [19]. This entails a local wave of SUMOylation,
which stabilizes protein/protein interactions within the supramolecular complexes responsible for
DNA repair [20]. Interestingly, SUMOylation at DNA breaks subsequently triggers the recruitment
of SUMO-binding proteins via their SIMs. This is the case of the SUMO-targeted Ubiquitin Ligase
(StUBL) RNF4. It binds to SUMOylated MDC1, ubiquitylates it and sends it for degradation, which is
required for efficient repair [21]. The other best-studied cellular function that is widely controlled
by SUMOylation is transcription [22–24]. Indeed, transcription factors, transcriptional regulators,
and chromatin remodelers constitute the largest class of SUMOylated proteins. It is now clear that
SUMO constitutes a mark found at many places within chromatin with, however, enrichments at
gene promoters and enhancers [25,26]. The role of SUMOylation in the regulation of transcription
is, nevertheless, still ill-understood and is likely to be several-fold. For example, SUMOylation has
initially been implicated in transcriptional repression and chromatin silencing, in particular through
the recruitment of Polycomb repressive complexes [26,27]. However, it has also been associated
more recently with highly active transcription, such as that of histone and tRNA genes [25], where it,
generally, limits expression.

SUMOylation is highly sensitive to various stresses that alter the activity of SUMO pathway
enzymes [28,29]. For example, reactive oxygen species (ROS) can inactivate SUMO conjugation by
inducing the formation of a reversible disulfide bridge between SAE2/Uba2 and Ubc9 catalytic
cysteines [30]. This disrupts the SUMOylation/deSUMOylation cycle, resulting in cell protein
deSUMOylation, which is required for survival under oxidative stress [31,32]. Various other stresses,
such as proteotoxic ones, have also been shown to affect SUMOylation [28]. Heat shock was for instance
reported to induce global protein SUMOylation, which protects a number of protein complexes, notably
within chromatin [33].

Implication of SUMOylation in Carcinogenesis

As many enzymes are involved in the SUMO conjugation/deconjugation cycle and as the number of
SUMO targets and regulators is high, dysregulations of the SUMO system are expected to impact cellular
behavior. This could in turn facilitate the onset and progression of various human diseases, in particular
cancer [34]. Indeed, SUMOylation enzyme abundance and/or activity have long been shown essential
for tumorigenesis in various solid tumors. For example, RNAi-directed depletion of SAE1 and
SAE2/Uba2 [35], as well as that of Ubc9 [36], are synthetically lethal with oncogenically mutated K-Ras.
Similarly, SAE2/Uba2 is synthetically lethal with the Myc oncogene when overexpressed in aggressive
breast cancers [37]. Growth of Notch1-driven breast epithelial cancer cells is also dependent on
an active SUMO pathway as well [38]. Moreover, Ubc9 was found overexpressed in a number of
solid tumors (ovary, colon, prostate, melanoma, lung, glioma, squamous cell carcinoma), most often
aggressive, which is associated with higher SUMOylation activity. SUMO E3s, such as PIAS1, PIAS3,
PIAS4, RanBP2, Pc2, or PML, were also found expressed at higher levels in various tumors (colon,
stomach, prostate, lung, brain, breast, liver etc.) as compared to normal controls and, sometimes, shown
instrumental for the tumor phenotype. Interestingly, RanBP2/Nup358 is engaged in fusion proteins
resulting from chromosomal translocations found in several hematomalignancies. For example, a t(2:8)
translocation fuses the N-terminal moiety of RanBP2/Nup358 to the C-terminal moiety of the tyrosine
kinase receptor FGFR1 in a myeloproliferative/myelodysplastic neoplasm [39] and a inv(2)(p23q21)
translocation fuses the same N-terminal domain of RanBP2/Nup358 to the C-terminal moiety of the
tyrosine kinase ALK in both a large B-cell lymphoma [40] and an acute myeloid leukemia [41–43].
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For more details on the deregulations of SUMO enzymes in cancer, the reader is referred to recent
reviews [34,44,45]. Finally, spontaneous or germline mutations in SUMOylation sites of critical cell
fate regulators can also contribute to carcinogenesis. For example, a germline mutation entailing
loss of SUMOylation of the transcription factor MITF predisposes patients to melanoma and renal
carcinoma development [46,47]. Along the same line, a missense mutation in the FANCA protein
identified in a breast tumor was shown responsible for increased FANCA SUMOylation. This triggers
its RNF4-dependent ubiquitylation and degradation by the proteasome and, thereby, contributes to
Fanconi anemia DNA repair pathway alteration [48].

On their own, these non-exhaustive data indicate that dysregulations of the SUMO pathway play
essential roles in both tumorigenesis and response to therapies in different solid cancers. Hematological
malignancies do not depart from them. They are reviewed hereafter in a context where promising
pharmacological inhibitors targeting SUMOylation have recently been discovered and open novel
therapeutic perspectives.

2. SUMOylation in Acute Myeloid Leukemia

Acute Myeloid Leukemia (AML) are a heterogenous group of severe hematological malignancies
induced by oncogenic transformation of hematopoietic stem cells and myeloid progenitors.
In developed countries, AML incidence and mortality rates are 5–8- and 4–6/100,000 per year,
respectively [49]. Although new promising molecules have recently emerged (inhibitors of FLT3,
IDH1/2, Bcl2, etc.), the standard treatment of AMLs still largely relies on genotoxic-based chemotherapies
combining anthracyclines (daunorubicine or idarubicine) and a nucleoside analogue (cytarabine) [50].
However, their prognosis is dismal with 5-year survival rates around 40% in younger patients and
much lower in the elderly. One exception concerns the Acute Promyelocytic Leukemia (APL) type of
AMLs, which is efficiently cured using a differentiation therapy. It combines all-trans-retinoic acid
(ATRA) and arsenic trioxide (As2O3 ), which leads to the degradation of the oncogene and restores the
differentiation of the leukemic cells (see below) [51]. Evidence has accumulated that, on the one hand,
an active SUMOylation pathway is crucial for successful treatment of APLs and, on the other hand,
it might be exploited for therapeutic purposes in the case of non-APL AMLs.

2.1. SUMO in Acute Promyelocytic Leukemias and Their Response to As2O3-Based-Therapies

APL is a rare (around 10% of AMLs), though extremely malignant, disease because of its very fast
spontaneous evolution and occurrence of sudden hemorrhages mainly caused by coagulation defects.
It is associated with specific chromosomal translocations that always involve the retinoic acid receptor
α (RARα) gene (RARA) on chromosome 17 to create a variety of oncogenic RARα fusion proteins.
The most common (>98%) translocation in APLs is t(15;17), which gives rise to a PML/RARα chimeric
protein [52]. Importantly, PML-RARα exerts a dual dominant-negative activity on the protein products
of natural, non-translocated PML and RARA genes. On the one hand, it represses RARα signaling
and, on the other, it disrupts intranuclear domains known as PML nuclear bodies (NBs) [53,54].
PML, which is one of the first characterized SUMOylated proteins [55], constitutes the outer shell
of the NB spheres and is the organizer of these domains spread out in the nucleus. SUMOylation
of PML is dispensable for NB formation but critical for the recruitment of multiple proteins in NBs
via SUMO-SIM interactions [56]. In APLs, the fusion protein PML/RARα leads to the disruption of
PML-NBs and the inhibition of RARα-dependent transcriptional programs involved in differentiation.
As2O3 used to treat APL binds directly to PML/RARα and PML and triggers their polymerization
via the oxidation of specific cysteines and the formation of disulfide bonds [57]. Consequently, PML
aggregates at the outer shell of NBs and gets massively SUMOylated. HyperSUMOylated PML/RARα
recruits the SUMO-dependent ubiquitin ligase RNF4, which ubiquitylates its PML moiety, allowing
its recruitment to the proteasome and, ultimately, the degradation of the whole oncogenic fusion
protein [58,59]. This degradation allows for reactivation of RARα signaling and reformation of NBs,
as well as activation of the p53 pathway and, thereby, apoptosis of leukemic cells [60] (Figure 2).
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Figure 2. Role of SUMOylation in PML-RARα degradation in Acute Promyelocytic Leukemias (APL).
The oncogenic PML-RARα is responsible for the blockage of differentiation of Acute Promyelocytic
Leukemic cells. Their treatment with arsenic trioxide leads to the polymerization of the fusion
protein via direct binding and reactive oxygen species (ROS)-dependent formation of disulfide bonds.
This triggers its poly-SUMOylation and the recruitment of the RNF4 SUMO-targeted Ubiquitin-ligase
(StUbL), which ubiquitylates PML-RARα and targets it for proteasomal degradation. This allows the
reactivation of the RARα differentiation program, the reformation of PML nuclear bodies (NBs) and
the induction of apoptosis of the leukemic cell.

2.2. SUMOylation in Non-APL Acute Myeloid Leukemia

Different studies have addressed the role of SUMOylation of specific proteins playing key roles
in leukemogenesis and/or the response to therapies of non-APL AMLs. A first example is that of
C/EBPα, which is a critical regulator of early myeloid differentiation that is mutated in approximately
10% of AMLs. Depending on their mutations, a mutated gene produces either a transcriptionally
inactive protein or a truncated p30 variant, both acting as a dominant-negative effector neutralizing
the tumor suppressor activity of the full size p42 C/EBPα isoform [61]. Overproduction of p30 C/EBPα
was shown to lead to an increase in Ubc9 gene expression [62]. Moreover, increased Ubc9 activity is
responsible for inactivating p42 C/EBPα through its SUMOylation, which limits its pro-differentiation
potential and makes the disease phenotype more aggressive [62,63]. SUMOylation was also found to
strongly affect IGF-1R (insulin growth factor-like receptor 1) protein activity, which can be upregulated
in AMLs. Interestingly, AML cell proliferation could be decreased either upon inhibition of Ubc9 or
mutation of the IGF-1R SUMOylation sites without, however, altering cell apoptosis [64]. PRDM16
is a transcriptional repressor and overexpression of one of its isoforms, sPRDM16, is oncogenic
in leukemia [65]. sPRDM16 was shown to be SUMOylated on its lysine 568. This SUMOylation
is required to fully repress transcription, promote proliferation, and inhibit differentiation of AML
cells both in vitro and in mouse xenografts of human AML cells [66,67]. HIPK2 is a kinase, which is
part of the AML1 complex and participates in its activation. Mutations of HIPK2 (R868W and
N958I) impairing its ability to activate AML1 have been identified in both AML- and Myelodysplastic
Syndrome (MDS)-suffering patients [68]. Interestingly, these mutations affect the ability of HIPK2
to interact non-covalently with SUMO via its SIM and, as a consequence, inhibit its SUMOylation
and recruitment to PML-NBs [69]. Another important role for SIMs was demonstrated for c-Myb,
a transcription factor whose dysregulation is also involved in leukemogenesis [70]. Thus, mutation of its
SIM increases c-Myb transcriptional activity and potentiates its oncogenic activity in myeloid cells [71].

Besides these observations on specific pro-leukemogenic proteins, the SUMO pathway, taken as
a whole, has been implicated in non-APL AML response to treatments. Using AML cell lines and patient
samples, recent work by our group showed that the chemotherapeutics (Daunorubicin, Cytarabine,
and Etoposide) used in standard treatment of non-APL AMLs induce a rapid and massive intracellular
protein deSUMOylation in chemosensitive cells [72]. Such a deSUMOylation starts, at moderate levels,
earlier than caspase activation, i.e., the irreversible phase of apoptosis, and becomes massive when cells
progress towards death. This results from direct inhibition of the E1 and E2 SUMOylation enzymes



Int. J. Mol. Sci. 2019, 20, 3895 6 of 18

by chemotherapeutics-induced ROS, which promote the formation of a disulfide bridge between
the catalytic cysteines of the two enzymes [30]. ROS-dependent deSUMOylation participates in the
induction of the pro-apoptotic gene ddit3 (also called CHOP-10 or GADD153) through deSUMOylation
of proteins bound to its transcription promoter region (Figure 3). By contrast, in chemoresistant cells,
the chemotherapeutics do not induce the ROS/SUMO axis. However, the latter could be reactivated
by pro-oxidants or by inhibition of the SUMO pathway using either a pharmacological inhibitor of
SUMOylation (anacardic acid) or RNA interference targeting the different SUMO isoforms, which
leads to tumor cell death. Interestingly, anacardic acid efficiently kills patient leukemic stem cells
(LSCs; defined as CD34+ CD38low/-CD123 + cells) and limits growth of a chemoresistant human AML
cell line xenografted to immunodeficient mice [72]. These observations were recently strengthened
using another pharmacological inhibitor of the SUMO pathway (2-D08) that targets the SUMO E2
enzyme [73]. 2-D08 was shown to induce apoptosis of various AML cell lines through ROS production,
possibly via the deSUMOylation of the NADPH oxidase Nox2 [74]. Altogether, these data suggest that
targeting the SUMO pathway might be exploited to overcome chemoresistance in non-APL AMLs.
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Figure 3. SUMOylation regulates gene expression during Acute Myeloid Leukemia (AML) response to
chemo- and differentiation therapies. Upper panel: In chemosensitive AML cells, chemotherapeutic
drugs, in particular anthracyclines, induce the production of ROS through the activation of NADPH
oxidases. This leads to the inactivation of SUMO E1 and E2 enzymes via the formation of a disulfide
bond between their catalytic cysteines. This results in the deSUMOylation of cellular proteins (in priority
those bound to chromatin) and participates in the regulation of specific genes such as DDIT3 and entry
of cells into apoptosis. Lower panel: in non-promyelocytic AMLs, SUMO participates in silencing of
all-trans-retinoic acid (ATRA) target genes. Inhibition of SUMOylation favors ATRA-induced activation
of specific genes and leads to cell differentiation, arrest of proliferation, and apoptosis.

SUMOylation has more recently been associated with leukemic cell response to epigenetic drugs
such as HDAC inhibitors (HDACi). In particular, the pan-HDACi SAHA was shown to induce the
SUMO-2/3 modification of the polycomb complex protein CBX2. This leads to RNF4 recruitment and
the proteasome degradation of CBX2, which results in reduced proliferation of the leukemic cells [75].

SUMOylation has also been involved in non-APL AMLs response to differentiation therapies.
As already mentioned, differentiation therapies using ATRA are efficient at curing APLs. However,
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even though ATRA has been reported to induce (at least to some extent) the differentiation of other
AML subtypes in vitro, clinical trials have always failed to show significant efficacy of ATRA-based
differentiation therapies in non-APL AMLs [76]. SUMOylation of RARα on its lysine 339 was formerly
reported to increase its stability [77]. Moreover, the same authors also showed that inhibition of
SUMOylation was limiting ATRA-induced differentiation of AML cell lines [77]. Contrasting with these
results, we recently reported that both pharmacological and genetic inhibition of SUMOylation promote,
not only the differentiation, but also the inhibition of proliferation of ATRA-treated non-APL AML cell
lines and -primary patient samples [78]. Moreover, we also showed that SUMOylation inhibition, at the
level of the chromatin, facilitates the induction of genes involved in differentiation, cell cycle arrest,
and apoptosis [78] (Figure 3). Interestingly and potentially explaining the differences in outcomes
between the two above-described studies, fine-tunable RNAi against Ubc9 recently showed that low
to mild inhibition of SUMOylation increases ATRA-induced expression of differentiation markers,
whereas strong inhibition has the opposite effect. However, in all cases, inhibition of SUMOylation
strongly increased the anti-proliferative activity of ATRA [26]. Altogether, these data suggest that
inhibition of SUMOylation might help improve the anti-leukemic activity of ATRA in non-APL AMLs.

3. The SUMOylation Pathway in Multiple Myeloma

Multiple myeloma (MM) is the second most common hematological malignancy. It accounts for >10%
of blood cancers and approximately 1% of all cancer types. It is characterized by the clonal proliferation
of malignant plasma cells within the bone marrow, lytic bone lesions, and immunodeficiency. It is also
associated with the production of high levels of a monoclonal protein (immunoglobulin or component of
immunoglobulin) in the blood and/or urine [79,80]. Despite these common features, MM is a heterogeneous
disease involving a variety of complex oncogenic molecular events. As a consequence, patient survival
remains highly variable and cannot be accurately predicted with current models, as the cellular pathways
that determine patients’ responses to treatments remain largely unidentified. The survival of patients
has significantly improved over the past 20 years owing to the advent of proteasome inhibitors (such as
bortezomib or carfilzomib, others currently being developed) and immunomodulatory drugs (such as
thalidomide or lenalidomide) combined with other chemicals (such as melphalan, cyclophosphamide,
doxorubicine, busulphan, etoposide, cis-platin, vincristine, prednisone, or dexamethasone), autologous
stem cell transplantation, radiotherapy, and monoclonal antibody treatment. MM remains however largely
fatal as most patients are either refractory to treatment or relapse after acquisition of chemoresistance [81,82].
New therapeutic approaches are therefore urgently needed to improve patients’ outcomes. In this prospect,
there is recent evidence that targeting the SUMOylation pathway may open a novel therapeutic window.

In a pioneering work, it was reported that the SUMOylation pathway is often overactivated
in MM and associated with adverse patient outcomes [83]. Using MM bone marrow samples
from newly diagnosed, previously untreated patients, they first showed that SUMOylation was
markedly enhanced in MM patients as compared to normal B- and plasma cells from healthy
individuals. Similar results were obtained when comparing myeloma cell lines to normal B- and
plasma cells. Interestingly, the SUMO-conjugating enzyme Ubc9, the SUMO-E3 PIAS1 and the
SUMOylation-inducer tumor suppressor ARF were found more elevated in MM patient samples and
cell lines than in controls. Moreover, they appeared to constitute early events of myelomagenesis.
Strikingly, 80% of melphalan-based high-dose chemotherapy-treated (a standard treatment at the
time the study was conducted) patients with both low (below the median) Ubc9 and low PIAS1 were
living 6 years after transplantation, whereas only 45% of patients with high expression survived 6
years, suggesting adverse effects of enhanced SUMOylation activity in MM patients. A number of
in vitro observations further supported this idea. In particular, expression of an Ubc9 dominant-negative
mutant in MM cell lines γ-irradiated to induce DNA damage showed decreased survival and enhanced
apoptosis. This was consistent with the fact that Ubc9 and PIAS1 are rapidly induced and associate upon
γ-irradiation of MM cell lines to increase SUMOylation and suggested a protective effect of increased
SUMOylation against DNA-damaging agents. The same dominant-negative mutant decreased both
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proliferation and adhesion of MM cells to bone marrow stromal cells (BMSCs). These are potentially
important results, as adherence to BMSCs is essential for localizing MM tumors within the bone
marrow environment and triggering the secretion of IL-6 by BMSCs, this cytokine being a crucial
proliferation factor for MM cells.

The above-described data indicate that overexpression of Ubc9 confers MM cells with multiple
advantages to promote tumorigenesis and predicts decreased MM patient survival when combined with
overexpression of PIAS1. They also suggest that the inhibition of the SUMO pathway may represent
a novel therapeutic approach to treat MM. However, the overall picture might be more complex, as it
was reported that the deSUMOylase SENP1 is also overexpressed in certain MM cell lines and patient
samples. Knocking down SENP1 in MM cell lines inhibited proliferation and increased apoptosis [84].
Interestingly, one of the MM cell lines shown to overexpress SENP1 [84] had previously been shown to
also overexpress Ubc9 and PIAS1 [83]. This suggests that SUMOylation must be maintained within
a specific window to confer selective advantage to MM cells. Up- or down-modulation of SUMOylation
might thus represent a therapeutic strategy to improve MM patients’ outcomes. However, it will be
essential to accurately define the level of SUMOylation activity conferring selective advantage to MM
cells without inhibiting proliferation and inducing cell death. It will also be important to identify the
mechanisms whereby transcription of SUMOylation enzyme genes is stimulated. For example, it was
suggested that enhanced SENP1 expression in MM cells might be dependent on IL-6 produced by
BMSCs [84]. Additionally, the specific proteins, the SUMOylation of which confers pro-tumorigenic
properties to MM cells (whether those are increased proliferation or adherence to BMSCs or resistance
to currently used treatments) will have to be characterized. Along this line, it is worth noting
that β-catenin SUMOylation has been suggested to be involved in the deregulated proliferation of
MM cells [85]. SUMOylation inhibition down-regulates the Wnt/β-catenin pathway by promoting
ubiquitin-proteasome degradation of β-catenin [85]. Altogether, these data suggest that SUMOylation
pathway is overexpressed in Multiple Myeloma and associated with poor prognosis. This makes it
an attractive target to improve its treatment.

4. SUMO in B Cell Lymphoma: Therapeutic Vulnerabilities of Myc-Overexpressing Cells

B cell lymphomas are a group of hematomalignancies affecting B cells. They include both
Hodgkin’s and non-Hodgkin lymphomas, the latter being the most common group of B cell lymphomas
(e.g., follicular lymphomas, mantle cell lymphomas, marginal zone B-cell lymphoma and Diffuse large
B-cell lymphomas (DLBCL), Burkitt Lymphoma) [86].

The oncogenic Myc protein is associated with aggressiveness of various cancer types and there
is ample evidence that its expression is required for maintenance of many B cell lymphoma. It can
be overexpressed due to t(8:14) translocations, such as in Burkitt lymphoma, or to amplification
and/or post-transcriptional/translational mechanisms in other situations [87]. Myc best documented
physiological function is coordination of cell growth, division, and metabolism, which can be
deregulated in the case of cancerous overexpression and associated with induction of differentiation
blockade and promotion of angiogenesis [88].

The first links between SUMO and Myc were obtained in breast cancer model cell lines where
overexpression of Myc was shown to be synthetic lethal with the loss of Uba2/Aos1 SUMO E1 and Ubc9
SUMO E2 activity [37]. The same was then shown to be true in Myc-driven B lymphoma [89]. A marked
upregulation of genes encoding components and regulators of the SUMO pathway was observed
in human B lymphoma cells including Burkitt lymphoma (BLs) and diffuse large B cell lymphoma
(DLBCLs) expressing a regulatable Myc gene. This was also the case in primary B lymphoma and
in Eµ-Myc transgenic mice expressing Myc under the immunoglobulin heavy chain gene enhancer.
Importantly, such an overexpression correlates with increased SUMOylation. The SUMO pathway
genes induced include those for E1 (SAE1 and SAE2/Uba2), E2 (Ubc9), certain E3 (Ranbp2, Cbx4, Pias1,
Pias2, Pias4), and SUMO-1 to -3. Noteworthy, SUMO-2/3 overexpression was seen in all BLs but was less
prevalent in other lymphomas whereas SUMO-1 overexpression was found in all lymphomas. Certain
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of the SUMO pathway genes are most probably direct targets of Myc, though more functional/molecular
analyses are still required to establish this point firmly. Worth noting, the expression of several SUMO
pathway genes in various subsets of mouse mature B cells and immature B progenitors was concordant
with that of Myc at various stages of B-cell maturation. This suggests that the Myc-SUMO axis is
operational, not only in cancer-, but also in normal cells. Moreover, RNAi knock-down of Aos1 and
SAE2 suppressed Myc-induced lymphoma cell proliferation via disruption of the G2/M transition
and pharmacological inhibition of E1 and E2 activity by anacardic acid and 2-D08, respectively, led to
synthetic lethality with Myc overexpression. Finally, RNAi-mediated suppression of SAE2 impaired
the development of mouse and human lymphoma after grafting to isogenic or immunocompromized
mice, respectively. Altogether, these data indicate non-oncogene addiction for the SUMO pathway of
Myc-driven lymphoma and point to the SUMO pathway as a novel potential pharmacological target to
treat this cancer [89] (Figure 4).
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Myc-overexpressing B-lymphoma cells show increased expression of many enzymes of SUMOylation
enzymes and global hyperSUMOylation. These cells are highly sensitive to the inhibition
of SUMOylation.

Interestingly, Myc itself is a SUMO substrate [90–92], with the E3 PIAS1 stimulating its SUMOylation
in lymphoma cells and being essential to maintain Myc oncogenic activity in this cancer type [91,92].
A significant percentage of DLBCLs cells where Myc is deregulated were also found positive for PIAS1
whereas healthy lymphoid tissues and resting B cells were essentially negative for both proteins. PIAS1
was shown to promote the ability of Myc to stimulate cell proliferation and survival in Myc-driven B cell
lymphoma as well as to form tumors in vivo, as assayed in xenografting experiments [92]. The consequences
of Myc SUMOylation are however conflicting since one study suggests that it facilitates its degradation
via the recruitment of the RNF4 StUbL, in osteosarcoma epithelial cell context [91] and another that Myc
SUMOylation leads to its stabilization and enhances its transcriptional activity, in particular by increasing its
interaction with its transcriptional partner Max [92].

In conclusion, the SUMO pathway has strong links with the Myc oncogene, which is a major
oncogene in Lymphomas. The addiction of Myc-overexpressing lymphomas to SUMOylation makes
them particularly good candidates for molecules targeting this pathway (see Section 6).

5. SUMOylation of Human T-Cell Lymphotropic Virus Type I (HTLV1) Protein Tax in Acute
T-Cell Leukemia/Lymphoma (ATL)

Adult T-cell leukemia/lymphoma (ATL) is an aggressive malignancy associated with chronic
infection by the human T-cell lymphotropic virus type I (HTLV-1), which leads to transformation of
CD4+ T cells. ATLs typically develop after long latency periods in 3%–5% of the 10–20 million infected
individuals in the world. Like many other hematomalignancies, dismal outcomes and relapses are due
to intrinsic chemotherapy resistance [93].

After infection, HTLV-1 integrates into the genome of infected cells and the virally-encoded
transactivator protein Tax is expressed and interferes with different cellular processes including
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proliferation, apoptosis, T-cell activation, transcriptional and epigenetic programs, and DNA repair [94].
In particular, disruption of cellular DNA damage response creates genetic instability, which is
essential for transformation and progression towards leukemia/lymphoma. Although the role of Tax
in leukemogenesis initiation is widely accepted, its role as an ATL driver operating at later stages has
long been a matter of debate [93]. This is, in particular, due to the discovery of HBZ, a transcription
factor encoded by the virus, which could be the main actor in HTLV transforming potential [95–97].
Recent work has, however, suggested that, at least in a number of ATL lines, HTLV-1-transformed cells
are addicted to Tax expression for their survival [98]. This suggests that targeting Tax for degradation
might represent a therapeutic option to get rid of leukemic cells in a fraction of ATL patients.

Interestingly, the combination of arsenic trioxide and interferon alpha (IFNα) exerts strong
antiproliferative/proapoptotic activities in human ATL patient-derived cell lines and in murine ATLs
derived from Tax transgenic mice [99,100]. Moreover, the combination of arsenic trioxide, IFNα, and the
nucleotide analog zidovudine could induce complete and durable remissions in human patients [101].
The situation of Tax in arsenic trioxide- and IFNα-treated cells is reminiscent to that of PML/RARα
in APLs (see above) (Figure 5). Indeed, in As2O3/IFNα-treated HTLV-1 transformed- or ATL patient cells,
Tax is recruited to NBs, most probably owing to its four SIM domains. Then, it undergoes successively
(i) PML-dependent polySUMOylation by SUMO-2/3 but not by SUMO-1, (ii) ubiquitylation by RNF4
and (iii), finally, proteasome-dependent degradation [98]. Of note, RNF4-dependent ubiquitylation of
Tax has also been observed by others. Yet, in this case, it was shown to enhance its nuclear export and
favor the activation of the NFκB pathway [102]. The experiments were, however, mostly conducted
in a non-ATL context (HEK 293 cells). It is also of note that, in untreated ATL cells, Tax may be primarily
SUMO-1-conjugated in the nucleus, raising the question of the mechanisms of the SUMO-1 towards
SUMO-2/3 shift by arsenic trioxide and IFNα. In conclusion, these data lend support to the idea that
the As2O3/IFNα combination might clear a fraction of ATLs through SUMO/ubiquitin-dependent
degradation of its Tax driver.
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 Figure 5. Role of SUMOylation in the regulation of Tax oncoprotein of the human T-cell lymphotropic
virus type I (HTLV1) virus. Upon As2O3 and INFα treatment, Tax is recruited to PML NBs. It is then
poly-SUMOylated, recognized by RNF4, poly-ubiquitylated, and degraded by the proteasome. Another
involvement of SUMOylation in the regulation of Tax was shown upon DNA damage, where its
RNF4-dependant ubiquitylation triggers its cytosolic translocation. This leads to the activation of the
NFκB pathway, probably thanks to its ability to bind to and activate NEMO and the IKK complex.
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6. Targeting SUMOylation: Clinical Perspectives

As mentioned above, targeting SUMOylation has recently appeared as a promising approach for
the treatment of various hematological malignancies. This has been demonstrated, mostly in vitro,
using inhibitors of the SUMO pathway such as Anacardic Acid and 2D-08 (Table 1). However,
these molecules lack sufficient specificity and efficiency as well as clinically relevant pharmacological
properties [103]. An important breakthrough in the field of SUMOylation is the recent discovery
of highly selective and efficient inhibitors of the SUMO pathway. This is the case of the ML-792,
which forms an adduct with SUMO and blocks the SUMO E1 [104]. This mechanism-based inhibitor is
highly selective for SUMOylation and efficient in the nanomolar range. Interestingly, ML-792 inhibits
cancer cell lines proliferation in vitro and cells overexpressing the Myc oncogene are more sensitive
to ML-792. Surprisingly, ML-792 was shown to have only minor effects on the regulation of gene
expression. It was also not inducing DNA-damage or affecting DNA-repair following treatment with
genotoxics. However, this inhibitor leads to chromosome-segregation defects, which compromises
mitosis and results in proliferation arrest and death of the cells [104]. TAK-981, a derivative of
ML-792 is currently being tested in a phase 1 clinical trial in patients with metastatic solid tumors
and lymphomas (ClinicalTrials.gov Identifier: NCT03648372). Another recently discovered molecule,
COH000, inhibits the SUMO E1 by binding to a cryptic allosteric site [105,106]. Although less potent
than ML-792 (µM range), it was shown to decrease Myc expression in lymphoma cell lines in vitro and
prevented tumors growth when injected peritumorally in mice xenografted with the HCT116 colon
cancer cell line [106]. As SUMOylation is highly regulated by ROS, the SUMO pathway could also
be indirectly targeted by drugs that modulate oxidative metabolism. This is in particular the case for
Arsenic Trioxide, which is already approved in APL treatment or Fenretinide, a synthetic retinoid
used in phase I/II clinical trials for hematological malignancies, which induces the production of ROS
and ceramide [107,108]. Finally, it is expected that inhibitors of SUMOylation will synergize with
already approved therapies, as shown for ATRA in non-APL AMLs [78]. Considering the critical role
of SUMOylation in the regulation of gene expression, inhibitors of the SUMO pathway might synergize
with already approved epigenetic drugs targeting Histone deacetylase (HDAC) such as panobinostat
or vorinostat or DNA-methyltransferase (DNMT) inhibitors such as vidaza or decitabine [109].

Targeting the SUMO pathway, alone or in combination with other drugs, is thus a promising
approach in the treatment of hematological malignancies. Clinical trials have just begun and
SUMOylation inhibitors will face classical challenges of drug development (biodisponibility, toxicity,
patient selection) before benefiting patients. More work is also needed to better understand the
functional roles of SUMOylation and the relevance of its targeting in hematological malignancies.

Table 1. Inhibitors of SUMO activating and conjugating enzymes. List of the small molecules, which
inhibit SUMO conjugation. The IC50 are those obtained with purified recombinant enzymes or on cell
lines. Only the molecules that were either validated on cells in vitro or in vivo in mouse models are
indicated. Only one is being used in humans (TAK-981).

Inhibitor Name Structure IC50 (µM) Target Use Reference

Gingkolic acid

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 11 of 18 

 

Figure 5. Role of SUMOylation in the regulation of Tax oncoprotein of the human T-cell lymphotropic 
virus type I (HTLV1) virus. Upon As2O3 and INFtreatment, Tax is recruited to PML NBs. It is then 
poly-SUMOylated, recognized by RNF4, poly-ubiquitylated, and degraded by the proteasome. 
Another involvement of SUMOylation in the regulation of Tax was shown upon DNA damage, where 
its RNF4-dependant ubiquitylation triggers its cytosolic translocation. This leads to the activation of 
the NFκB pathway, probably thanks to its ability to bind to and activate NEMO and the IKK complex. 

6. Targeting SUMOylation: Clinical Perspectives 

As mentioned above, targeting SUMOylation has recently appeared as a promising approach 
for the treatment of various hematological malignancies. This has been demonstrated, mostly in vitro, 
using inhibitors of the SUMO pathway such as Anacardic Acid and 2D-08 (Table 1). However, these 
molecules lack sufficient specificity and efficiency as well as clinically relevant pharmacological 
properties [103]. An important breakthrough in the field of SUMOylation is the recent discovery of 
highly selective and efficient inhibitors of the SUMO pathway. This is the case of the ML-792, which 
forms an adduct with SUMO and blocks the SUMO E1 [104]. This mechanism-based inhibitor is 
highly selective for SUMOylation and efficient in the nanomolar range. Interestingly, ML-792 inhibits 
cancer cell lines proliferation in vitro and cells overexpressing the Myc oncogene are more sensitive 
to ML-792. Surprisingly, ML-792 was shown to have only minor effects on the regulation of gene 
expression. It was also not inducing DNA-damage or affecting DNA-repair following treatment with 
genotoxics. However, this inhibitor leads to chromosome-segregation defects, which compromises 
mitosis and results in proliferation arrest and death of the cells [104]. TAK-981, a derivative of ML-
792 is currently being tested in a phase 1 clinical trial in patients with metastatic solid tumors and 
lymphomas (ClinicalTrials.gov Identifier: NCT03648372). Another recently discovered molecule, 
COH000, inhibits the SUMO E1 by binding to a cryptic allosteric site [105,106]. Although less potent 
than ML-792 (µM range), it was shown to decrease Myc expression in lymphoma cell lines in vitro 
and prevented tumors growth when injected peritumorally in mice xenografted with the HCT116 
colon cancer cell line [106]. As SUMOylation is highly regulated by ROS, the SUMO pathway could 
also be indirectly targeted by drugs that modulate oxidative metabolism. This is in particular the case 
for Arsenic Trioxide, which is already approved in APL treatment or Fenretinide, a synthetic retinoid 
used in phase I/II clinical trials for hematological malignancies, which induces the production of ROS 
and ceramide [107,108]. Finally, it is expected that inhibitors of SUMOylation will synergize with 
already approved therapies, as shown for ATRA in non-APL AMLs [78]. Considering the critical role 
of SUMOylation in the regulation of gene expression, inhibitors of the SUMO pathway might 
synergize with already approved epigenetic drugs targeting Histone deacetylase (HDAC) such as 
panobinostat or vorinostat or DNA-methyltransferase (DNMT) inhibitors such as vidaza or 
decitabine [109].  

Targeting the SUMO pathway, alone or in combination with other drugs, is thus a promising 
approach in the treatment of hematological malignancies. Clinical trials have just begun and 
SUMOylation inhibitors will face classical challenges of drug development (biodisponibility, toxicity, 
patient selection) before benefiting patients. More work is also needed to better understand the 
functional roles of SUMOylation and the relevance of its targeting in hematological malignancies. 

Table 1. Inhibitors of SUMO activating and conjugating enzymes. List of the small molecules, which 
inhibit SUMO conjugation. The IC50 are those obtained with purified recombinant enzymes or on cell 
lines. Only the molecules that were either validated on cells in vitro or in vivo in mouse models are 
indicated. Only one is being used in humans (TAK-981). 

Inhibitor Name Structure IC50 
(µM) 

Target Use Reference 

Gingkolic acid 
 

3 
SAE1/SAE

2 
In vitro [72,110] 3 SAE1/SAE2 In vitro

[72,110]

Anacardic acid

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 12 of 18 

 

Anacardic acid 
 

2.2 
SAE1/SAE

2 

In 
vitro~~~ 

In vivo 

Kerriamycin B 

 

11.70 
SAE1/SAE

2 
In vitro [111] 

Spectomycin B1 

 

4.4 UBC9 In vitro [112] 

2D08 

 

6 UBC9 

In 
vitro~~~ 

In vivo 

[78,113] 

Davidiin 

 

0.150 
SAE1/SAE

2 
In vitro [114] 

Tannic acid 

 

12.80 
SAE1/SAE

2 
In vitro [115] 

ML-792 

 

0.003 
SAE1/SAE

2 
In vitro [104] 

COH000 

 

0.200 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

[105,106] 

TAK-981 NA NA 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

ClinicalTria
ls.gov 

Identifier: 
NCT036483

72) 

2.2 SAE1/SAE2 In vitro
In vivo

Kerriamycin B

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 12 of 18 

 

Anacardic acid 
 

2.2 
SAE1/SAE

2 

In 
vitro~~~ 

In vivo 

Kerriamycin B 

 

11.70 
SAE1/SAE

2 
In vitro [111] 

Spectomycin B1 

 

4.4 UBC9 In vitro [112] 

2D08 

 

6 UBC9 

In 
vitro~~~ 

In vivo 

[78,113] 

Davidiin 

 

0.150 
SAE1/SAE

2 
In vitro [114] 

Tannic acid 

 

12.80 
SAE1/SAE

2 
In vitro [115] 

ML-792 

 

0.003 
SAE1/SAE

2 
In vitro [104] 

COH000 

 

0.200 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

[105,106] 

TAK-981 NA NA 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

ClinicalTria
ls.gov 

Identifier: 
NCT036483

72) 

11.70 SAE1/SAE2 In vitro [111]



Int. J. Mol. Sci. 2019, 20, 3895 12 of 18

Table 1. Cont.

Inhibitor Name Structure IC50 (µM) Target Use Reference

Spectomycin B1

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 12 of 18 

 

Anacardic acid 
 

2.2 
SAE1/SAE

2 

In 
vitro~~~ 

In vivo 

Kerriamycin B 

 

11.70 
SAE1/SAE

2 
In vitro [111] 

Spectomycin B1 

 

4.4 UBC9 In vitro [112] 

2D08 

 

6 UBC9 

In 
vitro~~~ 

In vivo 

[78,113] 

Davidiin 

 

0.150 
SAE1/SAE

2 
In vitro [114] 

Tannic acid 

 

12.80 
SAE1/SAE

2 
In vitro [115] 

ML-792 

 

0.003 
SAE1/SAE

2 
In vitro [104] 

COH000 

 

0.200 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

[105,106] 

TAK-981 NA NA 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

ClinicalTria
ls.gov 

Identifier: 
NCT036483

72) 

4.4 UBC9 In vitro [112]

2D08

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 12 of 18 

 

Anacardic acid 
 

2.2 
SAE1/SAE

2 

In 
vitro~~~ 

In vivo 

Kerriamycin B 

 

11.70 
SAE1/SAE

2 
In vitro [111] 

Spectomycin B1 

 

4.4 UBC9 In vitro [112] 

2D08 

 

6 UBC9 

In 
vitro~~~ 

In vivo 

[78,113] 

Davidiin 

 

0.150 
SAE1/SAE

2 
In vitro [114] 

Tannic acid 

 

12.80 
SAE1/SAE

2 
In vitro [115] 

ML-792 

 

0.003 
SAE1/SAE

2 
In vitro [104] 

COH000 

 

0.200 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

[105,106] 

TAK-981 NA NA 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

ClinicalTria
ls.gov 

Identifier: 
NCT036483

72) 

6 UBC9 In vitro
In vivo [78,113]

Davidiin

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 12 of 18 

 

Anacardic acid 
 

2.2 
SAE1/SAE

2 

In 
vitro~~~ 

In vivo 

Kerriamycin B 

 

11.70 
SAE1/SAE

2 
In vitro [111] 

Spectomycin B1 

 

4.4 UBC9 In vitro [112] 

2D08 

 

6 UBC9 

In 
vitro~~~ 

In vivo 

[78,113] 

Davidiin 

 

0.150 
SAE1/SAE

2 
In vitro [114] 

Tannic acid 

 

12.80 
SAE1/SAE

2 
In vitro [115] 

ML-792 

 

0.003 
SAE1/SAE

2 
In vitro [104] 

COH000 

 

0.200 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

[105,106] 

TAK-981 NA NA 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

ClinicalTria
ls.gov 

Identifier: 
NCT036483

72) 

0.150 SAE1/SAE2 In vitro [114]

Tannic acid

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 12 of 18 

 

Anacardic acid 
 

2.2 
SAE1/SAE

2 

In 
vitro~~~ 

In vivo 

Kerriamycin B 

 

11.70 
SAE1/SAE

2 
In vitro [111] 

Spectomycin B1 

 

4.4 UBC9 In vitro [112] 

2D08 

 

6 UBC9 

In 
vitro~~~ 

In vivo 

[78,113] 

Davidiin 

 

0.150 
SAE1/SAE

2 
In vitro [114] 

Tannic acid 

 

12.80 
SAE1/SAE

2 
In vitro [115] 

ML-792 

 

0.003 
SAE1/SAE

2 
In vitro [104] 

COH000 

 

0.200 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

[105,106] 

TAK-981 NA NA 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

ClinicalTria
ls.gov 

Identifier: 
NCT036483

72) 

12.80 SAE1/SAE2 In vitro [115]

ML-792

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 12 of 18 

 

Anacardic acid 
 

2.2 
SAE1/SAE

2 

In 
vitro~~~ 

In vivo 

Kerriamycin B 

 

11.70 
SAE1/SAE

2 
In vitro [111] 

Spectomycin B1 

 

4.4 UBC9 In vitro [112] 

2D08 

 

6 UBC9 

In 
vitro~~~ 

In vivo 

[78,113] 

Davidiin 

 

0.150 
SAE1/SAE

2 
In vitro [114] 

Tannic acid 

 

12.80 
SAE1/SAE

2 
In vitro [115] 

ML-792 

 

0.003 
SAE1/SAE

2 
In vitro [104] 

COH000 

 

0.200 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

[105,106] 

TAK-981 NA NA 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

ClinicalTria
ls.gov 

Identifier: 
NCT036483

72) 

0.003 SAE1/SAE2 In vitro [104]

COH000

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 12 of 18 

 

Anacardic acid 
 

2.2 
SAE1/SAE

2 

In 
vitro~~~ 

In vivo 

Kerriamycin B 

 

11.70 
SAE1/SAE

2 
In vitro [111] 

Spectomycin B1 

 

4.4 UBC9 In vitro [112] 

2D08 

 

6 UBC9 

In 
vitro~~~ 

In vivo 

[78,113] 

Davidiin 

 

0.150 
SAE1/SAE

2 
In vitro [114] 

Tannic acid 

 

12.80 
SAE1/SAE

2 
In vitro [115] 

ML-792 

 

0.003 
SAE1/SAE

2 
In vitro [104] 

COH000 

 

0.200 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

[105,106] 

TAK-981 NA NA 
SAE1/SAE

2 

In 
vitro~~~ 
In vivo 

ClinicalTria
ls.gov 

Identifier: 
NCT036483

72) 

0.200 SAE1/SAE2 In vitro
In vivo [105,106]

TAK-981 NA NA SAE1/SAE2 In vitro
In vivo

ClinicalTrials.gov
Identifier:

NCT03648372)

Funding: This research was funded by the CNRS, the Ligue Nationale contre le Cancer (of which our team is
an “Equipe Labellisée”), the INCA (ROSAML), the Association ARC, the Association Laurette Fugain, and the
Fondation Leucémie Espoir.

Conflicts of Interest: The authors declare no conflict of interest

References

1. Zhang, F.-P.; Mikkonen, L.; Toppari, J.; Palvimo, J.J.; Thesleff, I.; Jänne, O.A. Sumo-1 Function Is Dispensable
in Normal Mouse Development. Mol. Cell. Biol. 2008, 28, 5381–5390. [CrossRef] [PubMed]

2. Li, Y.-Y.; Wang, H.; Yang, X.-X.; Geng, H.-Y.; Gong, G.; Kim, H.J.; Zhou, Y.-H.; Wu, J.-J. Small Ubiquitin-Like
Modifier 4 (SUMO4) Gene M55V Polymorphism and Type 2 Diabetes Mellitus: A Meta-Analysis Including
6,823 Subjects. Front. Endocrinol. 2017, 8, 303. [CrossRef] [PubMed]

3. Liang, Y.-C.; Lee, C.-C.; Yao, Y.-L.; Lai, C.-C.; Schmitz, M.L.; Yang, W.-M. SUMO5, a Novel Poly-SUMO
Isoform, Regulates PML Nuclear Bodies. Sci. Rep. 2016, 6, 26509. [CrossRef] [PubMed]

4. Pichler, A.; Fatouros, C.; Lee, H.; Eisenhardt, N. SUMO conjugation—A mechanistic view. Biomol. Concepts
2017, 8, 13–36. [CrossRef] [PubMed]

5. Werner, A.; Flotho, A.; Melchior, F. The RanBP2/RanGAP1*SUMO1/Ubc9 complex is a multisubunit SUMO
E3 ligase. Mol. Cell 2012, 46, 287–298. [CrossRef] [PubMed]

ClinicalTrials.gov
http://dx.doi.org/10.1128/MCB.00651-08
http://www.ncbi.nlm.nih.gov/pubmed/18573887
http://dx.doi.org/10.3389/fendo.2017.00303
http://www.ncbi.nlm.nih.gov/pubmed/29163370
http://dx.doi.org/10.1038/srep26509
http://www.ncbi.nlm.nih.gov/pubmed/27211601
http://dx.doi.org/10.1515/bmc-2016-0030
http://www.ncbi.nlm.nih.gov/pubmed/28284030
http://dx.doi.org/10.1016/j.molcel.2012.02.017
http://www.ncbi.nlm.nih.gov/pubmed/22464730


Int. J. Mol. Sci. 2019, 20, 3895 13 of 18

6. Cappadocia, L.; Pichler, A.; Lima, C.D. Structural basis for catalytic activation by the human ZNF451 SUMO
E3 ligase. Nat. Struct. Mol. Biol. 2015, 22, 968–975. [CrossRef] [PubMed]

7. Eisenhardt, N.; Chaugule, V.K.; Koidl, S.; Droescher, M.; Dogan, E.; Rettich, J.; Sutinen, P.; Imanishi, S.Y.;
Hofmann, K.; Palvimo, J.J.; et al. A new vertebrate SUMO enzyme family reveals insights into SUMO-chain
assembly. Nat. Struct. Mol. Biol. 2015, 22, 959–967. [CrossRef]

8. Kunz, K.; Piller, T.; Müller, S. SUMO-specific proteases and isopeptidases of the SENP family at a glance.
J. Cell Sci. 2018, 131, jcs211904. [CrossRef]

9. Hutten, S.; Chachami, G.; Winter, U.; Melchior, F.; Lamond, A.I. A role for the CB-associated SUMO
isopeptidase USPL1 in RNAPII-mediated snRNA transcription. J. Cell Sci. 2014, jcs.141788.

10. Schulz, S.; Chachami, G.; Kozaczkiewicz, L.; Winter, U.; Stankovic-Valentin, N.; Haas, P.; Hofmann, K.;
Urlaub, H.; Ovaa, H.; Wittbrodt, J.; et al. Ubiquitin-specific protease-like 1 (USPL1) is a SUMO isopeptidase
with essential, non-catalytic functions. EMBO Rep. 2012, 13, 930–938. [CrossRef]

11. Suh, H.-Y.; Kim, J.-H.; Woo, J.-S.; Ku, B.; Shin, E.J.; Yun, Y.; Oh, B.-H. Crystal structure of DeSI-1, a novel
deSUMOylase belonging to a putative isopeptidase superfamily. Proteins 2012, 80, 2099–2104. [CrossRef]
[PubMed]

12. Hecker, C.-M.; Rabiller, M.; Haglund, K.; Bayer, P.; Dikic, I. Specification of SUMO1- and SUMO2-interacting
Motifs. J. Biol. Chem. 2006, 281, 16117–16127. [CrossRef] [PubMed]

13. Hendriks, I.A.; Lyon, D.; Young, C.; Jensen, L.J.; Vertegaal, A.C.O.; Nielsen, M.L. Site-specific mapping of the
human SUMO proteome reveals co-modification with phosphorylation. Nat. Struct. Mol. Biol. 2017, 24,
325–336. [CrossRef] [PubMed]

14. Hendriks, I.A.; Vertegaal, A.C.O. A comprehensive compilation of SUMO proteomics. Nat. Rev. Mol. Cell Biol.
2016, 17, 581–595. [CrossRef] [PubMed]

15. Zhao, X. SUMO-mediated regulation of nuclear functions and signaling processes. Mol. Cell 2018, 71, 409–418.
[CrossRef] [PubMed]

16. Nacerddine, K.; Lehembre, F.; Bhaumik, M.; Artus, J.; Cohen-Tannoudji, M.; Babinet, C.; Pandolfi, P.P.;
Dejean, A. The SUMO Pathway Is Essential for Nuclear Integrity and Chromosome Segregation in Mice.
Dev. Cell 2005, 9, 769–779. [CrossRef] [PubMed]

17. Wilson, V.G.; Rosas-Acosta, G. Wrestling with SUMO in a New Arena. Sci. Signal. 2005, 2005, pe32.
[CrossRef]

18. Garvin, A.J.; Morris, J.R. SUMO, a small, but powerful, regulator of double-strand break repair. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 2017, 372. [CrossRef]

19. Galanty, Y.; Belotserkovskaya, R.; Coates, J.; Polo, S.; Miller, K.M.; Jackson, S.P. Mammalian SUMO E3-ligases
PIAS1 and PIAS4 promote responses to DNA double-strand breaks. Nature 2009, 462, 935–939. [CrossRef]

20. Psakhye, I.; Jentsch, S. Protein Group Modification and Synergy in the SUMO Pathway as Exemplified
in DNA Repair. Cell 2012, 151, 807–820. [CrossRef]

21. Yin, Y.; Seifert, A.; Chua, J.S.; Maure, J.-F.; Golebiowski, F.; Hay, R.T. SUMO-Targeted Ubiquitin E3 Ligase
RNF4 Is Required for the Response of Human Cells to DNA Damage. Genes Dev. 2012, 26, 1196–1208.
[CrossRef] [PubMed]

22. Raman, N.; Nayak, A.; Muller, S. The SUMO system: A master organizer of nuclear protein assemblies.
Chromosoma 2013, 122, 475–485. [CrossRef] [PubMed]

23. Rosonina, E.; Akhter, A.; Dou, Y.; Babu, J.; Sri Theivakadadcham, V.S. Regulation of transcription factors by
sumoylation. Transcription 2017, 8, 220–231. [CrossRef] [PubMed]

24. Chymkowitch, P.; Nguéa, P.A.; Enserink, J.M. SUMO-regulated transcription: Challenging the dogma.
BioEssays News Rev. Mol. Cell. Dev. Biol. 2015, 37, 1095–1105. [CrossRef] [PubMed]

25. Neyret-Kahn, H.; Benhamed, M.; Ye, T.; Gras, S.L.; Cossec, J.-C.; Lapaquette, P.; Bischof, O.; Ouspenskaia, M.;
Dasso, M.; Seeler, J.; et al. Sumoylation at chromatin governs coordinated repression of a transcriptional
program essential for cell growth and proliferation. Genome Res. 2013, 23, 1563–1579. [CrossRef] [PubMed]

26. Cossec, J.-C.; Theurillat, I.; Chica, C.; Búa Aguín, S.; Gaume, X.; Andrieux, A.; Iturbide, A.; Jouvion, G.; Li, H.;
Bossis, G.; et al. SUMO Safeguards Somatic and Pluripotent Cell Identities by Enforcing Distinct Chromatin
States. Cell Stem Cell 2018, 23, 742–757.e8. [CrossRef] [PubMed]

27. Gonzalez, I.; Mateos-Langerak, J.; Thomas, A.; Cheutin, T.; Cavalli, G. Identification of Regulators of the
Three-Dimensional Polycomb Organization by a Microscopy-Based Genome-wide RNAi Screen. Mol. Cell
2014, 54, 485–499. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nsmb.3116
http://www.ncbi.nlm.nih.gov/pubmed/26524494
http://dx.doi.org/10.1038/nsmb.3114
http://dx.doi.org/10.1242/jcs.211904
http://dx.doi.org/10.1038/embor.2012.125
http://dx.doi.org/10.1002/prot.24093
http://www.ncbi.nlm.nih.gov/pubmed/22498933
http://dx.doi.org/10.1074/jbc.M512757200
http://www.ncbi.nlm.nih.gov/pubmed/16524884
http://dx.doi.org/10.1038/nsmb.3366
http://www.ncbi.nlm.nih.gov/pubmed/28112733
http://dx.doi.org/10.1038/nrm.2016.81
http://www.ncbi.nlm.nih.gov/pubmed/27435506
http://dx.doi.org/10.1016/j.molcel.2018.07.027
http://www.ncbi.nlm.nih.gov/pubmed/30075142
http://dx.doi.org/10.1016/j.devcel.2005.10.007
http://www.ncbi.nlm.nih.gov/pubmed/16326389
http://dx.doi.org/10.1126/stke.2902005pe32
http://dx.doi.org/10.1098/rstb.2016.0281
http://dx.doi.org/10.1038/nature08657
http://dx.doi.org/10.1016/j.cell.2012.10.021
http://dx.doi.org/10.1101/gad.189274.112
http://www.ncbi.nlm.nih.gov/pubmed/22661230
http://dx.doi.org/10.1007/s00412-013-0429-6
http://www.ncbi.nlm.nih.gov/pubmed/23917899
http://dx.doi.org/10.1080/21541264.2017.1311829
http://www.ncbi.nlm.nih.gov/pubmed/28379052
http://dx.doi.org/10.1002/bies.201500065
http://www.ncbi.nlm.nih.gov/pubmed/26354225
http://dx.doi.org/10.1101/gr.154872.113
http://www.ncbi.nlm.nih.gov/pubmed/23893515
http://dx.doi.org/10.1016/j.stem.2018.10.001
http://www.ncbi.nlm.nih.gov/pubmed/30401455
http://dx.doi.org/10.1016/j.molcel.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24703951


Int. J. Mol. Sci. 2019, 20, 3895 14 of 18

28. Tempé, D.; Piechaczyk, M.; Bossis, G. SUMO under stress. Biochem. Soc. Trans. 2008, 36, 874–878. [CrossRef]
[PubMed]

29. Enserink, J.M. Sumo and the cellular stress response. Cell Div. 2015, 10, 4. [CrossRef] [PubMed]
30. Bossis, G.; Melchior, F. Regulation of SUMOylation by Reversible Oxidation of SUMO Conjugating Enzymes.

Mol. Cell 2006, 21, 349–357. [CrossRef] [PubMed]
31. Stankovic-Valentin, N.; Drzewicka, K.; König, C.; Schiebel, E.; Melchior, F. Redox regulation of SUMO

enzymes is required for ATM activity and survival in oxidative stress. EMBO J. 2016, 35, 1312–1329.
[CrossRef] [PubMed]

32. Stankovic-Valentin, N.; Melchior, F. Control of SUMO and Ubiquitin by ROS: Signaling and disease
implications. Mol. Aspects Med. 2018, 63, 3–17. [CrossRef] [PubMed]

33. Seifert, A.; Schofield, P.; Barton, G.J.; Hay, R.T. Proteotoxic stress reprograms the chromatin landscape of
SUMO modification. Sci Signal 2015, 8, rs7. [CrossRef] [PubMed]

34. Seeler, J.-S.; Dejean, A. SUMO and the robustness of cancer. Nat. Rev. Cancer 2017, 17, 184–197. [CrossRef]
[PubMed]

35. Luo, J.; Emanuele, M.J.; Li, D.; Creighton, C.J.; Schlabach, M.R.; Westbrook, T.F.; Wong, K.-K.; Elledge, S.J. A
Genome-wide RNAi Screen Identifies Multiple Synthetic Lethal Interactions with the Ras Oncogene. Cell
2009, 137, 835–848. [CrossRef] [PubMed]

36. Yu, B.; Swatkoski, S.; Holly, A.; Lee, L.C.; Giroux, V.; Lee, C.-S.; Hsu, D.; Smith, J.L.; Yuen, G.; Yue, J.; et al.
Oncogenesis driven by the Ras/Raf pathway requires the SUMO E2 ligase Ubc9. Proc. Natl. Acad. Sci. USA
2015, 112, E1724–E1733. [CrossRef] [PubMed]

37. Kessler, J.D.; Kahle, K.T.; Sun, T.; Meerbrey, K.L.; Schlabach, M.R.; Schmitt, E.M.; Skinner, S.O.; Xu, Q.;
Li, M.Z.; Hartman, Z.C.; et al. A SUMOylation-Dependent Transcriptional Subprogram Is Required for
Myc-Driven Tumorigenesis. Science 2011, 335, 348–353. [CrossRef]

38. Licciardello, M.P.; Müllner, M.K.; Dürnberger, G.; Kerzendorfer, C.; Boidol, B.; Trefzer, C.; Sdelci, S.; Berg, T.;
Penz, T.; Schuster, M.; et al. NOTCH1 activation in breast cancer confers sensitivity to inhibition of
SUMOylation. Oncogene 2015, 34, 3780–3790. [CrossRef]

39. Gervais, C.; Dano, L.; Perrusson, N.; Hélias, C.; Jeandidier, E.; Galoisy, A.-C.; Ittel, A.; Herbrecht, R.; Bilger, K.;
Mauvieux, L. A translocation t(2;8)(q12;p11) fuses FGFR1 to a novel partner gene, RANBP2/NUP358,
in a myeloproliferative/myelodysplastic neoplasm. Leukemia 2013, 27, 1186–1188. [CrossRef]

40. Lee, S.E.; Kang, S.Y.; Takeuchi, K.; Ko, Y.H. Identification of RANBP2-ALK fusion in ALK positive diffuse
large B-cell lymphoma. Hematol. Oncol. 2014, 32, 221–224. [CrossRef]

41. Lim, J.-H.; Jang, S.; Park, C.-J.; Cho, Y.-U.; Lee, J.-H.; Lee, K.-H.; Lee, J.-O.; Shin, J.-Y.; Kim, J.-I.; Huh, J.; et al.
RANBP2-ALK fusion combined with monosomy 7 in acute myelomonocytic leukemia. Cancer Genet. 2014,
207, 40–45. [CrossRef] [PubMed]

42. Maesako, Y.; Okumura, A.; Takeoka, K.; Kishimori, C.; Izumi, K.; Kamoda, Y.; Iioka, F.; Akasaka, T.; Ohno, H.
Reduction of leukemia cell burden and restoration of normal hematopoiesis at 3 months of crizotinib
treatment in RAN-binding protein 2 (RANBP2)–anaplastic lymphoma kinase (ALK) acute myeloid leukemia.
Leukemia 2014, 28, 1935–1937. [CrossRef] [PubMed]

43. Takeoka, K.; Okumura, A.; Maesako, Y.; Akasaka, T.; Ohno, H. Crizotinib resistance in acute myeloid
leukemia with inv(2)(p23q13)/RAN binding protein 2 (RANBP2) anaplastic lymphoma kinase (ALK) fusion
and monosomy 7. Cancer Genet. 2015, 208, 85–90. [CrossRef] [PubMed]

44. Han, Z.-J.; Feng, Y.-H.; Gu, B.-H.; Li, Y.-M.; Chen, H. The post-translational modification, SUMOylation,
and cancer (Review). Int. J. Oncol. 2018, 52, 1081–1094. [CrossRef] [PubMed]

45. Mattoscio, D.; Chiocca, S. SUMO pathway components as possible cancer biomarkers. Future Oncol. 2015, 11,
1599–1610. [CrossRef] [PubMed]

46. Bertolotto, C.; Lesueur, F.; Giuliano, S.; Strub, T.; de Lichy, M.; Bille, K.; Dessen, P.; d/’Hayer, B.; Mohamdi, H.;
Remenieras, A.; et al. A SUMOylation-defective MITF germline mutation predisposes to melanoma and
renal carcinoma. Nature 2011, 480, 94–98. [CrossRef] [PubMed]

47. Bonet, C.; Luciani, F.; Ottavi, J.-F.; Leclerc, J.; Jouenne, F.-M.; Boncompagni, M.; Bille, K.; Hofman, V.;
Bossis, G.; Marco de Donatis, G.; et al. Deciphering the Role of Oncogenic MITFE318K in Senescence Delay
and Melanoma Progression. J. Natl. Cancer Inst. 2017, 109. [CrossRef] [PubMed]

http://dx.doi.org/10.1042/BST0360874
http://www.ncbi.nlm.nih.gov/pubmed/18793154
http://dx.doi.org/10.1186/s13008-015-0010-1
http://www.ncbi.nlm.nih.gov/pubmed/26101541
http://dx.doi.org/10.1016/j.molcel.2005.12.019
http://www.ncbi.nlm.nih.gov/pubmed/16455490
http://dx.doi.org/10.15252/embj.201593404
http://www.ncbi.nlm.nih.gov/pubmed/27174643
http://dx.doi.org/10.1016/j.mam.2018.07.002
http://www.ncbi.nlm.nih.gov/pubmed/30059710
http://dx.doi.org/10.1126/scisignal.aaa2213
http://www.ncbi.nlm.nih.gov/pubmed/26152697
http://dx.doi.org/10.1038/nrc.2016.143
http://www.ncbi.nlm.nih.gov/pubmed/28134258
http://dx.doi.org/10.1016/j.cell.2009.05.006
http://www.ncbi.nlm.nih.gov/pubmed/19490893
http://dx.doi.org/10.1073/pnas.1415569112
http://www.ncbi.nlm.nih.gov/pubmed/25805818
http://dx.doi.org/10.1126/science.1212728
http://dx.doi.org/10.1038/onc.2014.319
http://dx.doi.org/10.1038/leu.2012.286
http://dx.doi.org/10.1002/hon.2125
http://dx.doi.org/10.1016/j.cancergen.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24613277
http://dx.doi.org/10.1038/leu.2014.166
http://www.ncbi.nlm.nih.gov/pubmed/24850290
http://dx.doi.org/10.1016/j.cancergen.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25766836
http://dx.doi.org/10.3892/ijo.2018.4280
http://www.ncbi.nlm.nih.gov/pubmed/29484374
http://dx.doi.org/10.2217/fon.15.41
http://www.ncbi.nlm.nih.gov/pubmed/26043214
http://dx.doi.org/10.1038/nature10539
http://www.ncbi.nlm.nih.gov/pubmed/22012259
http://dx.doi.org/10.1093/jnci/djw340
http://www.ncbi.nlm.nih.gov/pubmed/28376192


Int. J. Mol. Sci. 2019, 20, 3895 15 of 18

48. Xie, J.; Kim, H.; Moreau, L.A.; Puhalla, S.; Garber, J.; Al Abo, M.; Takeda, S.; D’Andrea, A.D. RNF4-mediated
polyubiquitination regulates the Fanconi anemia/BRCA pathway. J. Clin. Investig. 2015, 125, 1523–1532.
[CrossRef]

49. Estey, E.H. Acute myeloid leukemia: 2012 update on diagnosis, risk stratification, and management.
Am. J. Hematol. 2012, 87, 89–99. [CrossRef]

50. Dombret, H.; Gardin, C. An update of current treatments for adult acute myeloid leukemia. Blood 2016, 127,
53–61. [CrossRef]

51. Ng, C.-H.; Chng, W.-J. Recent advances in acute promyelocytic leukaemia. F1000Research 2017, 6, 1273.
[CrossRef] [PubMed]

52. de Thé, H.; Lavau, C.; Marchio, A.; Chomienne, C.; Degos, L.; Dejean, A. The PML-RARα fusion mRNA
generated by the t(15;17) translocation in acute promyelocytic leukemia encodes a functionally altered RAR.
Cell 1991, 66, 675–684. [CrossRef]

53. Weis, K.; Rambaud, S.; Lavau, C.; Jansen, J.; Carvalho, T.; Carmo-Fonseca, M.; Lamond, A.; Dejean, A.
Retinoic acid regulates aberrant nuclear localization of PML-RAR alpha in acute promyelocytic leukemia
cells. Cell 1994, 76, 345–356. [CrossRef]

54. Koken, M.H.; Puvion-Dutilleul, F.; Guillemin, M.C.; Viron, A.; Linares-Cruz, G.; Stuurman, N.; de Jong, L.;
Szostecki, C.; Calvo, F.; Chomienne, C. The t(15;17) translocation alters a nuclear body in a retinoic
acid-reversible fashion. EMBO J. 1994, 13, 1073–1083. [CrossRef] [PubMed]

55. Boddy, M.N.; Howe, K.; Etkin, L.D.; Solomon, E.; Freemont, P.S. PIC 1, a novel ubiquitin-like protein which
interacts with the PML component of a multiprotein complex that is disrupted in acute promyelocytic
leukaemia. Oncogene 1996, 13, 971–982.

56. Sahin, U.; Ferhi, O.; Jeanne, M.; Benhenda, S.; Berthier, C.; Jollivet, F.; Niwa-Kawakita, M.; Faklaris, O.;
Setterblad, N.; de Thé, H.; et al. Oxidative stress–induced assembly of PML nuclear bodies controls
sumoylation of partner proteins. J. Cell Biol. 2014, 204, 931–945. [CrossRef]

57. Jeanne, M.; Lallemand-Breitenbach, V.; Ferhi, O.; Koken, M.; Le Bras, M.; Duffort, S.; Peres, L.; Berthier, C.;
Soilihi, H.; Raught, B.; et al. PML/RARA oxidation and arsenic binding initiate the antileukemia response of
As2O3. Cancer Cell 2010, 18, 88–98. [CrossRef]

58. Tatham, M.H.; Geoffroy, M.-C.; Shen, L.; Plechanovova, A.; Hattersley, N.; Jaffray, E.G.; Palvimo, J.J.;
Hay, R.T. RNF4 is a poly-SUMO-specific E3 ubiquitin ligase required for arsenic-induced PML degradation.
Nat. Cell Biol. 2008, 10, 538–546. [CrossRef]

59. Lallemand-Breitenbach, V.; Jeanne, M.; Benhenda, S.; Nasr, R.; Lei, M.; Peres, L.; Zhou, J.; Zhu, J.; Raught, B.;
de Thé, H. Arsenic degrades PML or PML–RARα through a SUMO-triggered RNF4/ubiquitin-mediated
pathway. Nat. Cell Biol. 2008, 10, 547–555. [CrossRef]

60. Ablain, J.; Rice, K.; Soilihi, H.; de Reynies, A.; Minucci, S.; de Thé, H. Activation of a promyelocytic
leukemia–tumor protein 53 axis underlies acute promyelocytic leukemia cure. Nat. Med. 2014, 20, 167–174.
[CrossRef]

61. Ohlsson, E.; Schuster, M.B.; Hasemann, M.; Porse, B.T. The multifaceted functions of C/EBPα in normal and
malignant haematopoiesis. Leukemia 2015, 30, 767–775. [CrossRef] [PubMed]

62. Geletu, M.; Balkhi, M.Y.; Zada, A.A.P.; Christopeit, M.; Pulikkan, J.A.; Trivedi, A.K.; Tenen, D.G.; Behre, G.
Target proteins of C/EBPαp30 in AML: C/EBPαp30 enhances sumoylation of C/EBPαp42 via up-regulation
of Ubc9. Blood 2007, 110, 3301–3309. [CrossRef] [PubMed]

63. Hankey, W.; Silver, M.; Sun, B.S.H.; Zibello, T.; Berliner, N.; Khanna-Gupta, A. Differential effects of
sumoylation on the activities of CCAAT enhancer binding protein alpha (C/EBPα) p42 versus p30 may
contribute in part, to aberrant C/EBPα activity in acute leukemias. Hematol. Rep. 2011, 3, e5. [CrossRef]
[PubMed]

64. Zhang, J.; Huang, F.-F.; Wu, D.-S.; Li, W.-J.; Zhan, H.-E.; Peng, M.-Y.; Fang, P.; Cao, P.-F.; Zhang, M.-M.;
Zeng, H.; et al. SUMOylation of insulin-like growth factor 1 receptor, promotes proliferation in acute myeloid
leukemia. Cancer Lett. 2015, 357, 297–306. [CrossRef] [PubMed]

65. Shing, D.C.; Trubia, M.; Marchesi, F.; Radaelli, E.; Belloni, E.; Tapinassi, C.; Scanziani, E.; Mecucci, C.;
Crescenzi, B.; Lahortiga, I.; et al. Overexpression of sPRDM16 coupled with loss of p53 induces myeloid
leukemias in mice. J. Clin. Investig. 2007, 117, 3696–3707. [CrossRef] [PubMed]

66. Dong, S.; Chen, J. SUMOylation of sPRDM16 promotes the progression of acute myeloid leukemia.
BMC Cancer 2015, 15, 893. [CrossRef] [PubMed]

http://dx.doi.org/10.1172/JCI79325
http://dx.doi.org/10.1002/ajh.22246
http://dx.doi.org/10.1182/blood-2015-08-604520
http://dx.doi.org/10.12688/f1000research.10736.1
http://www.ncbi.nlm.nih.gov/pubmed/28794865
http://dx.doi.org/10.1016/0092-8674(91)90113-D
http://dx.doi.org/10.1016/0092-8674(94)90341-7
http://dx.doi.org/10.1002/j.1460-2075.1994.tb06356.x
http://www.ncbi.nlm.nih.gov/pubmed/8131741
http://dx.doi.org/10.1083/jcb.201305148
http://dx.doi.org/10.1016/j.ccr.2010.06.003
http://dx.doi.org/10.1038/ncb1716
http://dx.doi.org/10.1038/ncb1717
http://dx.doi.org/10.1038/nm.3441
http://dx.doi.org/10.1038/leu.2015.324
http://www.ncbi.nlm.nih.gov/pubmed/26601784
http://dx.doi.org/10.1182/blood-2007-01-071035
http://www.ncbi.nlm.nih.gov/pubmed/17671234
http://dx.doi.org/10.4081/hr.2011.e5
http://www.ncbi.nlm.nih.gov/pubmed/22184527
http://dx.doi.org/10.1016/j.canlet.2014.11.052
http://www.ncbi.nlm.nih.gov/pubmed/25448401
http://dx.doi.org/10.1172/JCI32390
http://www.ncbi.nlm.nih.gov/pubmed/18037989
http://dx.doi.org/10.1186/s12885-015-1844-2
http://www.ncbi.nlm.nih.gov/pubmed/26559765


Int. J. Mol. Sci. 2019, 20, 3895 16 of 18

67. Nishikata, I.; Nakahata, S.; Saito, Y.; Kaneda, K.; Ichihara, E.; Yamakawa, N.; Morishita, K. Sumoylation
of MEL1S at lysine 568 and its interaction with CtBP facilitates its repressor activity and the blockade of
G-CSF-induced myeloid differentiation. Oncogene 2011, 30, 4194–4207. [CrossRef]

68. Li, X.-L.; Arai, Y.; Harada, H.; Shima, Y.; Yoshida, H.; Rokudai, S.; Aikawa, Y.; Kimura, A.; Kitabayashi, I.
Mutations of the HIPK2 gene in acute myeloid leukemia and myelodysplastic syndrome impair AML1- and
p53-mediated transcription. Oncogene 2007, 26, 7231–7239. [CrossRef]

69. Sung, K.S.; Kim, S.-J.; Cho, S.W.; Park, Y.-J.; Tae, K.; Choi, C.Y. Functional impairment of the HIPK2 small
ubiquitin-like modifier (SUMO)-interacting motif in acute myeloid leukemia. Am. J. Cancer Res. 2019, 9,
94–107.

70. Pattabiraman, D.R.; Gonda, T.J. Role and potential for therapeutic targeting of MYB in leukemia. Leukemia
2013, 27, 269–277. [CrossRef]

71. Sæther, T.; Pattabiraman, D.R.; Alm-Kristiansen, A.H.; Vogt-Kielland, L.T.; Gonda, T.J.; Gabrielsen, O.S.
A functional SUMO-interacting motif in the transactivation domain of c-Myb regulates its myeloid
transforming ability. Oncogene 2011, 30, 212–222. [CrossRef] [PubMed]

72. Bossis, G.; Sarry, J.-E.; Kifagi, C.; Ristic, M.; Saland, E.; Vergez, F.; Salem, T.; Boutzen, H.; Baik, H.;
Brockly, F.; et al. The ROS/SUMO Axis Contributes to the Response of Acute Myeloid Leukemia Cells to
Chemotherapeutic Drugs. Cell Rep. 2014, 7, 1815–1823. [CrossRef] [PubMed]

73. Kim, Y.S.; Nagy, K.; Keyser, S.; Schneekloth, J.S., Jr. An Electrophoretic Mobility Shift Assay Identifies
a Mechanistically Unique Inhibitor of Protein Sumoylation. Chem. Biol. 2013, 20, 604–613. [CrossRef]
[PubMed]

74. Zhou, P.; Chen, X.; Li, M.; Tan, J.; Zhang, Y.; Yuan, W.; Zhou, J.; Wang, G. 2-D08 as a SUMOylation inhibitor
induced ROS accumulation mediates apoptosis of acute myeloid leukemia cells possibly through the
deSUMOylation of NOX2. Biochem. Biophys. Res. Commun. 2019, 513, 1063–1069. [CrossRef] [PubMed]

75. Di Costanzo, A.; Del Gaudio, N.; Conte, L.; Dell’Aversana, C.; Vermeulen, M.; de Thé, H.; Migliaccio, A.;
Nebbioso, A.; Altucci, L. The HDAC inhibitor SAHA regulates CBX2 stability via a SUMO-triggered
ubiquitin-mediated pathway in leukemia. Oncogene 2018, 37, 2559–2572. [CrossRef]

76. Johnson, D.E.; Redner, R.L. An ATRActive future for differentiation therapy in AML. Blood Rev. 2015, 29,
263–268. [CrossRef] [PubMed]

77. Zhou, Q.; Zhang, L.; Chen, Z.; Zhao, P.; Ma, Y.; Yang, B.; He, Q.; Ying, M. Small ubiquitin-related modifier-1
modification regulates all-trans-retinoic acid-induced differentiation via stabilization of retinoic acid receptor
α. FEBS J. 2014, 281, 3032–3047. [CrossRef]

78. Baik, H.; Boulanger, M.; Hosseini, M.; Kowalczyk, J.; Zaghdoudi, S.; Salem, T.; Sarry, J.-E.; Hicheri, Y.;
Cartron, G.; Piechaczyk, M.; et al. Targeting the SUMO Pathway Primes All-trans Retinoic Acid–Induced
Differentiation of Nonpromyelocytic Acute Myeloid Leukemias. Cancer Res. 2018, 78, 2601–2613. [CrossRef]

79. Usmani, S.Z.; Rodriguez-Otero, P.; Bhutani, M.; Mateos, M.-V.; Miguel, J.S. Defining and treating high-risk
multiple myeloma. Leukemia 2015, 29, 2119–2125. [CrossRef]

80. Röllig, C.; Knop, S.; Bornhäuser, M. Multiple myeloma. Lancet 2015, 385, 2197–2208. [CrossRef]
81. Mimura, N.; Hideshima, T.; Anderson, K.C. Novel therapeutic strategies for multiple myeloma. Exp. Hematol.

2015, 43, 732–741. [CrossRef] [PubMed]
82. Rajkumar, S.V. Multiple myeloma: Every year a new standard? Hematol. Oncol. 2019, 37, 62–65. [CrossRef]

[PubMed]
83. Driscoll, J.J.; Pelluru, D.; Lefkimmiatis, K.; Fulciniti, M.; Prabhala, R.H.; Greipp, P.R.; Barlogie, B.; Tai, Y.-T.;

Anderson, K.C.; Shaughnessy, J.D.; et al. The sumoylation pathway is dysregulated in multiple myeloma
and is associated with adverse patient outcome. Blood 2010, 115, 2827–2834. [CrossRef] [PubMed]

84. Xu, J.; Sun, H.-Y.; Xiao, F.-J.; Wang, H.; Yang, Y.; Wang, L.; Gao, C.-J.; Guo, Z.-K.; Wu, C.-T.; Wang, L.-S. SENP1
inhibition induces apoptosis and growth arrest of multiple myeloma cells through modulation of NF-κB
signaling. Biochem. Biophys. Res. Commun. 2015, 460, 409–415. [CrossRef] [PubMed]

85. Huang, H.-J.; Zhou, L.-L.; Fu, W.-J.; Zhang, C.-Y.; Jiang, H.; Du, J.; Hou, J. β-catenin SUMOylation is involved
in the dysregulated proliferation of myeloma cells. Am. J. Cancer Res. 2014, 5, 309–320. [PubMed]

86. Swerdlow, S.H.; Campo, E.; Pileri, S.A.; Harris, N.L.; Stein, H.; Siebert, R.; Advani, R.; Ghielmini, M.;
Salles, G.A.; Zelenetz, A.D.; et al. The 2016 revision of the World Health Organization classification of
lymphoid neoplasms. Blood 2016, 127, 2375–2390. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/onc.2011.132
http://dx.doi.org/10.1038/sj.onc.1210523
http://dx.doi.org/10.1038/leu.2012.225
http://dx.doi.org/10.1038/onc.2010.397
http://www.ncbi.nlm.nih.gov/pubmed/20802522
http://dx.doi.org/10.1016/j.celrep.2014.05.016
http://www.ncbi.nlm.nih.gov/pubmed/24910433
http://dx.doi.org/10.1016/j.chembiol.2013.04.001
http://www.ncbi.nlm.nih.gov/pubmed/23601649
http://dx.doi.org/10.1016/j.bbrc.2019.04.079
http://www.ncbi.nlm.nih.gov/pubmed/31010676
http://dx.doi.org/10.1038/s41388-018-0143-1
http://dx.doi.org/10.1016/j.blre.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25631637
http://dx.doi.org/10.1111/febs.12840
http://dx.doi.org/10.1158/0008-5472.CAN-17-3361
http://dx.doi.org/10.1038/leu.2015.209
http://dx.doi.org/10.1016/S0140-6736(14)60493-1
http://dx.doi.org/10.1016/j.exphem.2015.04.010
http://www.ncbi.nlm.nih.gov/pubmed/26118499
http://dx.doi.org/10.1002/hon.2586
http://www.ncbi.nlm.nih.gov/pubmed/31187526
http://dx.doi.org/10.1182/blood-2009-03-211045
http://www.ncbi.nlm.nih.gov/pubmed/19965618
http://dx.doi.org/10.1016/j.bbrc.2015.03.047
http://www.ncbi.nlm.nih.gov/pubmed/25791478
http://www.ncbi.nlm.nih.gov/pubmed/25628940
http://dx.doi.org/10.1182/blood-2016-01-643569
http://www.ncbi.nlm.nih.gov/pubmed/26980727


Int. J. Mol. Sci. 2019, 20, 3895 17 of 18

87. Schick, M.; Habringer, S.; Nilsson, J.A.; Keller, U. Pathogenesis and therapeutic targeting of aberrant MYC
expression in haematological cancers. Br. J. Haematol. 2017, 179, 724–738. [CrossRef] [PubMed]

88. Delgado, M.D.; León, J. Myc Roles in Hematopoiesis and Leukemia. Genes Cancer 2010, 1, 605–616. [CrossRef]
[PubMed]

89. Hoellein, A.; Fallahi, M.; Schoeffmann, S.; Steidle, S.; Schaub, F.X.; Rudelius, M.; Laitinen, I.; Nilsson, L.;
Goga, A.; Peschel, C.; et al. Myc-induced SUMOylation is a therapeutic vulnerability for B-cell lymphoma.
Blood 2014, 124, 2081–2090. [CrossRef]

90. Sabò, A.; Doni, M.; Amati, B. SUMOylation of Myc-Family Proteins. PLoS ONE 2014, 9, e91072. [CrossRef]
91. González-Prieto, R.; Cuijpers, S.A.; Kumar, R.; Hendriks, I.A.; Vertegaal, A.C. c-Myc is targeted to the

proteasome for degradation in a SUMOylation-dependent manner, regulated by PIAS1, SENP7 and RNF4.
Cell Cycle 2015, 14, 1859–1872. [CrossRef] [PubMed]

92. Rabellino, A.; Melegari, M.; Tompkins, V.S.; Chen, W.; Van Ness, B.G.; Teruya-Feldstein, J.; Conacci-Sorrell, M.;
Janz, S.; Scaglioni, P.P. PIAS1 Promotes Lymphomagenesis through MYC Upregulation. Cell Rep. 2016, 15,
2266–2278. [CrossRef] [PubMed]

93. Tagaya, Y.; Matsuoka, M.; Gallo, R. 40 years of the human T-cell leukemia virus: Past, present, and future.
F1000Research 2019, 8, 228. [CrossRef] [PubMed]

94. Currer, R.; Van Duyne, R.; Jaworski, E.; Guendel, I.; Sampey, G.; Das, R.; Narayanan, A.; Kashanchi, F. HTLV
Tax: A Fascinating Multifunctional Co-Regulator of Viral and Cellular Pathways. Front. Microbiol. 2012, 3,
406. [CrossRef] [PubMed]

95. Gaudray, G.; Gachon, F.; Basbous, J.; Biard-Piechaczyk, M.; Devaux, C.; Mesnard, J.-M. The Complementary
Strand of the Human T-Cell Leukemia Virus Type 1 RNA Genome Encodes a bZIP Transcription Factor That
Down-Regulates Viral Transcription. J. Virol. 2002, 76, 12813–12822. [CrossRef] [PubMed]

96. Terol, M.; Gazon, H.; Lemasson, I.; Duc-Dodon, M.; Barbeau, B.; Césaire, R.; Mesnard, J.-M.;
Péloponèse, J.-M., Jr. HBZ-mediated shift of JunD from growth suppressor to tumor promoter in leukemic
cells by inhibition of ribosomal protein S25 expression. Leukemia 2017, 31, 2235–2243. [CrossRef] [PubMed]

97. Satou, Y.; Yasunaga, J.; Yoshida, M.; Matsuoka, M. HTLV-I basic leucine zipper factor gene mRNA supports
proliferation of adult T cell leukemia cells. Proc. Natl. Acad. Sci. USA 2006, 103, 720–725. [CrossRef]

98. Dassouki, Z.; Sahin, U.; Hajj, H.E.; Jollivet, F.; Kfoury, Y.; Lallemand-Breitenbach, V.; Hermine, O.; de Thé, H.;
Bazarbachi, A. ATL response to arsenic/interferon therapy is triggered by SUMO/PML/RNF4-dependent Tax
degradation. Blood 2015, 125, 474–482. [CrossRef]

99. Hajj, H.E.; El-Sabban, M.; Hasegawa, H.; Zaatari, G.; Ablain, J.; Saab, S.T.; Janin, A.; Mahfouz, R.; Nasr, R.;
Kfoury, Y.; et al. Therapy-induced selective loss of leukemia-initiating activity in murine adult T cell leukemia.
J. Exp. Med. 2010, 207, 2785–2792. [CrossRef]

100. El-Sabban, M.E.; Nasr, R.; Dbaibo, G.; Hermine, O.; Abboushi, N.; Quignon, F.; Ameisen, J.C.; Bex, F.;
de Thé, H.; Bazarbachi, A. Arsenic-interferon-α–triggered apoptosis in HTLV-I transformed cells is associated
with Tax down-regulation and reversal of NF-κB activation. Blood 2000, 96, 2849–2855.

101. Kchour, G.; Tarhini, M.; Kooshyar, M.-M.; Hajj, H.E.; Wattel, E.; Mahmoudi, M.; Hatoum, H.; Rahimi, H.;
Maleki, M.; Rafatpanah, H.; et al. Phase 2 study of the efficacy and safety of the combination of arsenic
trioxide, interferon alpha, and zidovudine in newly diagnosed chronic adult T-cell leukemia/lymphoma
(ATL). Blood 2009, 113, 6528–6532. [CrossRef] [PubMed]

102. Fryrear, K.A.; Guo, X.; Kerscher, O.; Semmes, O.J. The Sumo-targeted ubiquitin ligase RNF4 regulates the
localization and function of the HTLV-1 oncoprotein Tax. Blood 2012, 119, 1173–1181. [CrossRef] [PubMed]

103. Yang, Y.; Xia, Z.; Wang, X.; Zhao, X.; Sheng, Z.; Ye, Y.; He, G.; Zhou, L.; Zhu, H.; Xu, N.; et al. Small molecular
inhibitors targeting protein SUMOylation as novel anticancer compounds. Mol. Pharmacol. 2018, 94, 885–894.
[CrossRef] [PubMed]

104. He, X.; Riceberg, J.; Soucy, T.; Koenig, E.; Minissale, J.; Gallery, M.; Bernard, H.; Yang, X.; Liao, H.;
Rabino, C.; et al. Probing the roles of SUMOylation in cancer cell biology by using a selective SAE inhibitor.
Nat. Chem. Biol. 2017, 13, 1164–1171. [CrossRef] [PubMed]

105. Lv, Z.; Yuan, L.; Atkison, J.H.; Williams, K.M.; Vega, R.; Sessions, E.H.; Divlianska, D.B.; Davies, C.;
Chen, Y.; Olsen, S.K. Molecular mechanism of a covalent allosteric inhibitor of SUMO E1 activating enzyme.
Nat. Commun. 2018, 9, 5145. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/bjh.14917
http://www.ncbi.nlm.nih.gov/pubmed/29171017
http://dx.doi.org/10.1177/1947601910377495
http://www.ncbi.nlm.nih.gov/pubmed/21779460
http://dx.doi.org/10.1182/blood-2014-06-584524
http://dx.doi.org/10.1371/journal.pone.0091072
http://dx.doi.org/10.1080/15384101.2015.1040965
http://www.ncbi.nlm.nih.gov/pubmed/25895136
http://dx.doi.org/10.1016/j.celrep.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27239040
http://dx.doi.org/10.12688/f1000research.17479.1
http://www.ncbi.nlm.nih.gov/pubmed/30854194
http://dx.doi.org/10.3389/fmicb.2012.00406
http://www.ncbi.nlm.nih.gov/pubmed/23226145
http://dx.doi.org/10.1128/JVI.76.24.12813-12822.2002
http://www.ncbi.nlm.nih.gov/pubmed/12438606
http://dx.doi.org/10.1038/leu.2017.74
http://www.ncbi.nlm.nih.gov/pubmed/28260789
http://dx.doi.org/10.1073/pnas.0507631103
http://dx.doi.org/10.1182/blood-2014-04-572750
http://dx.doi.org/10.1084/jem.20101095
http://dx.doi.org/10.1182/blood-2009-03-211821
http://www.ncbi.nlm.nih.gov/pubmed/19411628
http://dx.doi.org/10.1182/blood-2011-06-358564
http://www.ncbi.nlm.nih.gov/pubmed/22106342
http://dx.doi.org/10.1124/mol.118.112300
http://www.ncbi.nlm.nih.gov/pubmed/29784649
http://dx.doi.org/10.1038/nchembio.2463
http://www.ncbi.nlm.nih.gov/pubmed/28892090
http://dx.doi.org/10.1038/s41467-018-07015-1
http://www.ncbi.nlm.nih.gov/pubmed/30514846


Int. J. Mol. Sci. 2019, 20, 3895 18 of 18

106. Li, Y.-J.; Du, L.; Wang, J.; Vega, R.; Lee, T.D.; Miao, Y.; Aldana-Masangkay, G.; Samuels, E.R.; Li, B.; Ouyang, S.X.;
et al. Allosteric Inhibition of Ubiquitin-like Modifications by a Class of Inhibitor of SUMO-Activating
Enzyme. Cell Chem. Biol. 2019, 26, 278–288. [CrossRef]

107. Mohrbacher, A.M.; Yang, A.S.; Groshen, S.; Kummar, S.; Gutierrez, M.E.; Kang, M.H.; Tsao-Wei, D.;
Reynolds, C.P.; Newman, E.M.; Maurer, B.J. Phase I Study of Fenretinide Delivered Intravenously
in Patients with Relapsed or Refractory Hematologic Malignancies: A California Cancer Consortium
Trial. Clin. Cancer Res. 2017, 23, 4550–4555. [CrossRef]

108. Morad, S.A.F.; Davis, T.S.; Kester, M.; Loughran, T.P.; Cabot, M.C. Dynamics of ceramide generation and
metabolism in response to fenretinide–diversity within and among leukemia. Leuk. Res. 2015, 39, 1071–1078.
[CrossRef]

109. Dimopoulos, K.; Grønbæk, K. Epigenetic therapy in hematological cancers. APMIS 2019, 127, 316–328.
[CrossRef]

110. Fukuda, I.; Ito, A.; Hirai, G.; Nishimura, S.; Kawasaki, H.; Saitoh, H.; Kimura, K.; Sodeoka, M.; Yoshida, M.
Ginkgolic Acid Inhibits Protein SUMOylation by Blocking Formation of the E1-SUMO Intermediate.
Chem. Biol. 2009, 16, 133–140. [CrossRef]

111. Fukuda, I.; Ito, A.; Uramoto, M.; Saitoh, H.; Kawasaki, H.; Osada, H.; Yoshida, M. Kerriamycin B inhibits
protein SUMOylation. J. Antibiot. (Tokyo) 2009, 62, 221–224. [CrossRef] [PubMed]

112. Hirohama, M.; Kumar, A.; Fukuda, I.; Matsuoka, S.; Igarashi, Y.; Saitoh, H.; Takagi, M.; Shin-ya, K.; Honda, K.;
Kondoh, Y.; et al. Spectomycin B1 as a Novel SUMOylation Inhibitor That Directly Binds to SUMO E2.
ACS Chem. Biol. 2013, 8, 2635–2642. [CrossRef] [PubMed]

113. Kim, Y.S.; Keyser, S.G.L.; Schneekloth, J.S. Synthesis of 2′,3′,4′-trihydroxyflavone (2-D08), an inhibitor of
protein sumoylation. Bioorg. Med. Chem. Lett. 2014, 24, 1094–1097. [CrossRef] [PubMed]

114. Takemoto, M.; Kawamura, Y.; Hirohama, M.; Yamaguchi, Y.; Handa, H.; Saitoh, H.; Nakao, Y.; Kawada, M.;
Khalid, K.; Koshino, H.; et al. Inhibition of protein SUMOylation by davidiin, an ellagitannin from
Davidia involucrata. J. Antibiot. (Tokyo) 2014, 67, 335–338. [CrossRef] [PubMed]

115. Suzawa, M.; Miranda, D.A.; Ramos, K.A.; Ang, K.K.-H.; Faivre, E.J.; Wilson, C.G.; Caboni, L.; Arkin, M.R.;
Kim, Y.-S.; Fletterick, R.J.; et al. A gene-expression screen identifies a non-toxic sumoylation inhibitor that
mimics SUMO-less human LRH-1 in liver. eLife 2015, 4, e09003. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.chembiol.2018.10.026
http://dx.doi.org/10.1158/1078-0432.CCR-17-0234
http://dx.doi.org/10.1016/j.leukres.2015.06.009
http://dx.doi.org/10.1111/apm.12906
http://dx.doi.org/10.1016/j.chembiol.2009.01.009
http://dx.doi.org/10.1038/ja.2009.10
http://www.ncbi.nlm.nih.gov/pubmed/19265871
http://dx.doi.org/10.1021/cb400630z
http://www.ncbi.nlm.nih.gov/pubmed/24143955
http://dx.doi.org/10.1016/j.bmcl.2014.01.010
http://www.ncbi.nlm.nih.gov/pubmed/24468414
http://dx.doi.org/10.1038/ja.2013.142
http://www.ncbi.nlm.nih.gov/pubmed/24424345
http://dx.doi.org/10.7554/eLife.09003
http://www.ncbi.nlm.nih.gov/pubmed/26653140
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	SUMOylation in Acute Myeloid Leukemia 
	SUMO in Acute Promyelocytic Leukemias and Their Response to As2O3-Based-Therapies 
	SUMOylation in Non-APL Acute Myeloid Leukemia 

	The SUMOylation Pathway in Multiple Myeloma 
	SUMO in B Cell Lymphoma: Therapeutic Vulnerabilities of Myc-Overexpressing Cells 
	SUMOylation of Human T-Cell Lymphotropic Virus Type I (HTLV1) Protein Tax in Acute T-Cell Leukemia/Lymphoma (ATL) 
	Targeting SUMOylation: Clinical Perspectives 
	References

