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Abstract

SUMOylation and DeSUMOylation are reversible
protein post-translational modification (PTM)
processes involving small ubiquitin-like modifier
(SUMO) proteins. These processes have indis-
pensable roles in various cellular processes, such
as subcellular localization, gene transcription, and
DNA replication and repair. Over the past decade,
increasing attention has been given to SUMO-
related pathways as potential therapeutic targets.
The Sentrin/SUMO-specific protease (SENP),
which is responsible for deSUMOylation, has
been proposed as a potential therapeutic target
in the treatment of cancers and cardiac disorders.
Unfortunately, no SENP inhibitor has yet reached
clinical trials. In this review, we focus on advances
in the development of SENP inhibitors in the past
decade.

Introduction

Post-translational modification (PTM) of proteins
is a crucial process for the regulation of biologi-
cal growth and the stress response, and operates
via extremely sophisticated mechanisms. There
are at least 20 types of PTM in eukaryotes, such
as ubiquitination, phosphorylation, methylation,
glycosylation, and acetylation. Among them, a
reversible modification process involving small
ubiquitin-like modifier (SUMO) proteins, which
is thus termed SUMOpylation, has an indispensable
role in various cellular processes, such as modula-
tion of protein stability, subcellular localization,
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protein—protein interactions, gene transcription,
genome integrity, and DNA replication and repair
(Wilkinson and Henley, 2010; Vierstra, 2012;
Bailey et al., 2016). In 1995, Meluh and Koshland
(1995) identified Smt3 in Saccharomyces cerevi-
siae, which is the earliest report within this filed.
Two years later, based on the sequence similarity
between ubiquitin and a new 11.5-kDa protein,
ubiquitin/SMT3, the name SUMO was formally
proposed for the first time (Mahajan et al., 1997).
Although SUMO modification is closely
related to the progression of various diseases, such
as cancers and cardiac disorders, it has aroused
increasing attention as a potential therapeutic target
in recent years, especially concerning the Sentrin/
SUMO-specific protease (SENP), which is the key
regulator of deSUMOylation. Unfortunately, no
SENP inhibitor has yet reached clinical trials. In
this review, we focus on advances in the develop-
ment of SENP inhibitors within the past decade.
The opportunities and challenges are discussed.

SUMO modification and its
cellular functions

SUMO modification cycle

SUMO is a class of small proteins that are highly
conserved during evolution. Distinct from yeast
and invertebrates, which have only a single SUMO-
encoding gene, there are at least four SUMO
isoforms in vertebrate genomes, SUMO1-4.
SUMO?2 and SUMO3 are commonly referred to as
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SUMO2/3 because of their high sequence similar-
ity (97%), whereas SUMOL is less closely related
to SUMO2/3 (almost 50%), requiring different
activating and conjugating enzymes (Kerscher et
al, 2006). Both SUMO1 and SUMO2/3 show
certain preference for their substrates. For instance,
ran GTPase activating protein 1 (RanGAP1) is a
typical substrate of SUMO1, while Topoisomerase
I is predominantly modified by SUMO2/3. Some
other proteins, such as promyelocytic leukaemia
(PML) seem to be insensitive to SUMO isoforms.
Besides, their ability to form SUMO chains is also
diverse. However, whether SUMOA4 is capable of
protein processing or conjugation remains unclear
(Guo et al., 2004). In eukaryotic cells, all SUMOs
are translated as immature precursors that must be
transformed to the mature state before SUMOyla-
tion, which is initiated by SENPs through their
SUMO peptidase activity (Park et al., 2011). Under
the action of certain SENPs, about 10 amino acids at
the C-terminus of SUMO precursors are removed
and thus the crucial diglycine (GlyGly) binding site
motif in SUMOs is exposed for the later conjuga-
tion (Johnson, 2004) (Fig. 4.1).

Similar to ubiquitination, SUMO modification
of substrate proteins also requires a series of enzy-
matic reactions and results in the formation of an
isopeptide bond between the SUMO C-terminal
carboxyl group and the ¢-amino group of a lysine

residue in the substrate. The first step of SUMO
modification is catalysed by SUMO activating
enzyme El. In human cells, SUMO E1 is a het-
erodimer composed of two subunits, SUMO1
activating enzyme subunit 1 (SAE)1 and SAE2.
The former can be further decomposed into SAE1a
and SAE1b (Johnson, 2004). During this step, an
ATP molecule is hydrolysed for energy supplemen-
tation and an E1~SUMO high-energy thioester
bond is formed between the glycine carboxyl group
(SUMO C-terminal) and the sulthydryl group
(SAE2 cysteine) (Park et al., 2011). Subsequently,
the activated SUMO is transferred to a cysteine
residue in the SUMO conjugating enzyme E2 to
form a new thioester bond E2~SUMO. It is worth
noting that until now, only one SUMO E2, named
ubiquitin conjugating enzyme E2 I (UBC9), has
been identified, which is in sharp contrast with the
tens of E2 enzymes that act in unique combinations.
Although UBC9 can directly react with a certain
portion of the substrates and transfer SUMO to
the lysine residue in the target protein, thereby
completing the SUMOylation process in absence
of SUMO E3 ligase (Park et al., 2011), it has been
proven that E3 ligase can enhance SUMO conjuga-
tion in two ways (Miura and Hasegawa, 2010). On
the one hand, via interaction with the substrate,
SUMO E3 ligase recruits the E2~SUMO thioester
and the substrate into a complex, which narrows
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Figure 4.1 The crystal structure of SUMOs and their evolutionary relationships. (A) SUMO1 (PDB: 1A5R).
(B) SUMO2 (PDB: 2N1W) (C) SUMO3 (PDB: 1U4A). The flexible N-terminal extension is coloured grey. (D)

Evolutionary relationship of SUMO family members.
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their distance and contributes to the specificity of
transfer. On the other hand, the catalytic activity
of E2 is up-regulated in the presence of E3 ligase,
which contributes to the efficiency of SUMOyla-
tion. There are four E3 ligases in yeast, namely Siz1,
Siz2, Mms21, and Zip3; whereas mammals possess
ten, including three protein inhibitor of activated
STAT (PIAS) family members, Methyl methane-
sulfonate sensitivity gene 21 (MMS21), RAN
binding protein 2 (RanBP2), Pc2 (also known as
Keratin 17) and OP1 binding arginine/serine rich
protein (TOPORS).

As mentioned above, the SUMO modification
is a reversible process. To complete the SUMO
modification cycle, deconjugation of SUMO from
SUMOylated protein substrates is also indispen-
sable and is catalysed by the SENP family. Apart
from its function as a maturation enzyme, SENP
is also capable of the cleaving the isopeptide bond
formed between the C terminus of SUMO and the
e-amino group of the lysine residue in the target,
thereby promoting the release of SUMO (Mukho-
padhyay and Dasso, 2007). The members of SENPs
were first discovered in Saccharomyces cerevisiae
and named as Ulpl and Ulp2, while the human
SENP family was characterized later, including
SENP1, SENP2, SENP3, SENPS, SENP6, and
SENP7 (Li and Hochstrasser, 1999, 2000; Hickey
et al,, 2012). Interestingly, although the processing
and deconjugation of SUMO is achieved by the
same group of proteases, some SENPs act only
as deSUMO enzymes and do not participate in
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SUMO maturation (Saracco et al., 2007; Castro et
al.,2016) (Fig. 4.2).

SUMO interaction domains

The recognition and conjugation of most
SUMOylated substrates by SUMO E2 is achieved
viaashort consensus modification motif yKx(D/E)
characterized in multiple target proteins, in which
V represents a large hydrophobic residue, whereas
x can be any amino acid (Rodriguez et al., 2001).
Acting directly on UBC9, these residues have a
crucial impact on the stability of the interaction
between SUMO E2 and the target. In the crystal
structure of a SUMO consensus motifs-containing
protein-UBC9 complex, the modification motifs
adopt an extended conformation, which limits the
acceptor lysine in the UBC9 hydrophobic groove.
Electrostatic interactions as well as hydrogen bond-
ing between UBC9 and the amino acids adjacent to
the acceptor lysine also contribute to its recognition
(Linetal.,2002).In addition to the four-amino acid-
length canonical consensus motifs, several variants
have been identified, such as motifs with additional
elements nearby. For instance, phosphorylation of
certain sites, termed as phosphorylation-dependent
SUMO motifs (PDSMs), promotes up-regulation
of SUMOylation both in vitro and in vivo, and
was first discovered in heat shock proteins. There
are also negatively charged amino acid dependent
SUMO motifs (NDSMs), which possess negatively
charged residues. Reports of novel SUMO consen-
sus motifs, such as inverted consensus motifs and
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Figure 4.2 The SUMOylation and deSUMOylation cycle.
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motifs combined with an N-terminal hydropho-
bic cluster with distinct polarity, emphasizes the
importance of detailed research into the diversity of
SUMO conjugation sites (Hietakangas et al., 2003;
Mohideen et al., 2009; Matic et al., 2010). Further-
more, such consensus motifs do not strictly follow
the sequence order or geometrical requirements,
for example, the lysine in the a-helix of ubiquitin
conjugating enzyme E2K (E2-25K) (Pichler et al.,
200S; Knipscheer et al., 2008).

Another SUMO-binding domain that has been
studied in depth is the SUMO-interacting motif
(SIM), which mediates non-covalent interactions
between SUMO and proteins containing SIMs
(Merrill et al., 2010). It is typically composed of a
hydrophobic core with four consensus hydrophobic
residues, V/I-x-V/I-V/1 or V/I-V/1x-V/I/L, where
x can be any amino acid, flanked by acidic residues
providing the necessary polarity (Merrill et al,
2010). When complexed with SUMO, SIMs adopt
either a parallel or antiparalle]l p-conformation to
the SUMO p-sheet, exposing the hydrophobic
side chains to the hydrophobic pocket on the
SUMO surface. Molecular dynamic simulations
demonstrated higher stability of the complex with
the antiparallel orientation together with better
tolerance to sequence changes, possibly because
of the establishment of more backbone-mediated
interactions (Conti et al., 2014; Jardin et al., 2015).
In addition, a subclass of SIMs possessing serine
residues as phosphorylation sites, adjacent to the
hydrophobic core, has been characterized in PML,
exosome component 9 (EXO9), and PIAS proteins
(Stehmeier and Muller, 2009). Phosphorylated
by casein kinase 2 (CK2), these phospho-SIMs
enhance their non-covalent binding to SUMO
through electrostatic interactions between the
negatively charged phosphorylated serine and posi-
tively charged lysine on the SUMO surface, which
is also presumed to further affect the specificity of
different SUMO isoforms.

SIMs are found in many proteins, including
SUMO substrates and binding partners, SUMO-
targeted ubiquitin ligases (like SIx8-rING finger
protein (rfp) in S. pombe and SIxS-SIx8 in S. cer-
evisiae), as well as all known SUMO E3s, serving
as a crucial regulator in various cellular processes.
Although found in ubiquitin-specific protease
25 (USP2S), a substrate for SUMOylation, in
which the SIMs were observed to contribute to
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a modification preference for SUMO2/3, their
structural determinants for such specificity remain
to be verified and the measured affinity between
SIMs and different SUMO isoforms did not appear
to be significantly different (Meulmeester et al,
2008; Sekiyama et al.,, 2008; Kung et al., 2014).
Human ZNF451, a SUMO E3 ligase, contains two
SIMs separated by a Pro-Leu-Arg-Pro sequence in
its catalytic region, which provides support for the
effect of SIMs on E3 ligase activity (Cappadocia et
al., 2015). The N-terminal SIM of ZNF451 main-
tains the donor SUMO in a closed conformation,
whereas its C-terminal SIM combines with a second
SUMO on the reverse side of UBC9, which ensures
direct contact between certain residues and UBC9.
ZNF451 itself is also a target of SUMO modifica-
tion. SUMOylation occurs close to the catalytic
module, which causes an increase in its activity
as a SUMO E3 ligase (Hendriks and Vertegaal,
2016). Furthermore, it was proposed recently that
the SUMO modification targets entire groups of
interacting proteins rather than individual proteins,
thus the presence of SIMs in the substrates has a key
role in protein-group SUMOylation via multiple
SUMO-SIM interactions (Jentsch and Psakhye,
2013).

Other types of SUMO interaction domains have
also been reported, for instance the ZZ zinc finger
domain that interacts with SUMO in a zinc-depend-
ent manner and the zinc-independent MYM-type
zinc finger domain (Danielsen et al., 2012; Guzzo et
al., 2014). However, the latter seems to bind to the
same site in SUMO as SIMs, such that the destruc-
tion of the SUMO-SIM interaction simultaneously
affects the stability of the SUMO-MYM interac-
tion (Guzzo et al., 2014).

Cellular roles of SUMOylation

To date, numerous studies on the essential role of
SUMOylation in normal cell homeostasis have
been carried out, the majority of which were based
on the regulation of transcription. Early studies
demonstrated that SUMOylation is closely related
to transcriptional repression (Gill, 2005). One
of the hypotheses attributes this to the recruit-
ment of transcriptional corepressors, such as the
histone deacetylase 1 and 2 (HDAC)1/2 com-
plex (Yang and Sharrocks, 2004). SUMOylation
might also be involved in the regulation of factors
related to RNA polymerase Pol II, an emerging
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finding proposed more recently (Neyret-Kahn et
al., 2013; Niskanen et al., 2015). As reported by
Yu et al. (2018), SUMO and MYC have opposite
effects on global transcription by controlling the
level of SUMO modification of cyclin dependent
kinase 9 (CDK9), which is the catalytic subunit of
positive transcription elongation factor b (P-TEFb)
complex (Yu et al.,, 2018). SUMOylation of CDK9
interrupts its binding to the regulatory subunit
Cyclin T1, thereby causing a pause in the formation
of the active P-TEFb complex, which ultimately
blocks global gene expression. By contrast MYC
antagonizes SUMOylation processing in combi-
nation with PIAS in a CDK9-competitive way,
serving as a broad-spectrum promoter for cellular
transcription.

SUMOylation is also implicated in the modula-
tion of cellular stress responses, like the endoplasmic
reticulum (ER) stress response, viral infections,
nutrient response, and especially, the DNA damage
response (Enserink, 201S5). Ubiquitin-SUMO
crosstalk occurs extensively in signalling responses
to double-strand breaks (DSBs). One example is
ring finger protein 4 (RNF4), a SUMO targeting
ubiquitin ligase (STUbLs) in mammalian cells.
Containing tandem SIMsin its N-terminus, RNF4is
capable of recognizing poly-SUMOylated proteins
and promoting K48-linked ubiquitination (Gal-
anty et al., 2012). In addition, RNF4 also catalyses
ubiquitin conjugating enzyme E2N (UBC13)-
dependent K63-linked polyubiquitination (Yin et
al., 2012). Phenotypically, cells lacking RNF4 show
defective RADS1 recombinase (RADS1) loading,
leading to blockade of chromosome homologous
recombination, for which ineflicient exchange of
replication protein A (RPA) with RADSI is caused
by the decrease of SUMO-modified RPA turnover
from single-stranded DNA (ssDNA) may be an
acceptable explanation (Galanty et al., 2012; Yin et
al, 2012).

DeSUMOylation and SENPs

As stated above, the members of the SENP family
have a dual effect as maturation enzymes in pre-
cursor processing and SUMO deconjugases. In
the body, SUMOylation and deSUMOylation are
require for a dynamic equilibrium relationship,
while the balance between SUMO and deSUMO
modification of proteins in diverse cellular
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compartments is mainly attributed to SENPs. Based
on their sequence homology, substrate specificity,
and subcellular localization, the six SENP isoforms
in mammals, SENP1, SENP2, SENP3, SENPS,
SENP6 and SENP7, can be classified into three
sub-families: SENP1 and SENP2, SENP3 and
SENPS, and SENP6 and SENP7 (Gong and Yeh,
2006). In terms of their evolutionary relationship,
the first two families can also be classified as the
Ulp1 branch, while SENP6 and SENP7 belong
to the Ulp2 branch (Mukhopadhyay and Dasso,
2007).

Structural characteristics
Compared with the variable N-terminus, which
contributes to the differences in spatial distribution
and substrate specificity among distinct SENP
isoforms, the C-terminal regions among all six
SENPs seem to be more conserved, containing
a cysteine protease catalytic domain that is
approximately 250 amino acids in length (Hickey
et al., 2012). Currently, only the crystal structure
of the catalytic domain of SENP1 (2IYC, 2IY1,
2IYD, 2IY0) coupled with SENP2 (1THO, 1TGZ,
2100, 2101, 2102, 2103), and SENP7 (3EAY) has
been reported, either in apo form or in complex.
Composed of the typical catalytic triad (Cys-His-
Asp) (Cys603, HisS33 and AspSSO for SENPI;
Cys-548, His-478, and Asp-495 for SENP2; His-
794, Cys-926 and Asp-873 for SENP7), which
is analogous to other cysteine proteases, the
crystal structures of these three SENPs are quite
similar (Kumar and Zhang, 2015). The structures
highlight that this catalytic domain is indispensable
for the hydrolytic activity in precursor processing
and deSUMOylation, such that the replacement
of the active-site cysteine residue with serine in
human SENP1 damaged to its function (Xu et al.,
2006). Meanwhile, a narrow tunnel lined by Trp
residues in SENP1 is critical for the positioning of
the di-Gly motif, while the closing it contributes to
the orientation of the sessile bond, thus forming an
unstable kink in the linkage to the SUMO substrate
proteins, which is believed to promote cleavage
(Shen et al.,, 2006). Among the catalytic triads,
cysteine, as the main catalytically active site, is the
most commonly used target for the development of
SENP inhibitors (Fig. 4.3).

In particular, the structure of the catalytic
domain of SENP7, consisting of amino acid
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Figure 4.3 Structures of SENPs. (A) Details of the SENP1 catalytic triad. (B) Details of the SENP1 catalytic triad
and the Trp tunnel in the SENP1-SUMO1 complex. SENP1 is shown in blue and SUMO1 is shown in in purple

(PDB: 2IY1).

residues 662-984, reveals its relationship between
the SENP/Ulp protease family and other Cys-48
cysteine proteases. Consistent with its substrate
specificity, SENP7 has a unique catalytic struc-
ture that is apparently different from SENP1 and
SENP2, including the absence of the N-terminal
a-helix, the insertion of four conserved loops, and
the extension of several secondary structure ele-
ments (Lima and Reverter, 2008). Loopl is highly
conserved in SENP6 and SENP7, suggesting its
potential contribution to catalytic activity, which
was subsequently proved (Lima and Reverter,
2008). Compared with wild-type SENP7, mutants
lacking loop1 show an apparent defect in enzyme
activity of SENP7 for both precursor processing
and SUMO-deconjugation. Besides, Alegre and
Reverter (2011) identified that the position of
Asp71, coupled with Asn68 of SUMO?2, is close
to loopl of SENP7 in the crystal structure of their
complex, indicating possible polar interactions.
Further studies showed that these two key amino
acids are directly responsible for the preference of
SENP7 for SUMO2/3 through interaction with
loopl.

Substrate specificity

SENP1 and SENP2

SENP1 and SENP2 show broad specificity for
SUMO1/2/3. SENP2 has a similar activity to
SENP1 when overexpressed; however, it prefers
SUMO?2 over SUMOL1 for deconjugation and has a
relatively poor effect on SUMO3. The mechanisms
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of action of these two isoforms are distinct, for
example, although both SENP1 and SENP2 can
regulate c-Jun-dependent transcription, SENP1
works by deSUMOylation of p300 while SENP2
targets PML (Best et al., 2002; Cheng et al., 2005).
Emerging research suggests that SENP1 regulates
the stability of hypoxia inducing factor 1 (HIF1),
while SENP2 does not, clearly indicating that both
of them have their own specific substrates (Yeh,
2009).

SENP3 and SENP5

SENP3 and SENPS share high sequence identity
and the same localization; it is reasonable to deduce
that they may have similar substrate selectivity
(Gong and Yeh, 2006). Compared with SUMO1,
SENP3 and SENPS show a prominent preference
for SUMO2/3. The stability of SENP3 is regu-
lated by CHIP, which is the carboxyl-terminus of
heat shock protein family A (HSP70) member
8 (HSC70)-interacting protein through the heat
shock protein 90 (HSP90)-independent ubiquitin-
proteasome pathway (Yan et al., 2010). However, in
response to mild oxidative stress, SENP3 undergoes
thiol modification, by which HSP90 is recruited,
and subsequently its degradation is repressed. In
liver cancer, SENP3 accumulates and accelerates
disease progression by responding to the abnormal
redox background (Yan et al., 2010). SENPS is
crucial in cell mitosis and/or cytokinesis, and the
absence of SENPS causes proliferation inhibition
and abnormal nuclear morphology (Di Bacco et al.,
2006).
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SENP6 and SENP7

Among the six human SENP isoforms, the cata-
lytic domains of SENP6 and SENP7 are the most
diverse, especially the insertion of loopl, which
mediates the specific interaction with SUMO2/3-
conjugated substrates. As a consequence, SENP6
and SENP7 preferentially act on SUMO2/3,
and moreover, are more effective in cleaving di-
SUMO?2/3 or poly-SUMO2/3 chains attached to
lysine residues (Alegre and Reverter, 2011; Lima
and Reverter, 2008).

SENPs fail to achieve the proteolytic process-
ing of SUMO4 precursor molecule in vivo, which
is indispensable for its maturation; therefore, the
posttranslational modification of substrate proteins
by SUMO4 has not yet been observed (Owerbach
et al., 2005). In precursor SUMO4, Pro-90 replaces
Gln in SUMO1-3, which causes a conformational
restriction that might keep the peptide bond to be
cleaved distal from the catalytic site of SENP and
thus disrupt the maturation process (Békés et al.,
2011). APS0Q single amino acid mutant of precur-
sor SUMO4 made it amenable to SENP2 cleavage,
as did another mutant, G63D (Liu et al., 2014).
Besides, although all six SENP isoforms possess
SUMO deconjugation/isopeptidase activity, only
SENP1, SENP2, and SENPS can carry out SUMO
maturation.

Cellular localization

Different SUMO isopeptidases have characteristic
subcellular distributions, which is closely related to
the varied lengths and specificities of the N-termi-
nal domains, which seems to contribute to substrate
specificity. SENP1 consists of 644 amino acids, with
a nuclear localization signal (NLS) and nuclear
export-signal (NES) at its N-terminus and C-ter-
minus, respectively (Bailey and O’Hare, 2004). The
structure of SENP2 is quite similar. Interacting with
components of the nuclear pore complex, SENP1
and SENP2, coupled with Ulp enzyme, which was
identified in yeast, gather on the nuclear envelope
and accumulate in distinct subnuclear structures
(Goeres et al., 2011). Although they are excluded
from the nucleolus, substantial amounts of SENP1
and SENP2 are observed in nuclear foci that par-
tially overlap with PML bodies. During mitosis,
SENP1 and SENP2 are redistributed from the
nuclear envelope to the kinetochore (Cubenas-
Potts et al., 2013). Notably, measuring a series of its

caister.com/cimb

Small Molecule Modulators of DeSUMOylation

mutants with interspecies heterokaryons indicated
that SENP2 shuttles between the nucleus and the
nucleoplasm, which can be inhibited by mutation
of its NES or treatment with leptomycin B (LMB),
in spite of its predominantly nuclear localization
(Itahana et al., 2006). In addition, diverse splice
variants of SENP2 show specific subcellular locali-
zations (Hickey et al., 2012).

Both SENP3 and SENPS are compartmental-
ized in the nucleolus, the function of which is to act
on proteins involved in the early stage of ribosome
maturation (Haindl et al.,, 2008; Yun et al., 2008).
SENP3, also known as SMT3IP1 or SMTBI1 in
mice, comprises 574 and 568 amino acids, respec-
tively. SENP3 contains unique sequences in its
N-terminus, including glutamate clusters (residues
74-86) and two regions rich in arginine (residues
119-122, 147 and 153), which may account for its
nucleolar localization (Nishida et al., 2000). SENPS
comprises 755 amino acids with an extended
sequence at its N-terminus, a truncated variant of
which co-localizes with the PML (Di Bacco et al,,
2006). In addition, subfractions of SENP3 and
SENPS are also found in the nucleoplasm and
cytoplasm. In particular, SENPS translocates to
the surface of mitochondria before the rupture of
the nuclear envelope during G2/M stage of the cell
cycle (Zunino et al., 2009). By contrast, SENP6 and
SENP7 are generally concentrated in the nucleo-
plasm (Table 4.1).

Cellular pathways controlled by
SENPs

Cell cycle

Considering the spatiality and temporality of
SUMOylation in mitosis, it is easy to associate
SENPs with cell cycle progression. In budding yeast,
Ulp1, which acts on Smt3 and SUMO1-conjugated
proteins, exhibits an essential role in the transition
from G2 to M phase (Li and Hochstrasser, 1999).
Knockdown of SENPI causes the failure of sister
chromatid separation and arrests progression at
M phase; however, overexpression of SENP2 also
decreases global SUMOylation, which leads to
prometaphase arrest because of defects in targeting
the microtubule motor protein centromere protein
E (CENP-E) to kinetochores (Zhang et al., 2008;
Cubeiias-Potts et al., 2013). Moreover, Mukhopad-
hyay and Dasso (2010) identified SENP6 as a key
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Table 4.1 Properties of SENP isoforms

SENP Substrate

isoform  preference Cellular localization Function

SENP1  SUMO1/2/3 Nuclear pore and nuclear foci  Deconjugation/isopeptidase; precursor processing

SENP2 SUMO2/3>SUMO1 Nuclear pore and nuclear foci; Deconjugation/isopeptidase; precursor processing
cytoplasm

SENP3  SUMO2/3 Nucleolus Deconjugation/isopeptidase

SENP5  SUMO2/3 Nucleolus Deconjugation/isopeptidase; precursor processing

SENP6  SUMO2/3 Nucleoplasm Deconjugation/isopeptidase; chain-editing

SENP7  SUMO2/3 Nucleoplasm Deconjugation/isopeptidase; chain-editing

regulator of inner kinetochore assembly. Deletion
of SENP6 directly led to the mis-localization of
inner kinetochore proteins (IKPs) in Hela cells,
which caused chromosome misalignment with mis-
segregation, and subsequently delayed cell cycle
progression. By antagonizing the STUbL pathway,
SENP6 functions as a protector of IKP, keeping it
away from S phase degradation (Mukhopadhyay
and Dasso, 2010). The mitotic substrate specificity
of SENPs remains to be determined.

Transcription

Among the proteins  of
SUMOylation, nuclear proteins occupy a con-
siderable proportion, which participate in the
transcriptional regulation of genes and chroma-
tin dynamics. In most cases, the conjugation of

known substrate

core histones is associated with transcriptional
silencing, and SUMOylated transcription fac-
tors or transcriptional co-regulators are thought
to induce a decrease or even inhibition of gene
activation (Wotton et al,, 2017). Correspondingly,
deSUMOylation, mediated by SENPs, facilitates
transcription  (Niskanen and Palvimo, 2017;
Wotton et al., 2017). For instance, SENP3 affects
the assembly of the MLL1/2 (also known as lysine
methyltransferase 2A) histone methyltransferase
complex on distinct homeobox (HOX) genes,
including the osteogenic master regulator distal-
less homeobox 3 (DLX3) (Nayak et al, 2017).
Via the deSUMOylation of RB Binding Protein
5 (RbBPS), SENP3 activates the recruitment of
Ash2 (absent, small, or homeotic)-like (Ash2L)
and menin subunits to DLX3 by complexing with
MLL1/2, which is a prerequisite for promot-
ing transcriptional activation of the HOX genes
(Nayak et al., 2017).
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However, the deSUMOylation of the complex
of transducin B-like protein 1 (TBL1) and TBLI-
related 1 (TBLR1) by SENP1 decreases complex
formation and subsequently inhibits PB-catenin-
mediated transcription, serving as a suppressor of
the Wnt signalling pathway (Choi et al.,, 2011).

Macromolecular assembly
The biogenesis of pre-ribosomal particles in eukar-
yotic cells is controlled by Ulp/SENPs, which was
first found in S. cerevisiae via mutations in UBC9,
Ulpl, and Smt3, where the export of the pre-60S
ribosomal subunit was defective (Panse et al., 2006).
Formed in the nucleolus, pre-60S and pre-40S
ribosomes need to undergo a series of sophisticated
modifications to transform them into a mature
state. Subsequently, they are transported to the
cytosol, in which SUMOylation plays a major role.
The late steps of nucleolar maturation of pre-60S
particles involves the formation of a complex com-
prising proline, glutamate and leucine rich protein
1 (PELP1), testis expressed 10 (TEX10), and WD
Repeat Domain 18 (WDR18), the SUMOylation
of which is carried out in a SENP3-dependent way
(Finkbeiner et al.,2011). PELP1 shows a prominent
sensitivity to SENP3, while its SUMO conjugation
enhances the recruitments Midasin AAA ATPase 1
(MDNT1) to pre-60S particles, functioning as a key
step in pre-60S remodelling (Raman et al., 2016).
Another instructive example is that of the PML
protein, a scaffold protein of PML nuclear bodies
(Uversky, 2017). Being the focal point of SUMO
conjugation and deconjugation, the modulation of
PML nuclear bodies involves multiple SUMO-SIM
interactions (Raman et al., 2013). SUMOylated
PML proteins can be self-assembled via their own
SIMs or recruited with other SIM-containing
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proteins. Therefore, the degree of SUMOylation
greatly affects the number and composition of
nuclear bodies. The key role played by SUMO in
promoting nuclear bodies assembly by providing
multivalent interactions was highlighted recently,
suggesting the possible effect on the dynamics of
nuclear bodies of SENPs (Banani et al., 2016). The
poly-SUMOylated PML protein itself is a substrate
for SENP6; therefore, down-regulation of SENP6
expression directly induces the formation of the
SUMO chain on PML, causing an increase in both
the number and size of PML nuclear bodies (Hat-
tersley et al., 2011).

DNA repair

The importance of SUMO-dependent recruitment
to the sites of DNA damage sites in the double-
strand break (DSB) response is evident from the
appearance of the 70-kDa subunit of the replication
protein A complex (RPA70) being controlled by
SENP6 (Dou et al., 2010). RPA plays a key role
in DNA replication, as well in damage responses.
Associated with RPA70 during replication, SENP6
limits the SUMOylation of RPA70 to a lower
level in S phase. Double-stranded DNA damage
induces the expression of the replication stress-
induced factor Camptothecin (CPT), at which
point SENP6 is dissociated from RPA70, thereby
relieving the restriction of RPA70 SUMOylation,
which involves SUMO2/3 (Dou et al, 2010).
SUMOylated RPA70 recruits RADS1 to the DNA
damage foci and subsequently initiates DNA repair
through homologous recombination. In another
example, SENP7 acts on the chromatin repressive
KRAB-associated protein 1 (KAP1), facilitating the
removal of its coupling to SUMO2/3 (Garvin et
al,, 2013). The deSUMOylation of KAP1 contrib-
utes to chromatin relaxation through interactions
between chromatin remodeller CHD3 and chro-
matin, which establishes the permissive chromatin
environment required for DNA repair.

Mitochondrial dynamics

Previously, many proteins involved in the control
of mitochondrial dynamics in mammalian cells
were identified, including dynamin-related protein
1 (DRP1), a mitochondrial fission GTPase that
is a substrate of SUMOI1. The overexpression of
SUMOI1 protects DRP1 from degradation and
subsequently leads to increased mitochondrial
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fragmentation (Harder et al, 2004). However,
SENPS can reverse this SUMO1-induced frag-
mentation, while silencing of its expression altered
mitochondrial morphology and inhibited mito-
chondrial fusion (Zunino et al., 2007). Moreover,
the translocation of SENPS at G2/M also has a
crucial role in the regulation of DRP1-dependent
fusion during mitosis (Gong and Yeh, 2006).

DeSUMOylation in diseases

As one of the most dominant post-translational
modification, the substrates of SUMOylation are
involved in almost all pathological processes. Thus,
abnormal SUMOylation, especially the alteration
of SENPs expression under diseased states, may
be closely related to the development of various
diseases, such as cancers and cardiac disorders. For
example, SENP2, which is one of the direct targets
of the transcription factor NF-kB, accelerates the
pathogenesis of tumours via inflammatory signal-
ling (Huang et al., 2003; Lee et al., 2011). SENP3
coupled with SENPS are notably overexpressed in
oral squamous cell carcinomas, osteosarcoma, and
hepatocellular carcinoma (Ding et al., 2008; Sun et
al., 2013; Wang and Zhang, 2014; Jin ef al., 2016).
In addition, up-regulated SENP3/SMT3IP1 pro-
motes epithelial ovarian cancer progression; thus,
SENP3/SMT3IP1 up-regulation could be regarded
as a novel biomarker for prognosis (Cheng et al.,
2017). Moreover, the statistical relation between
the expression level of SENPS and prognosis in
patients with breast cancer has been demonstrated
(Cashman et al., 2014).

In addition, recent studies have also associated
SUMOylation with the development, metabolism,
and pathology of the heart. Numerous key pro-
teins in cardiac development have been shown to
undergo SUMOylation, including myocardin,
GATA-binding protein (GATA)-4, Nk2 homeobox
5 (Nkx2.5), myocyte enhancer factor-2 (MEF2),
and T-box transcription factors-2 and -$ (TBX2/
TBXS) (Wang and Schwartz, 2010; Beketaev et al.,
2014). Meanwhile, SUMO elements are indispen-
sable to the entire cardiac physiology. For instance,
the absence of SENP2 resulted in cardiac hypoplasia
in mice, whereas its overexpression was associated
with cardiac dysfunction, such as congenital heart
defects, cardiomyopathy, and hypertrophy (Kang et
al., 2010; Kim et al., 2012).
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Advances in the development of
SENP inhibitors

Small molecule inhibitors

To date, relatively few inhibitors of SENPs have
been reported, and they are mainly concentrated
in inhibiting SENP1 and SENP2. Several methods
have been used to identify SENP inhibitors. Sci-
entists used the feature that the cysteine on SENP
can react with electrophiles (Hemelaar et al., 2004),
and developed covalent inhibitors for this series of
protein. Some researchers simulated the structure
of SUMO (Albrow et al., 2011; Ponder et al., 2011),
while other simulated the combination between
SUMO and SENP, and utilized computer-aided
drug design to develop relevant inhibitors (Qiao
et al., 2011). Moreover, with the advances in com-
puter technology, more and more research groups
began to use i silico techniques to find compounds
with high activity and selectivity from large libraries
of compounds (Shen et al., 2006; Chen et al., 2012;
Madu et al., 2013; Kumar et al., 2014; Wen et al.,
2014). Non-covalent inhibitors of SENP have also
been found using this method (Chen et al., 2012).

In 2011, Bogyo's (Albrow et al., 2011; Ponder
et al, 2011) and Zhou’s (Qiao et al., 2011) labora-
tories first identified small molecule inhibitors of
SENDPs. Bogyo's group developed a series of com-
pounds that simulated the structure of peptides,
while Zhou’s group developed the first series of
non-peptide inhibitors of SENPs.

During functional studies of Plasmodium fal-
ciparum SENPs, Ponder et al. (2011) screened
508 irreversible cysteine protease inhibitors, and
identified a PfSENP1 inhibitor 1. PfSENP1 inhibi-
tor 1 displayed an IC of 17.9uM for PfSENP],
but the values were only 9.0yM and 4.7 M for
human SENP1 and SENP2, respectively. To
improve the stability of the compound, as well as
simplify its synthesis, the aspartic acid side chain
of the original compound was removed to form
compound 2. Compound 2 showed increased
inhibitory efficiency. For PfSENPI, the IC;
value was 16.2 uM, while for human SENP1 and
SENP2, the value values were 7.1 M and 3.7 uM,
respectively. AS part of Bogyo’s group, Albrow et al.
(2011) designed a series compounds with acyloxy-
methyl ketone (AOMK), which were based on the
structure of compound 2 and SUMO. Most of the
compounds showed inhibitory activities on human
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SENP1 and SENP2, among which, compound 3,
with the QTGG specificity sequence, showed the
best inhibition and IC, values of 3.6 and 0.25 uM,
for human SENP1 and SENP2, respectively. How-
ever, compound 4, which contains the sequence of
ubiquitin, showed inhibitory activities on human
SENP6 (IC, = 4.2 uM) and SENP7 (IC,,=4.3 uM)
(Fig. 4.4).

However, considering that the compounds with
peptidyl moieties may perform poorly in pharma-
cokinetics, Qiao et al. (2011) developed a series of
SENP1 inhibitors based on a benzodiazepine scaf-
fold, which were the first designed and synthesized
non-peptide inhibitors. According to the crystal
structure of human SENP1 complexed with unpro-
cessed SUMO1 (PDB: 2IY1) (Shen et al.,, 2006),
they found that the core structure of benzodiaz-
epine docked into the catalytic pocket and could
simulated the natural combination, via its formyl
group forming a covalent bond with Cys-603. The
two most potent compounds 5 and 6 displayed
IC,, values of 19.5 uM and 9.2 uM, respectively, for
SENP1, and also showed inhibitory activity against
prostate cancer cells in vitro, with IC_ of 13.0 uM
and 35.7uM, respectively. In a follow-up study,
Zhao et al. (2016) found 11 series of SENP1 inhibi-
tors with different scaffolds using virtual screening.
By analysing the structures of these inhibitors and
the patterns of their binding to SENP1, a series of
compounds with new scaffolds was designed and
synthesized from two representative compounds.
Subsequently, their structure-activity relation-
ships were identified. Among them, the most
potent compound 7 displayed an IC, of 3.5 uM for
SENPI (Fig. 4.5).

Compound 8 can inhibit hypoxia inducible
factor (HIF)-1a accumulation (Uno et al., 2009), as
well as the growth of KEK293 cells (IC50 =7.2uM).
However, its inhibitory mechanism has not been
determined (Shimizu et al, 2010). Uno et al.
(2012) used a biotin-tagged compound version of
compound 8 to identify its target molecules using
pull-down experiments. Fortunately, they observed
an interaction between 8 and SENPI. Through
structural optimization, compounds 9 and 10
were synthesized, which have more potent inhibi-
tory activities against SENP1, with IC | values of
39.5 uM and 29.6 uM, respectively (Fig. 4.6).

In recent years, computational approaches
have become important to identify small molecule
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Figure 4.5 Structures of compounds 5-7.

inhibitors. Several approaches have been reported,
such as virtual screening and docking, in attempts
to find SENPs inhibitors.

Based on the crystal structure of the SENP1-
SUMO2-RanGAP1 complex reported by Hay’s
group (PDB entry: 2IY0) (Shen et al,, 2006), Chen
etal. (2012) identified novel lead compound 11 asa
SENP1 inhibitor by molecular docking of 180,000
compounds in the SPECS compound library using
Glide version 4.5. According to the results of subse-
quentbiological tests of the selected 38 compounds,
compound 11 showed the best inhibitory activity,
with an IC_ of 2.385uM. A series of derivatives
of 11 based on 2-(4-Chlorophenyl)-2-oxoethyl
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4-benzamidobenzoate was then designed and syn-
thesized, among which the IC; of compound 12
reached 1.08 uM (Fig. 4.7).

Madu et al. (2013) performed in silico screening
of 250,000 compounds using the program GLIDE
and obtained 40 candidates that exhibited inhibi-
tory activities on SENP1, SENP2, and SENP7.
According to the data from biological measurement
and their structural features, a novel class of SENP
inhibitors based on sulfonyl-benzene groups was
proposed. The most potent compound 13 displayed
IC, values of 2.1uM, 2.0 uM, and 2.7 uM, respec-
tively, for SENP1, SENP2, and SENP7. Moreover,
unlike the most common SENP inhibitors, which
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Figure 4.7 Structures of compounds 11-12.

covalently target the catalytic cysteine residue,
this class of inhibitors are not covalently bound to
SENPs. They have a non-competitive inhibitory
mechanism and can combine with SENPs and the
SENPs-substrates complex (Fig. 4.8).

Kumar et al. (2014) screened out small mol-
ecules from a library of 400 million compounds
using the ROCS and EON programs. The mol-
ecules were similar to the TGGK peptide at the
SUMO1 C-terminus in terms of their structure
and electrostatic characteristics. These compounds
were docked to SENP2 catalytic pocket and then
a quantitative biological test was performed on
the selected 49 compounds using oxadiazole. This
series of compounds showed inhibitory activities
on both SENPI and SENP2. Finally, the most
potent compound 14 was found to show an IC, of
3.7uM on SENP2 and >30uM on SENPI, which
indicated partial selectivity for SENP2 (Fig. 4.9).

Wen et al. (2014) used two virtual screening pro-
grams, DOCK and AutoDock to docked = 100,000
drug-like compounds, which were selected from a
library comprising two million compounds. Finally,
117 compounds were selected to evaluate SENP1
activity. The most potent compound 15 displayed
an IC,; of 1.29 uM for SENP1. It shows selectivity
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for SENP1, but weak inhibition of other cysteine
proteases, like cathepsin B and D (Fig. 4.10).

Biotinylated probes

Before these small molecules were identified,
scientists focused on covalent binding with the thiol
group of cysteine in the catalytic site of SENPs.

Hemelaar et al. (2004) first reported peptide
SENPs inhibitors. Based on the mechanism of
SUMOylation and the structural characteristics of
SUMO, they used the synthesis strategy of intein
to link the vinylsulfone (VS) group at the end
of SUMO to obtain the peptide SENP inhibitor
16. A Michael addition reaction occurred, and
the inhibitor covalently bound to the catalytic
cysteine residues of SENP2 and other related
enzymes. To identify the key role of the cysteine
residues in catalysis, pre-incubation of SENP2
with N-ethylmaleimide (NEM) was carried out,
which disrupted the irreversible conjugation
between VS and SENP2 (Fig. 4.11).

Borodovsky et al. (2005) used a similar
strategy and reported peptide compounds of the
ubiquitin-like proteins Nedd8, SUMO1, FAT10,
Fau, and APGI12 linked to a VS group. Among
them, there are three C-terminal peptide chains
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of different lengths from SUMO1 (S peptide, 9
peptide, 13 peptide) linked to the VS group that
could bind to a series of proteins in the EL-4
cell lysate. Subsequent competition experiments
showed that the peptide 17 was able to bind to at
least one SUMOI protease and was sufficient to
establish selectivity. This study showed that only
peptides of a few amino acids can specifically bind
to SENPs (Fig. 4.12).
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Dobroti et al. (2012) designed and synthesized
peptide 18. One terminal of the peptide contains
a glycine-derived fluoromethylketone group that
can covalently bind to the cysteine of SENPs. The
results showed that peptide C binds to SENP1
and SENP2 and can compete for SUMOI1 from
the SENP1-SUMOI1 complex, indicating that this
compound binds to SENP1 more strongly than the
SUMO1 molecule in nature (Fig. 4.13).
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Figure 4.11 Structure of compound 16.
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Figure 4.12 Structure of compound 17.
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Figure 4.13 Structure of compound 18.
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