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Drugging SUMOylation for
neuroprotection and oncotherapy

Recently there have been exciting research advances in neuropro-
tective therapies for ischemic stroke. In the past, the search for neu-
roprotective agents has been fraught with failure at the clinical trials
stage due to numerous factors, including subject heterogeneity and
improper therapeutic windows (Tymianski, 2017). Moreover, it is be-
coming clearer that the complex and evolving pathobiology of stroke
requires multimodal therapeutic approaches capable of modulating
the numerous axes that contribute to ischemia/reperfusion damage,
rather than targeting a single axis (Bernstock et al., 2018a). With the
success of recent endovascular thrombectomy (EVT) trials, it has been
suggested that clinical trials of EVT with adjunct neuroprotection can
overcome past difficulties and maximize the effect size by using imag-
ing to reduce patient heterogeneity (i.e., selecting those with large ves-
sel occlusions, small ischemic cores, and good collateral circulation),
restoring perfusion using better EVT devices, and enrolling patients in
the correct therapeutic window (i.e., when they still have salvageable
brain tissue) (Tymianski, 2017). Considering the opportunity that this
represents for new, better clinical trials of neuroprotective agents, the
search is on for high-potential compounds that may be investigated in
these future studies.

Of particular interest are potential therapies centered on the mod-
ulation of protein SUMOylation, a post-translational modification
that regulates a myriad of diverse pathways in the cell (Bernstock et
al.,, 2018a). A little under a decade ago, it was discovered that 13-lined
ground squirrels (Ictidomys tridecemlineatus) demonstrated extreme
global levels of SUMOylated proteins in their brains during hiberna-
tion torpor, a state that is in and of itself effectively a model of “nat-
ural tolerance” to ischemia-like conditions (Bernstock et al., 2018a).
Following this landmark observation, numerous in vitro and in vivo
models have demonstrated that increasing global protein SUMOYy-
lation leads to an induction of ischemic tolerance (Bernstock et al.,
2018a). Naturally, it was of great clinical relevance to search for small
molecules that would be capable of pharmacologically modulating
SUMOylation, in the hopes of developing novel therapies for a pa-
thology with a marked worldwide disease burden.

SUMO is primarily found in three isoforms, with SUMO2 and
SUMO3 sharing 96% homology. In brief, the SUMOylation pathway
is as follows: first, the SUMO-specific proteases (SENPs) cleave the
immature SUMO precursor to produce the functional SUMO form
(Flotho and Melchior, 2013). As the initial (ATP-dependent) step in
SUMO-conjugation, the SUMO E1 enzyme (a heterodimer of SUMO
activating enzyme (SAE)1/2) forms a covalent thioester with SUMO
(Flotho and Melchior, 2013). Following that, SUMO is transferred
to the catalytic domain of the SUMO E2 enzyme, Ubc9, which then
forges an isopeptide bond between SUMO and the target SUMO-sub-
strate protein (in some cases, a target-specific E3 ligase may aid the
association of the SUMO-Ubc9 intermediate to the target) (Flotho
and Melchior, 2013). The immediate effects of SUMOylation include
promotion or inhibition of protein-protein interactions, alteration of
the target’s conformational state, and regulation of the target’s stabil-
ity by inhibiting or promoting ubiquitination (Flotho and Melchior,
2013; Bernstock et al., 2018a). Finally, removal of SUMO from the tar-
get protein (i.e., deconjugation) is effected by the isopeptidase activity
of the SENP family; a few other SUMO-deconjugating proteins have
been identified, but their activity is highly substrate-specific. Overall,
the cycling of the SUMO pathway from conjugation through deconju-
gation is dynamic and rapid (Flotho and Melchior, 2013).

When considering druggable targets of the SUMO pathway, there
are certain features of this post-translational modification that lend
themselves easily towards modulating global SUMOylation. Unlike
ubiquitination, SUMOylation limits itself to one E1 activating enzyme
(the heterodimer SAE1/2) and one E2 conjugase (Ubc9) — thus,
targeting each of these components of the SUMO-conjugation ma-

chinery is likely to effect significant changes in levels of SUMOylated
proteins. Past in vitro and in vivo studies have leveraged this principle
in order to effectively investigate the upregulation of SUMO-conju-
gation and protection against oxygen-glucose deprivation (OGD) (an
in vitro model of ischemic stroke) or middle cerebral artery occlusion
(MCAO), such as by constitutively overexpressing Ubc9 in transgen-
ic mice which later demonstrated improved outcomes after MCAO
compared to wild-type mice. Certain microRNAs (i.e., miRNA-182
and 183) have also been identified as inhibitors of SUMOylation and
pharmacological inhibition of these miRNAs represents another drug-
gable axis. Lastly, the SENP protein family — as SENPs are capable of
cleaving SUMO from SUMOylated proteins regardless of the protein’s
identity (only having preference for specific SUMO isoforms), these
enzymes, particularly SENP1-3, may also be targeted to modulate
global protein SUMOylation (Bernstock et al., 2018a).

With recent advancements in available technologies, as well as
the investment of millions of dollars into facilities and collaborative
consortiums for drug discovery, repurposing, and repositioning, the
future looks bright and promising for developing effective therapies.
Powerful tools that can be applied to myriad pathologies, including
rare and neglected diseases, are being improved with each day; search-
ing for neuroprotectants that act through modulating SUMOylation
is but one approach. The number of screens that have been reported
continues to expand and new strategies such as drug combination
screens and rapid computerized approaches increase successful drug
repositioning (Sun et al., 2016). Using these new technologies, and
components/interactors of the SUMO-conjugation pathway as screen-
ing targets, recent drug repurposing/discovery efforts have resulted
in promising leads. An AlphaScreen-based assay using SUMO1 and
Ran GTPase-activating protein as the substrates identified a lead com-
pound, N106, as an activator of SUMOylation through interaction
with SAE1. While currently being investigated as a treatment for heart
failure, future studies may explore its ability to cross the blood-brain
barrier and, thusly, its potential to be translated into a neuroprotec-
tive drug (Kho et al., 2015). Numerous compounds screened against
miRNAs 182 and 183, including histone de-acetylase inhibitors and
synthetic retinoids, have been shown to increase global SUMOylation
and induce protection against OGD (Bernstock et al., 2016). Whereas
earlier screening strategies targeting the SENPs have produced lack-
luster results (Bernstock et al., 2018a), a newly-developed quantitative
high-throughput screening paradigm using a physiologically-relevant
SENP substrate has identified compounds that are SENP inhibitors
capable of increasing global SUMOylation in vitro and inducing pro-
tection against OGD; the utility of such an approach having originally
been demonstrated by our group (i.e., neuroprotection induced via
the inhibition of SENPs) (Lee et al., 2016; Bernstock et al., 2018b).

This screening paradigm has been further iteratively developed and
refined with the addition of several orthogonal assays in order to max-
imize its utility. Following the initial AlphaScreen-based assay, a cell-
free assay comprising recombinant human SENP2 catalytic domain
and a recombinant SUMO2-SUMO3 substrate was employed to con-
firm the inhibitory effects of identified compounds (Bernstock et al.,
2018b). As the ultimate goal of the screen was to identify compounds
that could be developed into clinically-useful therapies, an ATP-con-
tent-based toxicity screen filtered out dangerous, cytotoxic compounds
(Bernstock et al., 2018b). The cellular thermal shift assay (CETSA) was
then used to assess engagement of the target enzyme in cells by the
small molecules of interest, based on the simple but useful principle of
a protein being thermostabilized by a ligand (i.e., shifting the melting
point upwards) (Bernstock et al., 2018b). Software-based in silico mod-
els of SUMO/SUMO-target interactions for compounds confirmed by
CETSA, while ultimately not included as a triaging step, beautifully
illustrated low-energy binding poses for all confirmed compounds
(Bernstock et al., 2018b). A small handful of compounds, the high-
est-potential remainder out of the thousands in the compound librar-
ies, finally entered functional assays: determination of their effects on
global protein SUMOylation in cell culture, and, of those compounds
that successfully increased SUMOylation, evaluation of their protective
efficacy against OGD. Two compounds, ebselen and 6-thioguanine,
were identified; ebselen was then injected into mice, and was shown
to increase levels of SUMOylated proteins in the brain (Bernstock et
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al,, 2018b). Ultimately, the end product is a powerful screening plat-
form that is capable of effectively identifying SENP2 inhibitors that
can increase global SUMOylation in vitro and in vivo and effect pro-
tection against OGD; notably, it might also be effectively adapted for
SENP1 (Bernstock et al., 2018b). Future efforts should employ larger
compound libraries in the initial screen, as well as leverage medicinal
chemistry to optimize any compounds identified as potential neuro-
protectants, eventually leading into the aforementioned EVT-adjuvant
neuroprotection clinical trials.

Beyond ischemic stroke, pharmacologic modulation of global SU-
MOylation has a potential role in the treatment of other diseases as
well. Whereas increased protein SUMOylation effects neuroprotection
against stroke, inhibition of protein SUMOylation is increasingly be-
coming a viable strategy for the treatment of diseases such as cancer
(Bernstock et al., 2018a). Of note, numerous cell-cycle regulators that
are oncogenes or tumor suppressors are regulated through SUMOy-
lation, and dysregulation of the SUMO-conjugating and SUMO-de-
conjugating activities has severe consequences for proliferation and
genomic stability; consequently, a number of cancers, including glio-
blastoma (GBM), are dependent on SUMOylation machinery (Eifler
and Vertegaal, 2015). Thus, drug screening strategies may also be
employed to discover/repurpose small molecules that are capable of
downregulating protein SUMOylation. For instance, recently, topotec-
an was identified as a potent inhibitor of global SUMOylation in GBM,
neuroblastomas, and rat cortical neurons, with downstream effects on
mitotic progression and metabolism in GBM havening been demon-
strated (Bernstock et al., 2017). Another compound, ML-792, has been
identified as a potent and selective inhibitor of SAE2, and is highly
toxic to cell lines exhibiting amplified Myc. As loss of SAE1/2 function
drives synthetic lethality with Myc-hyperactivation, the therapeutic
potential of inhibiting SUMOylation in Myc-driven cancers is an ex-
citing area of research (Schneekloth, 2017). Another compound, spec-
tomycin B1, has been identified as a Ubc9 inhibitor, a position where
it can markedly inhibit SUMOylation (Hirohama et al., 2013) and may
therefore ultimately be employed as an adjuvant chemotherapeutic.

However, an important caveat is that the SUMO pathway also
regulates myriad homeostatic pathways/responses (Bernstock et al.,
2018a). For example, SUMOylation has also been implicated in emo-
tionality and cognition, particularly with regard to anxiety, episodic
memory, and emotional memory (Bernstock et al., 2018a). Therefore,
interventions upregulating or downregulating the SUMO machinery
must strike a careful balance. In summary, drugging SUMOylation
clearly warrants continued attention in an effort to develop novel neu-
roprotective and oncologic therapeutics approaches for patients and
families in need (Figure 1).
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Figure 1 Pharmacological modulators of SUMOylation.
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