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Abstract: Cullin-RING E3 ligases (CRLs) are the largest family of E3 ubiquitin ligases,
responsible for about 20% of the protein degradation by the ubiquitin-proteasome system
(UPS). Given their vital roles in multiple cellular processes, and over-activation in many
human cancers, CRLs are validated as promising targets for anti-cancer therapies. Activation
of CRLs requires cullin neddylation, a process catalysed by three neddylation enzymes.
Recently, our group established an AlphaScreen-based in vitro cullin neddylation assay and
employed it for high-throughput screening to search for small-molecule inhibitors targeting
cullin neddylation. During our pilot screen, gossypol, a natural product extracted from
cottonseeds, was identified as one of the most potent neddylation inhibitors of cullin-1 and
cullin-5. We further demonstrated that gossypol blocks cullin neddylation by binding to
cullin-1/-5 to inactivate CRL1/5 ligase activity, leading to accumulation of MCL-1 and
NOXA, the substrates of CRL1 and CRLS5, respectively. The combination of gossypol and
an MCL-1 inhibitor synergistically enhanced the anti-proliferative effect in multiple human
cancer cell lines. Our study unveiled a rational combination of two previously known
inhibitors of the Bcl-2 family for enhanced anti-cancer efficacy and identified a novel activity
of gossypol as an inhibitor of CRL1 and CRL5 E3s, thus providing a new possibility in the
development of novel CRL inhibitors for anti-cancer therapy.

Keywords: anti-cancer drug, cullin-RING E3 ligases, natural product, high-throughput
screen, neddylation, small-molecule inhibitors

Introduction
In mammalian cells, the ubiquitin-proteasome system (UPS) is responsible for more
than 80% of the degradation of cellular proteins, which plays a major role in
maintaining cellular homeostasis.! Proteins doomed for degradation by UPS will
first be subjected to ubiquitylation, a process to label the target protein with poly-
ubiquitin chains before being recognized by the proteasome.” Ubiquitylation is
a three-step enzymatic reaction, sequentially catalyzed by three enzymes, an E1
activating enzyme (NAE), an E2 conjugating enzyme, and an E3 ligase.>”
Structural and biological studies have revealed the core function of E3 ligases as
not only scaffolds to hold the multienzyme complex but also recruiters for selecting
specific substrates.®

In mammalian cells, the cullin-RING E3 ligases (CRLs) are the largest family of E3
ubiquitin ligases, consisting of four subunits: scaffold cullins (with 8 family members:
CUL-1,—2,-3,-4A,—4B, 5,7, -9); adaptor proteins (with many members), substrate
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receptors (with many members), and the RING proteins (with
two family members of RBX1 and RBX2/SAG).® CRLs are
responsible for about 20% of the UPS-mediated protein
degradation,’ thus playing vital roles in cells as the substrates
of CRLs control multiple major cellular processes such as cell
cycle progression, apoptosis, DNA replication and repair, and
signal transduction among many others.®

Importantly, activation of CRLs requires cullin ned-
dylation, a process of attaching the ubiquitin-like mole-
cule, NEDDS8 into the lysine residue of a given
substrate.” Like ubiquitylation, neddylation is also cat-
alysed by three enzymes: E1 NEDDS8 activating
enzyme (NAE), E2 NEDDS8 conjugate enzymes (with
two family members: UBE2M and UBE2F), and E3
NEDDS ligase (with over 10 members).'® In many
types of human cancers, a variety of CRL components
as well as neddylation enzymes were overexpressed,
leading to overactivation of CRLs.’ Thus, targeting
neddylation enzymes to inactivate CRLs is a sound
strategy. MLN4924, a small molecular inhibitor of
NAE, was discovered in 2009 and is currently at sev-
eral Phase II clinical trials for anti-cancer application.’
However, MLN4924 has intrinsic cytotoxicity due to
its inhibition of neddylation E1 to block the entire
neddylation process and subsequent inactivation of the
entire family of CRLs. Thus, the discovery of more
potent small molecules that selectively target individual
CRLs with an anticipated low cytotoxicity is in high
demand.'®

Recently our group has established an AlphaScreen-
Using this
assay, we performed high-
(HTS) for
inhibitors that inhibits cullin-5 neddylation. In a pilot

based in vitro cullin neddylation assay.'’
robust and powerful

throughput screening small-molecule
experiment where diversified libraries of ~17,000 com-
pounds were screened, gossypol, a natural product
extracted from cottonseeds, was identified as one of
the most potent neddylation inhibitors of cullin-5, as
well as cullin-1. Our further investigations not only
uncovered an unreported target for gossypol but also
provided a rational strategy of drug combination to
enhance the anti-cancer efficacy of this century-old
drug. Here we review the background behind our
study, discuss the biological significance of our findings,
and then propose some perspectives for future investiga-
tion to clarify the mode of gossypol action as a CRL
inhibitor and its potential application for other human
diseases.

Cullin-RING Ligase: A Good
Anti-Cancer Target, but a Bad

Screen Target
The history of UPS-targeting drugs began two decades ago
when Goldberg and his colleagues curiously generated
proteasome inhibitors for treating muscle wasting.'?
Their efforts eventually led to the success of Bortezomib
(Velcade), the first-in-class proteasome inhibitor approved
by the food and drug administration (FDA) for treating
multiple myeloma (MM) in the U.S."* Now bortezomib
and its successors (eg, carfilzomib and ixazomib) are
included in the therapeutic guidelines for treatment of
multiple myeloma'* with a total annual sale >$300 million
in 2018 in the U.S."

Although the success of bortezomib validates UPS as
a promising therapeutic target, it does not mask the fact
that pan-proteasome inhibitors carry an intrinsically high
level of cytotoxicity due to general inhibition of the entire
protein degradation machinery.'® Thus, the upstream E3
ligases with a total of ~600 in the human genome have
been considered as a more ideal target in the UPS, given
their key roles in determining the specificity of substrate
proteins for ubiquitylation.'®'” For example, Nurix is
a growing company focusing on E3-targeting therapeutics
with two major pipelines on E3 enhancers and E3 inhibi-
tors. In July of 2020, Nurix successfully launched their
$200-million initial public offering (IPO) on Nasdaq,
showing the market confidence of bringing novel E3
ligases-targeted drugs into the clinics.'®

CRLs are the largest family of E3 ligases and have
been validated as attractive anti-cancer targets.”'” The
activity of CRLs depends on neddylation, a three-step
enzymatic cascade resembling ubiquitylation, with its
own NEDDS8 El, E2s, and E3s.” In 2009, MLN4924
became the first reported neddylation inhibitor, specifically
targeting NEDDS8 E1.” MLN4924 showed potent inhibi-
tory effect against all cullin neddylation both in vitro and
in vivo, and showed significant anti-tumour efficacy in
multiple cancer cell lines as well as in mouse models.’
To date, MLN4924 has entered 38 related phase I/II clin-
ical trials, of which 27 are still ongoing (https://clinical
trials.gov). The success of MLN4924 further validated that
targeting cullin neddylation is a feasible strategy.
However, the pan-inhibition of the entire neddylation reac-
tion, involving inactivation of both cullins and non-cullin
substrates, has intrinsically associated cytotoxicity due to
its non-specific nature.'” Direct inhibition of individual
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CRLs is expected to have higher selectivity with fewer
side effects.

The discovery of such small molecule inhibitors, how-
ever, has been met by significant challenge. Up until now,
no small molecule inhibitor has been reported to specifi-
cally target any given CRL. Traditional small molecule
inhibitors, such as kinase inhibitors, are often designed to
bind to a specific pocket in the target protein® but for
CRLs, such a druggable pocket is often lacking.?'** The
interactions among the components of CRLs as well as
between enzymes and substrates are transient in nature and
largely based on the protein—protein interactions (PPIs),
often with flat and large contact surfaces.?'**> Furthermore,
the reaction of ubiquitylation and neddylation are both
dynamic cascades. Numerous conformational changes
sophisticated CRL
complex.”®> Any change in conformation or binding mode

synergistically occur within the

would cause alteration in enzymatic activity, not to men-
tion difficulty in optimization of assay conditions contain-
ing multiple proteins, including ubiquitin, E1, E2, E3 (with
multiple components) and the substrate in the right amount
and proper ratio. Thus, it is extremely hard to establish
traditional high-throughput screens for direct CRL inhibi-
tors. The lack of a binding pocket among these PPI inter-
actions also makes virtual screening a difficult task.

AlphaScreen-Based in vitro
Neddylation Assay: The Advantages

It appears that it is more practical to screen for indirect
inhibitors of CRLs via targeting neddylation with blockage
of cullin neddylation as a readout. To this end, we
explored several in vitro HTS techniques, including
FRET** and ELISA,” and eventually optimized the
AlphaScreen®™ (PerkinElmer Inc.) assay to conduct HTS
for small molecules that inhibit cullin-5 neddylation as the
readout. This fully optimized AlphaScreen-based HTS
assay for neddylation inhibitors has two major advantages:

1. It is based on a dynamic enzymatic reaction. Instead
of simply introducing one pair of interacting pro-
teins, as shown in most reported AlphaScreen-
based assays, we assembled a five-element reaction
mixture to set up a functional neddylation machin-
ery (ie, a NEDDS8, a NEDDS8 El, a NEDD8 E2
(UBE2F), and co-expressed SAG (E3) and cullin-
5 (substrate)). Once ATP is added, the reaction
starts to produce neddylated cullin-5 and any

small molecules that stop such a reaction will be
captured as a positive hit.

2. It is a modular reaction mixture with replaceable
components. By simply replacing the NEDD8 E2
(UBE2F by UBE2M) and E3/Substrate (SAG/
CUL5 by RBXI1/CUL1), a new assay is readily
available for identifying inhibitors targeting differ-
ent cullin neddylation. And this feature has helped
us in setting up a series of orthogonal experiments
to classify positive hits with different targets in
a high-throughput format.

Using this model, we performed a pilot screen with
a diversified library containing 1.7K compounds. Gossypol
was identified and later validated as a positive hit. The
follow-up confirmation experiments showed that gossypol
indeed binds CULS, as determined by cellular thermal
shift assays (CETSA) and mutagenesis assays, and inhibits
CULS neddylation in both pre-charged in vitro enzymatic
assays and in vivo cell culture settings in multiple lines of
cancer cells.'!

To the best of our knowledge, we are the first to report
the inhibitory effect of gossypol against cullin neddylation.
Thus, gossypol is the first class of natural product that
inhibits cullin neddylation by targeting the neddylation
E2-E3 interaction or neddylation E3, leading to inactiva-
tion of CRLS.

Gossypol: A Potential Anti-Cancer
Drug Candidate with a Variety of

Mechanisms

Gossypol is found in the seeds and root bark of certain
cotton plants (Gossypium).® The natural gossypol is
a racemic mixture consists of two enantiomers, (+)-
gossypol and (-)-gossypol (also known as AT-101).*’
Gossypol was initially found to have male antifertility
effects in thel980s and has been used as a male oral
contraceptive in China since then.?® In addition, gossypol
was also found to have anti-viral, anti-parasitic, and anti-
inflammatory activity.”® More recently, a number of stu-
dies have shown that gossypol has potent anti-tumour
effects against multiple cancer cell lines.”® However, the
exact mode of action of gossypol remains unclear.

Back in 2003, Kitada et al identified gossypol as an
antagonist of the B-cell lymphocyte/leukemia-2 (Bcl-2)
family of proteins through a screening of a small library of
natural polyphenols.”’ The follow-up studies demonstrated
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that gossypol structurally behaves as a BH3-mimetic which
can bind to Bcl-2 and Bel-xI’*?! and later AT-101 [(-)-
gossypol] became one of the first orally available Bcl-2
inhibitor that has entered the clinical trials.*> Up until now,
AT-101 has been investigated in more than 20 phase I/II and
1 Phase III clinical trial(s) as a single agent or in combina-
tion with other agents against multiple types of cancer
(https://clinicaltrials.gov). Two phase II trials are still
ongoing in China (CTR20150540, CTR20150541).
Although AT-101 showed potent response in a few

trials,>* the high level of cytotoxicity and low or moderate
efficacy in many trials limits its further application in the
clinic.** While few studies have shown that gossypol was
orally applicable and well tolerated when applied in com-

bination with other therapies,** >’

most studies of gossy-
pol as a single-agent reported considerable side effect,
including hematologic toxicities and gastrointestinal
motility.** ** Of note, some of the results in clinical trials
showed that Bcl-2 protein levels were not significantly
changed in peripheral blood mononuclear cells (PBMCs)
of AT-101 treated patients, indicating AT-101 may not
always be “on-target” in vivo.>*

On the other hand, the Bcl-2 family proteins may not be
the major targets of AT-101 in some patients. Indeed, gos-
sypol has been reported to affect many other proteins or
pathways, such as inhibiting mitosis, cyclin D1, and Rb,**
related with aldehyde

dehydrogenase,*” suppressing the mTOR/p70S6K1 signal-

decreasing ATP  synthesis
ling pathway,*® downregulating phospholipase A2 to induce
endoplasmic reticulum stress,*” and interacting with intra-
cellular copper to generate reactive oxygen species (ROS).*

Furthermore, the polyphenol structure of gossypol
might contribute to its multi-target properties in cells,
and thus has received a great deal of attention from med-
icinal chemists.** Several groups have synthesized a series
of polyphenol derivatives of gossypol with similar or

49:50 while the others have

improved anti-cancer efficacy,
attempted to improve its solubility with a set of
modifications.”’'> None of these approaches, however,
has significantly improved the efficacy of gossypol as an
anticancer agent, nor for understanding its diversified

mechanisms of action.

Rational Design for Drug

Combination
Paradoxically, while gossypol was found to inhibit CRLS,
as well as CRL1 in multiple cancer cell lines, unlike

MLN4924, it failed to cause accumulation of some of the
most well-known cullin substrates (eg, p21, p27, HIF1,
CDTI, and NRF2)." Rather, in our assay conditions,
gossypol selectively caused the accumulation of NOXA
and MCL-1, two Bcl-2 family protein known to have close
interactions.>® Indeed, other groups have also shown gos-
sypol could increase NOXA and MCL-1 protein levels in
different cancer cell lines.>*>° However, no mechanistic
evidence was provided to explain why this pair of
mutually restrictive proteins are both increased at the
protein levels in response to gossypol treatment. We have
previously reported that NOXA is a substrate of CULS and
is strictly controlled via CULS5-mediated K11-linked
polyubiquitylation.”® And MCL-1 has also been reported
to be tightly regulated by ubiquitylation via at least six E3
ligases,”’ including SCF™®"” and SCFP™™" two CRLI
ligases.”®® Our findings therefore provided a mechanistic
explanation in which gossypol inactivates both CULS-
SAG E3 ligases (CRL5) and CUL1-RBX1 E3 ligases
(CRL1) by blocking CULS5/CULI neddylation, leading to
suppressed degradation of NOXA and MCL-1 (Figure
1A—C). As a pro-survival protein, MCL-1 is known to be
associated with resistance to Bcl-2 inhibitors.®*** We
therefore rationally combined gossypol with an MCL-1
inhibitor $63845°* and found a synergetic effect against
the growth and survival of multiple lines of human cancer
cells (Figure 1D).

Future Perspectives

The low efficacy and unmanageable adverse events of gos-
sypol in multiple clinical trials limited its use as a single anti-
cancer agent. Fortunately, our findings may help further
exploit its therapeutic potentials. In general, the fact that
CRLs is a new physical target of gossypol provides a novel
mechanism of gossypol action as an anticancer agent. On the
other hand, gossypol-induced accumulation of anti-apoptotic
MCL-1 (in addition to pro-apoptotic NOXA) may confer
enhanced survival of cancer cells as a side effect. Below we
proposed potential future studies, based upon our finding that
gossypol is a neddylation inhibitor.

1. Why and how gossypol selectively affects NOXA
and MCLI, but not the other substrates of CULS
and CULI1 or substrates of other cullins. It will be
informative to compare the binding affinity between
gossypol and different Cullin-RING E3 ligases, but
a definitive answer will rely on the co-crystallization
of gossypol with either CUL-5 or CUL-1, which,

4 submit your manuscript

Dove

Drug Design, Development and Therapy 2021:15


https://clinicaltrials.gov
http://www.dovepress.com
http://www.dovepress.com

Dove

Yu and Sun

Bak

Apoptosis

() NEDDS8

(@ Ubiquitin
Gossypol binding targets
found in our study

S63845, a selective Mcl-1
inhibitor

Figure | Gossypol targets both cullin neddylation and Bcl-2 family proteins. Our study uncovered the inhibitory effect of gossypol against the neddylation of CULI/CULS
(A), blocking the degradation of MCL-1 (B) and NOXA (C), two reported substrates of CULI and CULS, respectively. Consequently, MCL-| and NOXA proteins were
accumulated, but the opposite effects of pro-survival (by MCL-1) or pro-apoptosis (by NOXA) compromise the anti-cancer activity of gossypol. The rational combination of
gossypol and MCL-1 inhibitor significantly sensitized multiple lines of cancer cells to gossypol, providing a mechanism-based strategy of drug combination for enhanced
efficacy (D).

however, is technically difficult due to poor solubility
of gossypol.

Gossypol has been shown to bind to at least three
anti-apoptotic proteins, MCL-1, Bcl-2 and Bcl-xL
(Figure 1D).*>! What is the binding affinity between
gossypol-CUL1/5 vs gossypol-Bel-2 family mem-
bers? How much gossypol-CUL1/5 binding and
inhibition of CRL1/5 contributes to the biological
activity of gossypol as an anti-cancer agent? It
should be testable both in vitro cell culture and
in vivo mouse xenograft models, using cancer
cells with depletion of both CUL1 and CULS.

. Given the unique polyphenol structure, gossypol

has its limitations for further chemical
modification.*” However, it might still be worth
the effort to structurally dissect manifold bioactiv-
ities of gossypol, which is essential to develop more
selective compounds against relevant targets.

Since gossypol has shown its bioactivities in multiple
diseases, gossypol as a neddylation inhibitor may have

new therapeutic application beyond cancer. For exam-
ple, gossypol was reported to possess antiviral proper-
ties against enveloped viruses, including HIV-1 and
HSV-2,%° but the exact mechanism is unclear. Given
that CRLS5 has been demonstrated as a key E3 ligase
hijacked by virus during infection and thus validated
as a promising target for anti-virus therapy,®® it would
be intriguing to investigate whether inactivation of
CRLS is indeed the mechanism of gossypol action as
an anti-viral agent.

In conclusion, for the first time, we identified gossypol as
a neddylation inhibitor through an AlphaScreen-based HTS
for small molecule inhibitors of CULS neddylation. We
demonstrated that gossypol inhibits cullin neddylation by
targeting the neddylation E2-E3 using both biochemical and
cell biological assays. Our study provides a sound strategy to
combine gossypol with an MCL-1 inhibitor for enhanced anti-
cancer efficacy and elucidate a potential mechanism by which
gossypol inhibits viral replication via CRLS inactivation.
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