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Abstract

The ubiquitin-proteasome system (UPS) promotes the timely degradation of short-lived proteins
with key regulatory roles in a vast array of biological processes, such as cell cycle progression,
oncogenesis and genome integrity. Thus, abnormal regulation of UPS disrupts the protein
homeostasis and causes many human diseases, particularly cancer. Indeed, the FDA approval of
bortezomib, the first class of general proteasome inhibitor, for the treatment of multiple myeloma,
demonstrated that the UPS can be an attractive anti-cancer target. However, normal cell toxicity
associated with bortezomib, resulting from global inhibition of protein degradation, promotes the
focus of drug discovery efforts on targeting enzymes upstream of the proteasome for better
specificity. E3 ubiquitin ligases, particularly those known to be activated in human cancer,
become an attractive choice. Cullin-RING Ligases (CRLs) with multiple components are the
largest family of E3 ubiquitin ligases and are responsible for ubiquitination of ~20% of cellular
proteins degraded through UPS. Activity of CRLs is dynamically regulated and requires the RING
component and cullin neddylation. In this review, we will introduce the UPS and CRL E3s and
discuss the biological processes regulated by each of eight CRLs through substrate degradation.
We will further discuss how cullin neddylation controls CRL activity, and how CRLSs are being
validated as the attractive cancer targets by abrogating the RING component through genetic
means and by inhibiting cullin neddylation via MLN4924, a small molecule indirect inhibitor of
CRLs, currently in several Phase | clinical trials. Finally, we will discuss current efforts and future
perspectives on the development of additional inhibitors of CRLs by targeting E2 and/or E3 of
cullin neddylation and CRL-mediated ubiquitination as potential anti-cancer agents.
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THE UBIQUITIN-PROTEASOME SYSTEM: AN INTRODUCTION

The ubiquitin-proteasome system (UPS) is a major clearance system for the maintenance of
protein homeostasis [1]. A protein doomed for degradation via UPS contains a poly-
ubiquitin tag, resulting from a biochemical process known as polyubiquitination, which
involves a three-step enzymatic reaction [2]. First, ubiquitin is activated through an ATP-
dependent reaction catalyzed by ubiquitin-activating enzyme (E1). Activated ubiquitin is
then transferred to an ubiquitin-conjugating enzyme (E2). Finally, a ubiquitin ligase (E3),
which recognizes and recruits a target protein, designated as substrate, catalyzes the transfer
of ubiquitin from E2 to the substrate via covalent attachment of ubiquitin onto its lysine
residue (K). Ubiquitin itself contains seven lysine residues, which serve as the acceptors for
second ubiquitin molecule, leading to polyubiquitination of the substrate after multiple runs
of this reaction. However, some proteins can be ubiquitinated with only a single ubiquitin on
a single lysine residue (mono-ubiquitination) or on multiple lysine residues (multi-mono-
ubiquitination). Depending upon the nature of ubiquitin attachment and the type of
isopeptide linkage of the polyubiquitin chain, the fate of ubiquitinated proteins varies. The
K48/K11-linked poly-ubiquitination predominantly targets the protein for degradation after
being recognized by the 26S proteasome, whereas the K63-linked poly-ubiquitination or
mono-ubiquitination normally alters protein function and subcellular localization. These
ubiquitin-modified proteins, instead of being degraded, play important roles in protein-
protein interactions, DNA-damage responses and signal transduction [3-8] (see Fig. 1).

Organization of the poly-ubiquitination enzymatic cascade is in a hierarchical order. The
human genome encodes two E1 ubiquitin-activating enzymes, 38 E2 ubiquitin-conjugating
enzymes and more than 600 E3 ubiquitin ligases [9-13] (Fig. 2). E3 ubiquitin ligases can be
further subdivided into four major classes: 1) N-end rule E3s (E3a), 2) HECT (Homologous
to E6-AP C-terminus) domain-containing E3s, 3) a RING (Really Interesting New Gene)
finger-containing E3s, including its derivatives, the U-box domain-containing E3s and 4)
APC/C (Anaphase Promoting Complex/Cyclosome) E3, which consists of 12 subunits
[1,14-17]. The HECT E3s contain a conserved cysteine that can form a thioester
intermediate with ubiquitin from ubiquitin-charged E2 and then pass it on to the substrate,
whereas the RING-finger containing E3s promote the direct transfer of ubiquitin from the
ubiquitin-charged E2 to the substrate [1,18]. RING-finger E3s can be farther divided into
two subclasses: single peptide E3s, in which the RING-finger and substrate binding motif
are different domains within the same protein molecule (e.g. MDM2) [19,20], and multi-
component E3s, in which RING-finger and substrate binding units are assembled together
from different individual proteins (such as CRLs) [21,22].

THE COMPOSITION OF CRL E3s

Cullin-RING ligases (CRLs) are the largest family of E3 ubiquitin ligases that promote the
ubiquitination of about 20% of cellular proteins doomed for degradation through UPS [23].
CRLs consist of, in general, four components: cullins, RINGs, adaptor proteins and substrate
recognition receptors/proteins, catalyzing the transfer of E2-loaded ubiquitin to a substrate
(Fig. 3A). In the human genome there are 1) two RING components (RBX1 and RBX2, also
known as SAG), which bind to two zinc atoms via a C3H,C3 motif to form the RING finger
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domain, required for the activity of CRLs (Fig. 3B); 2) eight members of cullins (Cul-1-3,
4A, 4B, 5, 7, and Cul-9, also known as PARC) with an evolutionarily conserved cullin
homology domain (CH domain with ~150 amino acids) at the c-terminus (Fig. 3C),
responsible for their interaction with RBX1 or RBX2 [24]; 3) four adaptor proteins with
Skp1 for Cul-1/7; Elongin B/C for Cul-2/5, and DDB1 for Cul-4A/B (Fig. 3D); and 4) many
substrate recognition receptors, including 69 F-box proteins [25] for CRL-1, 80 SOCS
proteins [26] for CRL-2/5, ~180 BTB proteins [27] for CRL-3, and 90 DCAF proteins [28]
for CRL4A/B (Fig. 3E). Thus, CRLs have a total of more than 400 components, forming 8
cullin-based RING-dependent E3 ubiquitin ligases for targeted ubiquitination and
degradation of thousands of substrates [9,29].

All CRLs share a similar core architecture with a cullin protein acting as a molecular
scaffold that binds to an adaptor protein and a substrate receptor protein at the N-terminus,
and a RING protein, RBX1 or RBX2 at the C-terminus [24]. It is well established that the
substrate specificity of CRLs is determined by substrate recognition receptors, such as F-box
proteins [25], whereas the core ligase activity is possessed by the cullins-RBX1/2 complex
[30]. Furthermore, each individual cullin also contains a key lysine residue at its C-terminus
for targeted NEDD8 modification (Fig. 3C). Cullin neddylation is also required for CRL
activity (see below for details) [31], Cullins, therefore, act as a “center” player to bring
together other members of CRL to form an active multi-unit “holoenzyme” for substrate
ubiquitination and subsequent degradation (Fig. 3A). Below are brief discussions of each
CRL E3, including their respective components, important targeting substrates and affected
biologic processes.

EIGHT CULLIN-BASED RING E3 LIGASES AND THE BIOLOGIC
PROCESSES THEY REGULATE

1). CRL1

Among all CRLs, CRL1, also known as SCF (Skp1-Cullin 1-F box protein), is the best
studied founding member of CRLs [32,33], Cullin-1 recruits SKP1 adaptor protein, F-box
receptor proteins and RIBX1 or RBX2 RING protein to form SCF E3 complex that
promotes ubiquitin transfers from RBX1/RBX2-bound E2 to a substrate, recognized/bound
by a F-box protein (Fig. 4A). Although the human genome encodes 69 F-box proteins [25],
which are characterized by a 40-amino-acid F-box domain for SKP1/cullin-1 binding and a
WD40 or LRR region for substrate recognition [34], only three F-box proteins, namely
SKP2, FBXW?7 and B-TrCP, are well studied [35,36], An interesting phenomenon in CRL1
action is that an F-box protein can recognize several substrates for targeted ubiquitination
and degradation, whereas the same substrate can also be recognized and targeted by
different F-box proteins. For instance, both SCFFPXW7 [37-39] and SCFSKPZ [40-43] control
the turnover of Myc and Cyclin E. Another unique feature for substrate degradation
mediated by CRL1/SCF E3s is that a substrate has to be phosphorylated by a kinase or a
group of kinases acting in a coordinated manner prior to being recognized by an F-box
protein [9,22]. Thus, ubiquitination and degradation of a given substrate by CRL1/SCF E3 is
precisely regulated in a cell type and context dependent manner, which would rely at any
given time on the availability of a signal trigger to activate kinase(s) for substrate
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phosphorylation, a “nearby” F-box protein for substrate recognition, free unbound cullin-1
and an E2-Ub-loaded RBX1 or RBX2 to form the E3 complex. These features may explain
why the same critical substrate can be recognized by multiple F-box proteins to ensure its
timely degradation, when needed.

Among key substrates of CRL1/SCF E3 are oncoproteins (e.g. Myc, c-Jun, p-catenin,
Notch), tumor suppressors (p21, p27, NF1) [44,45], cell cycle promoters (cyclin D/E),
apoptosis regulators (Mcl-1, BimEL) [46,47], and signaling molecules (IxB, DEPTOR)
[48], just to name a few (Fig. 4A) (for more complete list, see [40]). Thus CRL1 E3
regulates many biologically significant processes such as tumorigenesis, cell cycle
progression, apoptosis, signal transduction and genome integrity. Since abnormal activation
of CRL1/SCF E3 was found in a number of human cancers, it was considered as an
attractive anti-cancer target [33,49,50]. However, our understanding of this E3 is still at the
infant stage, given the fact that only less than 5% of the entire F-box family has been well
studied. Future study will be directed to functional characterization of all 69 F-box proteins
and their corresponding substrates to thoroughly elucidate the biological processes regulated
by this E3.

CRL2 is a complex of cullin-2, REX1, adaptor protein Elongin B/C and substrate receptor
protein VHL. The best known substrate of CRL2 is HIF1la (Fig. 4B). Analogous to a CRL1
substrate with a requirement for phosphorylation by a kinase before being recognized by a
F-box protein, HIF1a has to be hydroxylated at conserved proline residues by the PHD
family of prolyl-4-hydroxylases before being recognized by VHL for targeted ubiquitination
[51,52]. Activity of prolyl-4-droxylases requires oxygen and therefore, under hypoxic
conditions, the enzymes are inactivated, leading to HIF1a accumulation [53], Consistently,
HIFla accumulation can also be caused by mutational inactivation of VHL tumor
suppressor, which is responsible for the development of von Hippel-Lindau disease, an
inherited human cancer syndrome with high Incidence of tumors in eye, brain, kidney, lung
and liver in affected individuals [54]. Accumulated HIF1a then binds to HIF1, also known
as aryl hydrocarbon receptor nuclear translocator (ARNT), to form an active HIF1
transcription factor, which promotes angiogenesis, proliferation and cell survival by
transactivating many of its target genes involved in regulation of these processes [55], Other
oncogenic substrates of CRL2 include p2-adrenergic receptor (B2-AR) [56], atypical PKCA
[57], and the RNA polymerase Il subunit hsRPB7 [58]. Thus, CRL2 mainly regulates
hypoxic responses, gene transcription and signaling transduction. Given the tumor
suppressive nature of CRL2 E3s, selective targeting of CRL2 may benefit cancer cell
growth.

CRL3 consists of cullin-3, RBX1, and BTB (Bric-a-brac, Tramtrack, Broad-complex
domain) proteins as substrate receptors (Fig. 4C). The best characterized substrate of CRL3
is Nrf2 (NF-E2 related factor 2) [59], a transcription factor which, upon activation in
response to oxidative stress, binds to antioxidant response elements found in several
antioxidant genes and phase 1 detoxification genes to transactivate their expression [60].
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Again, CRL3 mediated Nrf2 ubiquitination and degradation is subjected to stress regulation.
Under unstressed conditions, Nrf2 is mainly localized in the cytoplasm and bound to
receptor protein Keapl (Kelch-like ECH-associated protein 1) for targeted degradation.
Upon oxidative stresses, Keapl-CRL3-mediated Nrf2 ubiquitination is impeded and spared
Nrf2 is rapidly translocated into the nucleus to execute its function as an antioxidant
transcription factor [61], The facts that Keapl is mutated in human lung cancer [62] and
Nrf2 is frequently overexpressed in many human cancers [63] suggest that CRL3 may act as
a tumor suppressor, which is further supported by its ubiquitination and degradation of
BMI1, an oncoprotein [64], and DAXX, a transcriptional repressor of p53 [65], Taken
together, CRL3 regulates antioxidant responses as well as gene transcription with tumor
suppressive properties, and like CRL2, selective targeting of CRL3 should be avoided.

CRLA consists of CRL4A and CRL4B, dependent on either cullin-4A or cullin-4B acting as
the scaffold protein. The adaptor protein for CRL4 is DDB1 (DNA damage-binding protein
1), whereas the substrate receptor is DCAF (DDB1-CUL4 associated factor) (Fig. 4D).
CRL4 promotes ubiquitination and degradation of a number of DNA damage responsive
proteins, such as CDT1 [66,67] and XPC [68] as well as proteins which regulate histone
methylation such as PR-Set7/Set8 [69] and WDR5 (for CRL4B) [70]. CRL4, therefore,
regulates cellular responses to DNA damage and chromatin remodeling. Since the Cul4A
gene is amplified or overexpressed in a number of human cancers (for review see [71,72]),
which is associated with poor prognosis of cancer patients [73], while Cul4B mutations are
associated with X-linked mental retardation (XLMR) [74-77], selective targeting of CRL4A
E3 might be an ideal strategy for cancer therapy.

CRLS5 E3 consists of cullin-5, RING protein RBX2, adaptor proteins Elongin B/C, and
receptor proteins SOCS (Suppressors of cytokine signaling) (Fig. 4E). Progress on
identification and characterization of specific endogenous CRL5 substrates is lacking,
although it has been suggested that active Src oncoprotein might be subjected to degradation
by CRL5 [78,79], On the other hand, it has been relatively well established that several viral
proteins can hijack cellular CRL5 E3 to promote degradation of several key host proteins.
Examples include HIV-1 viral infectivity factor (Vif), which contains a SOCS-box domain,
assembles a cellular CRL5 E3 to promote ubiquitination and degradation of the host anti-
viral factor APOBEC3G [80]. Adenovirus proteins E4orf6 and E1B55K were also found to
assemble an active CRL5 to promote degradation of p53 [81]. Likewise, latency-associated
nuclear antigen (LANA) from Kaposi’s sarcoma-associated herpes virus (KSHV) also
targets the degradation of tumor suppressors, VHL and p53 via CRL5 E3 [82], Taken
together, CRL5 appeal’s to be utilized by these viruses to damage the host. Selective
inhibitors of CRL5 E3 might, therefore, be useful as anti-virus agents.

6) CRL7 and CRL9

CRL7 E3 consists of cullin-7, adaptor protein Skpl, RING protein RBX1, and receptor
protein FBXWS8; whereas very little is known about CRL9 E3 except the founding
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component cullin-9, also known as PARC (p53-associated parkin-like cytoplasmic protein).
A well-characterized substrate of CRL7 E3 is IRS-1 (Insulin receptor substrate 1) [83],
which is a signaling molecule positively regulating the PI3K/AKT pathway. Furthermore,
mutations of the Cul7 gene are associated with 3-M syndrome, which is characterized by
severe pre- and postnatal growth retardation [84], Thus, CRL7 targets the IRS-PI3K-AKT
axis, and selective inhibition of CRL7 E3 may confer survival.

CRL E3s AS ANTI-CANCER TARGETS

Given the fact that CRL E3s play a fundamental role in regulating various biological
processes including cell cycle progression, gene transcription, apoptosis, signal transduction
and DNA replication among others [9,85,86], it is anticipated that deregulation of CRLs is
associated with uncontrolled proliferative diseases such as cancer [85]. Among hundreds of
components of CRLs, only a few components are well studied for their involvement in
cancer. Cancer-associated CRL components can be generally classified as oncogenes (e.g.
SKP2 and Cul4A) which are frequently amplified and/or overexpressed in cancers or
contact-dependent oncogenes (e.g. B-TrCP), and tumor suppressors which are mutated and
inactivated in human cancers (e.g. FBXW?7 and VHL) [35,36,50]. Although the oncogenic
properties of some CRLs make them potential targets for therapeutic intervention, the tumor
suppressive properties of other CRLs may, however, negate them as cancer targets.
However, a particular CRL, which promotes the degradation of some dominant tumor
suppressor substrates in a specific cellular context during tumorigenesis, would qualify it as
a candidate anticancer target. Nevertheless, the overall validation of CRL E3s as candidate
cancer targets is mainly based upon the following: 1) enzymatic activity of CRL E3 ligases
requires a) the RING component, RBX1 or RBX2 and b) cullin neddylation, 2) both RING
components, RBX1 and RBX2 are overexpressed in a number of human cancers [72], and 3)
the availability of MLN4924, a small molecule inhibitor of Nedd8-Activating Enzyme
(NAE), which indirectly inhibits CRLs by abrogation of cullin neddylation [23].

1) Validation by Targeting the RING Component, RBX1 or RBX2

Several studies from our laboratory showed that either RBX1 or RBX2 is frequently
overexpressed in several types of human cancer, including lung, breast, colon, stomach, and
liver [87-90], To determine if overexpressed RBX1 or RBX2 is required for tumor cell
growth, we used siRNA-based genetic approach and found that cancer cells are “addicted”
to high levels of RBX1 or RBX2, since knockdown of either RBX1 or RBX2 suppresses
cancer cell growth by inducing three types of cell death, namely apoptosis, senescence and
autophagy in sequential as well as simultaneous orders [88-90], Our mechanistic study
revealed that apoptosis induced upon RBX1 knockdown is mediated by enhanced DNA
damage as a result of accumulation of CDT1 and ORCI [88,91], two DNA licensing proteins
and substrates of CRL4 [67] and CRL1 [92], respectively. Senescence induced by RBX1
knockdown is associated at least in part with accumulation of a CRL1 substrate, p21 [90],
whereas autophagy induction is attributable to mTORC1 inactivation, resulting from
accumulation of DEPTOR, a naturally occurring inhibitor of mTORCs [93] and a newly
characterized substrate of CRL1PT'CP [48,94,95]. On the other hand, RBX2 silencing-
induced apoptosis is associated with accumulation of procasapse-3 and NOXA, two pro-
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apoptotic proteins, which are also the substrates of CRLs [89,96]. Furthermore, Rbx2
knockout sensitizes mouse embryonic stem cells to radiation via inactivation of NFxB due
to IxBa accumulation [97]. Consistently, overexpression of RBX2 protects cancer cells
from apoptosis induced by a variety of stresses in many in vitro cell culture models (for
review, see [72]), and promotes skin proliferation and carcinogenesis induced by UV and
DMBA-TPA in in vivo transgenic mouse models, through the modulation of CRL substrates,
including p27, c-JUN/AP1, and IxBa/NFxB [98,99]. Thus, increased dependence of cancer
cells on overexpressed RBX1/RBX2 makes them ideal cancer targets. Furthermore, since
either RBX1 or RBX2 is required for the ligase activity of each individual CRL (see Fig. 4),
targeted inactivation of RBX1/RBX2 would lead to broad inhibition of CRLs and might be
useful approach for the treatment of human cancer with activated CRLs. These studies,
therefore, provide validating evidence that CRLs could be selective anti-cancer targets.

2) Validation by Targeting Cullin Neddylation

a) Control of CRL E3 Ubiquitin Ligases by Neddylation—A key feature of CRLS
E3 ligases is that the cullin protein must be covalently modified by one NEDD8 molecule, a
reaction known as neddylation, which disrupts inhibitory binding by CAND1 and retains the
CRLs E3 ligases in an active conformation [100], Like ubiquitination, neddylation requires
E1 NEDD8-activating enzyme (NAE), which activates NEDD8; E2 NEDD8-conjugating
enzyme, which carries NEDDS8; and E3 NEDDS8 ligase, which catalyzes the transfer of
NEDDS from an E2 to a target molecule (e.g. cullin) [101-103] (Fig. 5). Each cullin protein
contains a conserved lysine at its C-terminus, which is readily neddylated [31] (Fig. 3C).

Cullin neddylation has been reported to have a range of functional consequences for the
activity of CRLs E3 ligases. First of all, CAND1 (Cullin-associated and neddylation-
dissociated-1), a large sequestration factor, binds to unmodified cullin, leading to inhibition
of the binding of the substrate receptor-adaptor module to the N-terminus. Conjugation of
cullin with NEDDS8 disrupts the inhibitory binding by CAND1 and retains the CRLs in an
active conformation [100,104-108] (Fig. 5). Second, neddylation enhances the recruitment
of ubiquitin charged E2 to CRLs and also stabilizes E2 recruitment [109]. Third, the crystal
structure of the Cul1-Rbx1-Skp1-F boxSkP2 SCF complex (unmodified Cull) suggested the
existence of an ~ 50 A gap between the substrate docking site and the E2 active site [24],
which, if bridged by neddylation of Cull [109], would greatly facilitate the initial ubiquitin
transfer. Fourth, neddylation also increases the rate of ubiquitin chain elongation, indicating
that the conformation change also improves the activated E2 access to the end of the nascent
polyubiquitin chain [34,109].

The mechanism by which neddylation enhances the transfer of Ub from ubiquitin charged
E2 to the substrate is fully illuminated by crystal structures of the C-terminal domain (CTD)
of Cul5 bound to Rbx1 in the unmodified and NEDD8-conjugated states [100], Neddylation
induces striking conformational rearrangements in Cul5¢TP-Rbx1, which results in
elimination of the CAND1 binding site and release of Rbx1 RING domain from its tight
cullin-binding into an “open” conformation. Although the RING domain remains tethered to
Cul5€TP, the linker is more flexible and readily bridges the ~ 50 A gap between the bound
E2 and naked substrate present in the original CRLs/SCFs complex structure, providing a
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sound explanation why neddylation promotes the initiation of ubiquitin transfer. This
flexibility also helps the activated E2 to access to the end of nascent chain to allow efficient
polyubiquitination [9,101,102] (Fig. 5).

In a reverse reaction, NEDDS8 is removed from cullins by the isopeptidase activity of the
COP9 signalosome complex (CSN), a reaction known as deneddylation [110]. Thus,
neddylation promotes the assembly of active CRLs E3 complex and stimulates the
ubiquitination of substrates, whereas deneddylation promotes the dissociation of CRLs E3
complex and binding of the cullin-RING core with inhibitory CAND1. Dynamic
neddylation and deneddylation of CRLs represent an important mechanism by which the
activation cycle of CRLs is regulated for the maintenance of cellular homeostasis.
Furthermore, this cycle of neddylation/deneddylation facilitates the recycling of the cullin-
RING core, which is made available for assembly of other CRLs to allow the ubiquitination
of many different substrates as required by the cell [111], Accumulating evidence suggests
that mutations in CSN components lead to defects in cell cycle progression, signal
transduction and development [112-114], Thus, it is equally important to understand the
regulation and mechanism of deneddylation. Understanding of cullin neddylation and its
biological significance has been advanced by the discovery of a chemical inhibitor of
neddylation, designated as MLN4924 [23].

b) MLN4924, a Cullin Neddylation Inhibitor, as a Novel Class of Anticancer
Agent—MLN4924 is a newly discovered potent small molecule inhibitor of NEDD8-
activating enzyme (NAE) [23] (Fig. 6A). MLN4924 binds to NAE and creates a covalent
NEDD8-MLN4924 adduct, which cannot be further utilized in subsequent intraenzyme
reactions, thus blocking NAE enzymatic activity [115]. Since cullin neddylation, a process
catalyzed by NAE, is required for the activity of CRL E3 ligases, by blocking cullin
neddylation, MLN4924 inactivates the entire CRLs and serves as a very attractive
pharmaceutical approach to validate CRLs as the cancer targets.

The first study, which reported the discovery of MLN4924, clearly demonstrated that
MLN4924, by inactivating CRLs, causes accumulation of CRLs substrates and suppresses
tumor cell growth both invitro and in vivo [23], Indeed, we found that MLN4924 is a potent
inhibitor of cullin neddylation, as evidenced by complete deneddylation of all cullins tested,
including Cull, Cul2, Cul4A and Cul5 after 6 hrs of treatment in MCF7 breast cancer cells.
Consequently and expectedly, p21, p27 and HIF1a, three well-known substrates of CRLS,
were accumulated substantially (Fig. 6B).

Early mechanistic studies of MLN4924 against tumor cell growth revealed that MLN4924
effectively induced apoptosis [23,116-119] and senescence [120-122], Indeed, we found that
apoptosis was induced significantly in MCF cells after MLN4924 treatment, as evidenced by
increased cleaved-PARP and cleaved-caspase-7 (Fig. 6C). Recently, we further found that
MLN4924 effectively induced autophagy in both dose- and time-dependent manners in
multiple human cancer cell lines [123,124]. As an example, shown here, MLN4924
significantly induced punctuate structures, a well-defined autophagy marker [125], in EGFP-
LC3-expressing Hela cells (Fig, 6D). Our detailed mechanistic studies revealed that
MLN4924-induced autophagy is mainly mediated by inactivation of mMTORCL1, resulting

Curr Pharm Des. Author manuscript; available in PMC 2014 May 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhao and Sun

Page 9

from 1) accumulation of DEPTOR, a naturally occurring inhibitor of mTORCs [93] and a
newly characterized substrate of CRL1PT'CP [48,94,95], and 2) accumulation of HEF1a, a
well-known substrate of CRL2 [51,52], followed by activation of HIF1-REDD1-TSC1 axis.
We Anther elucidated that mTORC1 inactivation and subsequent autophagy induction act as
an overall survival signal, since abrogation of autophagy via genetic and pharmaceutical
means led to an increased suppression of tumor growth by enhancing apoptosis induction
[123], Our study therefore provides a strong piece of proof-of-concept evidence for a
rational drug combination of MLN4924 with an autophagy inhibitor for more effective
cancer therapy [126].

Taken together, the data show that MLN4924 effectively suppresses tumor cell growth by
inducing all three common types of death, namely senescence, apoptosis, and autophagy.
Induction of senescence, largely seen in solid tumor cell lines [120], is mainly mediated by
p21 accumulation as a result of inactivation of CRL1 [127] and CRL4 [128,129], Induction
of apoptosis, as often seen in both leukemia/lymphoma and solid tumor lines
[23,116-119,124], is mainly caused by NFxB inactivation, resulting from IxBa
accumulation due to CRL1 inactivation [130]. Finally, induction of autophagy, mainly seen
in solid tumor lines [123,124], is largely mediated by inactivation of mMTORCL, resulting
from accumulation of DEPTOR and HIF1a due to inactivation of CRL1 and CRL2

(Fig. °F).

The MLN4924 studies provide us two pieces of convincing evidence. First, CRLs are
attractive anti-cancer targets. By inactivation of the entire CRLs E3, an overall anticancer
activity is achieved. Second, targeting CRLs (by MLN4924) is less toxic than targeting
proteasomes (by bortezomib), since MLN4924 selectively blocks degradation of a specific
set of cellular proteins regulated by CRL E3s, whereas bortezomib inhibits degradation of
all proteins through the 26S proteasome, leading to greater general cytotoxicity [131], In
fact, MLN4924 was well-tolerated when administrated to mice [23,132], With promising
preclinical efficacy, MLN4924 has been advanced to several Phase I clinical trials against a
number of human malignancies [103,133].

CONCLUSION AND FUTURE PERSPECTIVES

In summary, CRLs are validated as attractive anticancer targets via genetic (SiRNA targeting
RBX1 or RBX2) and small molecule (MLN4924 blocking cullin neddylation) approaches.
The fact that complete inactivation of CRLs causes growth suppression of tumor cells
indicates that the major function of CRLs in cancer cells is to target the degradation of
tumor suppressor proteins in order to sustain an unlimited proliferation. This unique feature
renders cancer cells much more vulnerable to targeted therapy against CRLS.

It should be clearly noted that although MLN4924 demonstrated some anti-cancer activity in
both in vitro cell culture and in vivo animal studies, like bortezomib, but to a lesser extent,
MLN4924 bears a specificity issue. First of all, there are 8 CRLs and, by mechanism,
MLN4924 would inhibit all. Given the fact that some CRLs have a tumor suppressor
function, their inhibition might be detrimental to normal cells. Secondly, MLN4924 is a
NAE inhibitor and would likely inhibit other cellular neddylation reactions (e.g. neddylation
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of p53 or MDMZ2) [134,135], although cullins are the major physiological substrates. Third,
it has been reported recently that cancer cells can develop resistance to MLN4924 via
selection of rare clones with heterozygous mutations in the targeting enzyme NAER
[136,137], Despite these facts, MLN4924, which targets multiple signaling pathways by
inactivating CRLs, would be likely more efficacious than targeted therapy using a single
kinase inhibitor, since human cancers harbor multiple mutations with alterations in multiple
signaling pathways [138,139].

To overcome the limitations of MLN4924. future discovery efforts should be directed to
identify specific inhibitors against neddylation E2 and E3 for more specific modulation of
cullin neddylation of CRLs. Some drug discovery efforts have been made in the ubiquitin
pathway with discovery of PYR-41 as an inhibitor of ubiquitin E1 [140], CC0651 as an E2
inhibitors [141], and compound A, SCF-12 and SMERS3 as inhibitors of various CRL E3s
[142-144] (Fig. 7), although anti-cancer activity of these inhibitors awaits further testing.
With validation of CRLs as attractive anticancer targets, inhibitors targeting a specific CRL
E3, known to be activated in human cancer, could be eventually discovered and developed
as a novel class of anticancer agents for the treatment of human cancers with selective
activation of this particular CRL.
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Fig. (1). The ubiquitin-proteasome system

Ubiquitin is activated through an ATP-dependent reaction catalyzed by ubiquitin-activating
enzyme (E1). Activated ubiquitin is then transferred to a ubiquitin-conjugating enzyme (E2),
and finally attached to substrates catalyzed by ubiquitin ligase (E3). The fate of
ubiquitinated proteins is determined on the nature of ubiquitin attachment and the type of
isopeptide linkage of the polyubiquitin chain. The K48/K11-linked polyubiquitination
predominantly targets protein for degradation by the 26S proteasome, whereas the K63-
linked polyubiquitination and monoubiquitination normally alters protein functions.
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2 A N-end rule E3s

HECT E3s

RING E3s

APCIC E3s

Fig. (2). The UPS cascadeis pyramidal in design
In human cells, there are two E1 ubiquitin-activating enzymes, 38 E2 ubiquitin-conjugating

enzymes, more than 600 E3 ubiquitin ligases and thousands of substrates. The E3 ubiquitin
ligases, based upon their structure, can be further categorized into 4 classes, including the N-
end rule E3s, HECT-E3s, RING-E3s, and APC/C E3s. The RING-E3s can further be
subdivided into RING-containing single peptide E3s. Cullin-RING ligases (CRLs) and its
derivatives. U-box E3s.
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Fig. (3). The composition of CRL E3 ubiquitin ligases
(A) A typical composition of CRL E3, consisting of a cullin, a RING protein, an adaptor

protein, and a substrate recognition receptor. (B) The C3H,C3 RING structure of two RING
proteins, RBX1 and RBX2. Numbers represent the amino acid codons and X stands for any
amino acid. (C) The domain structure of cullin family members. Numbers represent the
amino acid codons. The orange line indicates the position of the neddylation site. (D)
Known adaptor proteins in CRLs. (E) The number of the family members in each type of
receptor proteins found in CRLs. (The color version of the figure is available in the

electronic copy of the article).
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Fig. (4). Modularity of cullin-RING E3 ligases

(A) CRLL, (B) CRL2, (C) CRL3, (D) CRL4, (E) CRLS5, (F) CRL7, (G) CRLO.
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Representative and selective substrates of each individual CRL are shown, along with the

biological processes they regulate. Note that substrates in red are tumor suppressors,
whereas in green are oncoproteins. (The color version of the figure is available in the

electronic copy of the article).
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Fig. (5). Dynamic regulation of CRL s activity by neddylation

The binding of unmodified cullin to CANDL inhibits the binding of the substrate receptor-
adaptor module to the N-terminus of cullin. Neddylation of cullin disrupts the inhibitory
binding by CAND1 and retains the CRLs in an active conformation to promote substrate
ubiquitination. Like ubiquitination, neddylation requires E1 NEDDS-activating enzyme
(NAE), E2 NEDD8-conjugating enzyme (UBC12), and E3 NEDDS8 ligase, which catalyzes
the transfer of NEDDS8 to cullin. After dissociation of polyubiquitinated substrate from CRL
complex, CSN binds to neddylation site of cullin and removes NEDDS8 from cullin for
recycle. CANDZ1 then binds to cullin and inactivates the CRLS.
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Fig. (6). MLN4924, an inhibitor of NEDD8-activating enzyme for cancer therapy
(A) Chemical structure of MLN4924. (B) MLN4924 blocks neddylation of all cullins tested

and cause the accumulation of CRL substrates. MCF7 cells were treated with 1.0 uyM
MLN4924 or DMSO vehicle control for indicated time periods, followed by Western
blotting with indicated antibodies. (C) MLN4924 induces apoptosis. MCF7 cells were
treated with 1.0 UM MLN4924 for indicated time periods, followed by Western blotting with
indicated antibodies. (D) MLN4924 induces autophagy. HeLa cells stably expressing EGFP-
LC3 were treated with 1.0 uM MLN4924 or DMSO control for 24 h prior to photography
under a fluorescent microscope. (E) A model for suppression of cancer cell growth by
MLN4924.
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Fig. (7).

Schematic presentation of neddylation and CRL-mediated ubiquitination and potential

points of targeting.
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