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Yi Sun
Abstract
Protein ubiquitylation is one of the most
important posttranslational protein

modifications, catalyzed by an enzyme cas-
cade of EI/E2/E3. Neddylation, like
ubiquitylation, is also catalyzed by an E1/E2/

t')

Check for
updates

will summarize most recent progress in this
field with three sections, covering (1) structure
and regulation of CRL and neddylation,
(2) biological function of each CRLs, and
(3) drug discovery efforts to target
CRL/neddylation for cancer therapy.

E3 enzyme cascade to covalently attach the
ubiquitin-like molecule NEDDS8 to a lysine
residue of a substrate, not for degradation,
but for modulation of substrate activity. The
best known neddylation substrates are cullin
family members, the scaffold component of
the cullin-RING ligase (CRL), which is the
largest family of E3 ligases that catalyze the
ubiquitylation of ~20% of cellular proteins
doomed for the degradation by proteasome
system. The activity of CRLs requires cullin
neddylation, which facilitates the adaptation of
CRLs to an open conformation for easy sub-
strate access. Since the substrates of CRLs are
various key molecules that regulate a variety
of cellular functions, CRLs and their
neddylation activation, therefore, play the
essential roles in many biological processes.
Indeed, CRLs are abnormally regulated in
many human diseases and serve as the thera-
peutic targets at least for cancer. This book
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1.1 Protein Ubiquitylation

Protein ubiquitylation is one of the most impor-
tant posttranslational protein modifications which
plays fundamental role in the maintenance of cell
homeostasis and for normal cell physiology and
many cellular functions (Ciechanover 1998;
Hershko and Ciechanover 1998). Protein
ubiquitylation is catalyzed by three sequential
enzymatic reactions: First, the C-terminal Gly
residue of ubiquitin is activated in the presence
of ATP by an El activating enzyme to form a
thioester linkage between ubiquitin and a Cys
residue of E1 active center. Second, activated
ubiquitin is transferred to an active site Cys resi-
due of an E2 conjugating enzyme also via a
thioester linkage. Finally, ubiquitin is linked by
its C-terminus in an amide isopeptide linkage to
an e-amino group of the Lys residues of a sub-
strate protein, catalyzed by an E3 ubiquitin ligase
(Hershko and Ciechanover 1998). One run of this
reaction causes substrate monoubiquitylation,
which normally alters protein localization or
function. Multiple runs of this reaction lead to
formation of polyubiquitylated substrates, which
are recognized and then degraded by proteasome
system or possess altered function in a manner
dependent of the linkage between ubiquitins.
Ubiquitin is removed from ubiquitylated
substrates and recycled by deubiquitylase
(DUB) (Fig. 1.1, top panel). The UPS is
abnormally regulated in many human diseases,
particularly neurodegenerative diseases and
cancers (Ciechanover 2003; Ciechanover and
Iwai 2004). The UPS as an attractive anticancer
target was fully demonstrated by the fact that
bortezomib (Velcade), a first-in-class proteasome
inhibitor, has been used to treat patients with
multiple myeloma and relapsed mantle cell lym-
phoma since 2003 (Orlowski and Kuhn 2008;
Speedy approvals for new cancer treatments
2003).

In mammalian cells, there are 2 types of Els,
38 of E2s, more than 600 of E3s (Zhao and Sun
2013), and 106 DUBs (Harrigan et al. 2018).
Structurally, the E3 ligases are categorized into
four major types: N-end rule E3s; HECT (homol-
ogous to E6-AP C-terminus) domain-containing
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E3s; RING (really interesting new gene) finger-
containing E3s; and APC/C (anaphase-promoting
complex/cyclosome)  E3 (Hershko  and
Ciechanover 1998; Zhao and Sun 2013; Zheng
and Shabek 2017; Zhang et al. 2014). The HECT
E3s contain a conserved cysteine residue that
forms a thioester intermediate with ubiquitin
from ubiquitin-loaded E2 and pass ubiquitin
onto a substrate. In contrast, the RING-finger
containing E3s promote the direct transfer of
ubiquitin from the ubiquitin-loaded E2 to a sub-
strate  (Hershko and Ciechanover 1998;
Lipkowitz and Weissman 2011). The RING-
finger E3s have two subclasses: single peptide
E3s, containing both the RING-finger domain
and substrate-binding motif (e.g., MDM2)
(Haupt et al. 1997; Kubbutat et al. 1997), and
the multicomponent-containing E3s, in which
the RING-finger and substrate-binding units are
assembled together from different individual
E3s (such as CRLs) (Sun 2003; Willems
et al. 2004).

1.2 Protein Neddylation

Protein neddylation is a process of tagging
NEDDS onto a substrate protein, not for degrada-
tion, but for modulation of protein activity and
function. NEDDS is one of the most studied UBL
(ubiquitin-like) proteins and is 60% identical and
80% homologous to ubiquitin (Kamitani et al.
1997). Unlike ubiquitin, NEDD8 is first
synthesized as a precursor with five additional
residues downstream from Gly76, which are
cleaved by C-terminal hydrolases, including
UCH-L3 (Johnston et al. 1997; Larsen et al.
1996) and NEDP1/DEN1/SENP8 (Gan-Erdene
et al. 2003; Mendoza et al. 2003; Wu et al.
2003). After this processing, NEDDS, like
ubiquitin, is attached covalently to its substrates
by an isopeptide linkage between the C-terminal
Gly76 of NEDDS8 and a lysine residue of the
target protein, catalyzed by an E1 NEDDS-
activating enzyme (NAE), an E2 NEDDS-
conjugating enzyme, and an E3 ligase, and ulti-
mately conjugates NEDDS8 to its specific
substrates. Neddylated substrates can be
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Fig. 1.1 Protein modifications by ubiquitylation and
neddylation. Protein ubiquitylation is catalyzed by El
ubiquitin-activating enzyme, E2 ubiquitin-conjugating
enzyme, and E3 ubiquitin ligase. Ubiquitylated substrates
are deubiquitylated by deubiquitylase (DUB). In
mammals, there are 2 Els, 38 E2s, more than 600 E3s,
over hundreds and thousands of substrates, and

deneddylated by a DND, such as CSN, and the
free NEDDS is recycled (Fig. 1.1, bottom panel).

In mammalian cells, there are a single El
(NAE), two E2s (UBE2M, also known as
UBC12, and UBE2F), and a dozen or so E3s
(Fig. 1.2). NAE is a heterodimer, consisting of a
regulatory subunit NAE1/APPBP1 and a catalytic
subunit UBA3/NAEP (Bohnsack and Haas 2003),
and is structurally and biochemically similar to
ubiquitin-activating enzyme (UAE). NAEI and
UBA3 are homologous to the amino and carboxyl
regions of UAE, respectively. UBE2M preferen-
tially promotes neddylation of RBX1-associated
cullins (CUL1-3, CUL4A, and CUL4B), whereas
UBE2F promotes neddylation of RBX2-
associated CULS (Huang et al. 2009). The major-
ity of NEDDS E3 ligases contain a RING domain,
including c-CBL (Oved et al. 2006; Zuo et al.
2013), FBXOI11 (Abida et al. 2007), IAPs
(Broemer et al. 2010; Nagano et al. 2012),
MDM2 (Xirodimas et al. 2004), RBX1 and
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100 DUBs. Likewise, protein neddylation is catalyzed by
E1 NEDDS8-activating enzyme, E2 NEDD8-conjugating
enzyme, and E3 NEDDS ligase. Neddylated substrates
are deneddylated by deneddylase (DND). In mammals,
there are 1 El, 2 E2s, over 10 E3s, about 20 substrates,
and a little over 6 DNDs

RBX2 (Huang et al. 2009; Kamura et al. 1999;
Duan et al. 1999), RNF111 (Ma et al. 2013),
TFB3 (Rabut et al. 2011), and TRIM40 (Noguchi
etal. 2011). DCN1 and its family members (Kurz
et al. 2005, 2008), however, do not contain a
RING domain for its catalytic activity, but coop-
erate with RBX1 to facilitate cullin neddylation
(Meyer-Schaller et al. 2009). Furthermore, DCN1
directly interacts with UBE2M E2 on a surface
that overlaps with the E1-binding site (Kurz et al.
2008). More strikingly, crystal structure analysis
revealed that the N-terminal methionine of
UBE2M is acetylation, which along with few
downstream amino acid residues is inserted into
a hydrophobic pocket of DCN1 to promote cullin
neddylation (Scott et al. 2011). Disruption of this
UBE2M-DCNI1 binding by a small molecule
(DI591), discovered via structure-based design,
selectively inhibited cullin-3 neddylation, leading
to the accumulation of its substrate NRF2 (Zhou
et al. 2017).



1.3 Cullin-RING Ligases (CRLs)
Among a dozen of reported neddylation
substrates (Fig. 1.2), only cullin family members
are considered as the physiological substrates.
The attachment of NEDDS to a C-terminal lysine
residue of cullins leads to activation of cullin-
RING ligases (CRLs) (Merlet et al. 2009; Sakata
et al. 2007), owing to structural change in the
CRLs complex with an open conformation to
facilitate the access of the substrates for
ubiquitylation (Saha and Deshaies 2008; Duda
et al. 2008; Zheng et al. 2002).

CRL is the largest family of E3 ubiquitin
ligase, responsible for ubiquitylation of ~20% of
cellular proteins doomed for degradation via
ubiquitin-proteasome system (Soucy et al.
2009). CRL is a multiunit E3, consisting of four
components, including a cullin, an adaptor pro-
tein, a substrate-recognizing receptor, and one
RING protein. Structurally, cullins act as scaffold
proteins with the N-terminus binding to an adap-
tor protein, a substrate receptor protein, and the
C-terminus binding to a RING component protein
(Fig. 1.3) (Zhao and Sun 2013). In the human
genome, eight cullin family members (CULI,
CUL2, CUL3, CUL4A, CUL4B, CULS, CUL7,
and CUL9) were identified with an evolutionarily
conserved cullin homology domain at the

Fig. 1.2 Protein
neddylation by three
catalytic enzymes and
neddylation substrates.
Protein neddylation is
catalyzed by E1 NEDD8-
activating enzyme, which is
a heterodimer of NAE1/
APPBP1 (regulatory
subunit) and UBA3/NAER
(catalytic subunit); E2
NEDD8-conjugating
enzymes with two family
members: UBE2M/UBC12
and UBE2F; and E3
NEDDS ligases. The
physiological substrates of
neddylation are cullin
family members

© &
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C-terminus, which is responsible for cullin inter-
action with RBX1 or RBX2 (Zheng et al. 2002).
Among four adaptor proteins, SKP1 is shown to
bind to cullin-1 or cullin-7, Elongin B/C for
cullin-2 or cullin-5, and DDB1 for cullin-4A or
cullin-4B. For substrate recognition receptors,
69 F-box proteins were identified for CRL1/SCF
(Jin et al. 2004), 80 SOCS proteins for CRL2 or
CRL5 (Linossi and Nicholson 2012), about
180 BTB proteins for CRL3 (Stogios et al.
2005), 90 DCAF proteins for CRL4A or
CRLA4B (He et al. 2006), and 1 adaptor protein,
FBXWS, for CRL7 (Scheufele et al. 2014) and
2 RING family members RBX1/ROC1 and
RBX2/ROC2 (also known as SAG) with a
RING-finger domain at the C-terminus to bind
2 zinc atoms via the C3H,C; motif (Fig. 1.3).
Thus, CRLs consist of more than
400 components, which form 8 cullin-based
RING-dependent E3 ubiquitin ligases, and are
responsible for ubiquitylation and degradation of
thousands of substrates (Deshaies and Joazeiro
2009; Sarikas et al. 2011).

In general, most of short-lived proteins are the
substrates of CRLs, particularly for CRLI,
including cell cycle regulators, signal molecules,
transcription factors, and proteins regulating
translation and apoptosis. The major substrate of
CRL2 is HIFla, which plays a critical role in

=
=
=]
+
-
=

NAE1/UBA3

UBE2M/UBC12, UBE2F

¢-(BL, DCN1-5, FBXO011, IAPs, MDM2,
RBX1/ROC1, RBX2/R0C2/SAG,
RNF111, TFB3, TRIM40

Dennedylation

ATP
(Ne]
©

6000

Cullins: Cul1, Cul2, Cul3, Cul4A, Cul4B, Cul5
Non-Cullins: ACID, BCA3, E2F-1, EGFR, HIF1a/HIF20,,
HuR, p53, MDM2, Parkin, pVHL, RPs, SMURF1, TGF-(II
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Apoptosis: Hypoxia:
BimEL [32AR
Mdl1 Hif1a/200
Cell cyde: Signal transduction:
(DC25A/B AKT
Cyclin D/E aPKCL
p21/p27 NDRG3
WEE1
Genome integrity:
CP110
RRM2
Signal transduction:
{3-Catenin
Deptor
Notch
NF1 —
SMAD? . Apoptosis:
Transcription: NOXA
FOX01 Signal transduction:
likBou ATM
Jun DAB
Myc pSRC
Translation: Viral modulation:
ke APOBEC3G

Fig. 1.3 Family of cullin-RING ligases: components and
substrates. Cullin-RING ligases (CRLs) consist of four
components: a scaffold cullin, an adaptor protein, a
substrate-recognizing subunit, and a RING protein. Eight
members of cullin family were identified including cullin-
1, cullin-2, cullin-3, cullin-4A, cullin-4B, cullin-5, cullin-

regulation of hypoxia response, whereas the
major substrate of CRL3 is NRF2, an antioxidant
transcription factor responsible for oxidative
stress. The CRL4 substrates play the essential
role in DNA replication and DNA damage
response, while the CRLS5 substrates are mainly
involved in regulation of apoptosis and viral
infection. The substrates for CRL7 and CRL7

Substrate J

Apoptosis: Chromatin remodeling:
BCL2 Histone H2A/H3/H4
Daxx DNA repair:

Autophagy: CHK1
Beclin1 PCNA
P62 XPC
ULK1 XPG
VPS34 DNA replication:

Oxidative stress: ()]

Nrf2 TDG

Receptor: Signal transduction:
ERG/AR LAT1

Signal transduction: NF2
IKKB REDD1
PTEN TSC2
WNK

Substzate .\

Signal transduction: Apoptosis:
Caspase-8 Survivin
yEag1
IRS-1
Mst1

7, and cullin-9. The RING protein RBX1 prefers to bind to
cullins 1-5 and 7, whereas RBX2 prefers to bind to cullin-
5 as well as cullin-1. CRLs are the largest family of E3
ligases, which catalyze the ubiquitylation of ~20% cellular
proteins doomed for proteasome degradation

are rarely studied with very limited substrates
identified (Fig. 1.3). Given the substrates of
CRLs are various key molecules that regulate a
variety of cellular functions, it is not surprising
that CRLs and their neddylation activation play
the essential roles in many biological processes.
Indeed, CRLs are abnormally regulated in many
human diseases and served as the therapeutic



targets at least for cancer (Zhao and Sun 2013;
Skaar et al. 2014; Zhao et al. 2014; Zhou et al.
2013, 2019).

1.4 Book Contents

This book contains 3 sections and a total of
20 chapters, in addition to this overall introduc-
tion, by the experts in the field of CRL and
neddylation with summarization of the most up-
to-date progresses in this fast-moving and highly
significant area of research. Section 1 has four
chapters with the focus on the structure of CRLs
and structure-based regulation of neddylation
modification. The Section 2 consists of
12 chapters with focus on characterization of
biological functions of each CRL in variety of
cellular processes and their alterations in human
diseases. The last section is the therapeutic focus
with four chapters on drug discovery efforts to
target CRLs and neddylation for the treatment of
human diseases, particularly cancer.
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Abstract

Cullin-RING ubiquitin ligases (CRLs) repre-
sent the largest superfamily of multi-subunit
E3s conserved in all eukaryotes. Soon after the
discovery of these important ubiquitin ligase
machineries, structural studies have made tre-
mendous contributions to our understanding of
their functions. Identification of the key
components of CRLs by early studies raised
immediate questions as to how these multi-
subunit complexes assemble to promote the
polyubiquitination of substrates. Specifically,
how do the CRL subunits interact with each
other to form a versatile E3 platform? How do
they recognize specific substrates? How are
the CRL-substrate interactions regulated in
response to upstream signals? How are the
CRL E3s themselves activated and
deactivated, and how are substrate receptor
subunits of CRLs exchanged in the cell?
Even though we might not yet have complete
answers to these questions, extensive struc-
tural analyses of CRL complexes in the past
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two decades have begun to unveil the themes
and variations of CRL biology. In this chapter
we will discuss both classic and emerging
structures that help elucidate the overall archi-
tecture of CRLs, their substrate recognition
modes, and regulatory mechanism of CRLs

by NEDDS8 modification.
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Abbreviations

APOBEC3

Apolipoprotein B mRNA editing
enzyme
catalytic polypeptide-like 3

ARIH1 Ariadne-1 homolog

ASK1 Apoptosis signal-regulating
kinase 1

AUX/TAA Auxin/indole-3-acetic acid

BPA Beta-propeller A

BPB Beta-propeller B

BPC Beta-propeller C

BTB Broad-complex, tramtrack, and
bric-a-brac

CANDI1 Cullin-associated NEDDS-
dissociated protein 1

CBF-p Core-binding factor beta

CDC34 Cell division cycle 34/ubiquitin-

conjugating enzyme E3 R1
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CDK2
CKla
CKS1

COIl
COP9
CRBN
CRL
CRY1/2

CSN
CTD
CUL
DCAFs
DCNI1

DDBI1/2
EB

EC
FBXL

FBXO

FBXW

GLMN
GSPT1
HHARV/
ARIHI1
HIFla

IKZF1/3
1P6

JA

JAZ
KEAP1

KLHDC2
LRR
MATH
MEIS2

NEDDS

NRF2

NTD

Cyclin-dependent kinase 2
Casein kinase 1
Cyclin-dependent kinases regu-
latory subunit 1
Coronatine-insensitive protein 1
Constitutive photomorphogenesis 9
Cereblon

Cullin-RING ubiquitin ligases
Cryptochrome circadian regulator
172

COP9 signalosome

C-terminal domain

Cullin

DDB1-CUL4A-associated factors
Defective in cullin neddylation
protein 1-like protein 1

DNA damage-binding protein 1/2
Elongin B

Elongin C

F-box and leucine-rich repeat
proteins

F-box and other repeat-containing
proteins

F-box and WD repeat-containing
proteins

Glomulin

Gl to S phase transition 1
Ariadne-1 homolog

Hypoxia-inducible factor 1 subunit
alpha

IKAROS family zinc finger 1/3
Inositol hexakisphosphate
Jasmonic acid

Jasmonate ZIM domain
Kelch-like ECH-associated pro-
tein 1

Kelch domain-containing protein 2
Leucine-rich repeat

Meprin and TRAF-C homology
Myeloid ecotropic viral integra-
tion site 1 homolog 2

Neural precursor cell-expressed
developmentally downregulated
protein 8

Nuclear factor erythroid 2-related
factor 2

N-terminal domain
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ODD Oxygen-dependent degradation

PTM Post-translational modification

RBX1/2 RING box protein 1/2

RING Really interesting new genes

RING-IBR- RING - in between ring — RING

RING

RBR

SALL4 Sal-like protein 4

SCF SKP1, CUL1, and F-box proteins

SELK Selenoprotein K

SELS Selenoprotein S

SKP1/2 S-phase kinase-associated protein
172

SPOP Speckle-type POZ protein

STAT Signal transducer and activator of
transcription

SV5-V Simian virus 5 V protein

TIR1 Transport inhibitor response 1

UBC12/ Ubiquitin-conjugating enzyme E2

UBE2M M

USP1 Ubiquitin specific peptidase 1

VHL von Hippel-Lindau tumor
suppressor

Vif Viral infectivity factor

WHB Winged-helix B

Wnt Wingless

B-TrCP Beta-transducin repeat-containing
Protein

2.1 Overall Architecture of CRLs

2.1.1  Introduction

CRLs are modular E3 ligases, which utilize inter-
changeable substrate receptors to recruit a variety
of substrates onto a common catalytic scaffold
(Fig. 2.1a). All CRLs contain a scaffolding cullin
protein, namely, CUL1, CUL2, CUL3, CUL4A,
CULAB, or CULS5. Most of these cullin proteins
bind a specific adaptor polypeptide through their
N-terminal regions, which helps engage inter-
changeable substrate receptors to dock their cog-
nate substrates to the E3. The ubiquitination
reaction involves the transfer of ubiquitin from
an E2 ubiquitin-conjugating enzyme to the
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Fig. 2.1 Overall architecture of CRLs and structural
components of CRL1 and CRL2/5. (a) Schematic draw-
ing of all CRLs. S, SKP1; R, RBX1; EB, Elongin B;
EC, Elongin C; U, ubiquitin; Sub, substrate. (b) A
model of CRLI1(SCF)SKPZCKSL iy complex with sub-
strate p27 and a ubiquitin-charged E2. (¢) An orthogo-
nal view of the SKP1-SKP2-CKS1-p27 complex (PDB:
1LDK, 2AST). (d) Crystal structure of the SKPI in
complex with the WD40-repeat domain containing
F-box protein, f-TrCP, which interacts with the degron

substrate. The cullin scaffold facilitates this pro-
cess by using its C-terminus to house the catalytic
subunit, RBX1 or RBX2, which directly interacts
with the ubiquitin-conjugated E2 enzyme.

The first glimpse of the architecture of a CRL
complex came from the X-ray crystal structure of
human CULI1-RBXI1 (Fig. 2.1b) (Zheng et al.

KLHDC2 H

3

g "
A
\

of the substrate protein, P-catenin (PDB: 1P22). (e)
Crystal structure of the BC-box protein, VHL, in com-
plex with Elongin B and Elongin C (PDB: 1VCB). (f) A
different view of VHL-EB-EC complex bound to CUL2
with the stabilized C-terminus of EB labeled with “C”
(PDB: 4WQO). (g) The substrate-binding kelch repeat
domain of the BC-box protein KLHDC2 (PDB: 6DO3).
(h) A crystal structure of the HIV accessory protein Vif
in complex with EB, EC, CULS5, and a cellular factor,
CBF-p (PDB: 4N9F)

2002b). In the structure, CUL1 adopts a highly
elongated shape with two functional domains.
The stalk-like N-terminal domain of CULLI is
made of helical repeats that interact with the
CRLI1 adaptor protein, SKP1. The C-terminal
domain of the scaffold has a more globular fold,
which harbors RBX1. The N-terminal and
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C-terminal domains are coupled through a hydro-
phobic interface, which structurally affixes the
two functional portions of the E3 machinery.
Mutational work that introduced flexibility to
CULLI abolished its ability to promote substrate
ubiquitination, but not substrate binding,
reinforcing the idea that its rigidity is necessary
for its E3 activity. The inflexible CUL1-RBX1
ubiquitin ligase scaffold spans more than 100 A,
allowing the E3 to accommodate substrates of
various shapes and sizes. While this distance is
beneficial for the docking and ubiquitination of
large substrate proteins, it seems to also present a
challenge for small substrates to be ubiquitinated
by the E2 that is tens of dngstrdm away, unless
flexibility is introduced somewhere (see below).

The globular domain of CUL1 not only fosters
RBX1, but also intercalates the catalytic subunit.
RBX1 is a RING-type zinc finger, which consists
of a N-terminal p-strand and a C-terminal core
domain that coordinates three zinc ions. The
RBX1 p-strand inserts itself between five
B-strands of CUL1’s globular domain to create a
stable intermolecular p-sheet. At the same time,
the RING domain of RBX1 is hosted by the rest
of CULI C-terminal region through a seemingly
loose interface. Overall, the two proteins appear
to exist in a “symbiotic” relationship, where they
stay together throughout their life cycles. This
bimodal interaction between CUL1 and RBX1,
which involves an anchored end and a relaxed
interface, allows for the RING domain of RBX1
to pop out upon the post-translational modifica-
tion (PTM) of CUL1 by NEDDS, a ubiquitin-like
molecule. Such an intermolecular topological
change provides flexibility to CRL1 that helps
reposition the ubiquitin-conjugated E2 to poten-
tially approach the substrate. Further discussion
about the regulation of CRLs by neddylation will
be in Sect. 2.3.1.

CULI uses two a-helices to bind SKP1. The
majority of the residues clustered at this interface
are  strictly conserved between CULIL
orthologues. Interestingly, these residues are not
conserved across CULI paralogues, i.e., CUL1-
CULS. But they are conserved within orthologues
of each cullin family member (Zheng et al.
2002b), suggesting that the binding mode
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between CULI and SKP1 is not unique to
CRL1, but common to all cullins and their
adaptors. This has been confirmed by follow-up
structural studies of other CRLs. Sharing
sequence homology with SKP1, Elongin C
(EC) serves as the adaptor for CUL2 and CULS
together with Elongin B (EB) to recruit BC-box
substrate receptors. Despite the lack of sequence
homology with SKP1, the CUL3 adaptors/sub-
strate receptors, BTB proteins, share structure
homology with SKP1 within their BTB domains.
On one hand, it is not unexpected that the same
two N-terminal helices of CUL1, CUL2, and
CULS3 are used for the recruitment of their adap-
tor proteins. On the other hand, it is surprising
that CUL4 uses the exact same region as CUL1—
CULS3 to interact with its adaptor, DDB1, which
is neither structurally nor sequence-wise similar
to SKP1, Elongin C, or the BTB domain.

2.1.2 CRL1 Adaptor and Substrate

Receptors

CRLI, the prototype of CRL E3s, is also named
as SCF, which stands for SKP1, CULI1, and
F-box proteins. The substrate recruitment func-
tion of CRLI is conducted by a family of
proteins, which share an N-terminal ~40 residues
F-box motif that constitutively interacts with
SKP1 (Skowyra et al. 1997). These F-box
proteins feature characteristic C-terminal pro-
tein-protein interaction domains, which are
responsible for binding specific substrates.
Based on their predicted tertiary structures, the
69 human F-box proteins have been classified in
three groups: FBXL for leucine-rich repeat
(LRR)-containing proteins, FBXW for the ones
containing WD40 repeats, and FBXO for F-box
protein with other folds (Jin et al. 2004). The
diverse protein-protein interaction domains used
by F-box proteins enable them to recognize dif-
ferent substrates with high specificity and opti-
mally orient these substrates to receive ubiquitin
from the RBX1-bound E2 enzyme. In most, if not
all, structures of F-box proteins in complex with
SKP1, the N-terminal domain of the substrate
receptors appears to be structurally coupled to
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the SKPI1-F-box module, which displays little
structural variation. Together with the stable
SKP1-CULI1 interface, the entire CULI-SKP1-
F-box protein complex has been postulated to
play a role in spatially positioning the bound
substrate relative to the catalytic end of the E3
platform (Zheng et al. 2002b).

The first structure of an F-box protein, SKP2,
was determined almost 20 years ago, which
revealed the binding mode of the F-box motif to
SKP1 (Fig. 2.1b, ¢) (Schulman et al. 2000).
CRLI15%"2 is a key regulator of mammalian cell
cycle progression. The overall structure of the
SKP1-SKP2 complex resembles a sickle. The
handle of the sickle is made of the SKP1-F-box
structural module, while the variable linker and
leucine-rich repeats of SKP2 constitute the blade.
SKP1 and the F-box motif of SKP2 interact via an
extensive interdigitated interface that consists of
four alternating layers from each protein.
Although part of the interface is mediated by
residues that are not strictly conserved among all
F-box motifs, it is generally believed, and subse-
quently validated, that all F-box proteins engage
SKP1 in a similar binding mode.

The C-terminal domain of SKP2 is composed
of ten LRRs, each of which is made of an a-helix
and a p-strand. These LRRs pack in tandem and
give rise to an arc-shaped structure, which is
characterized by a concave side formed by paral-
lel B-strands and a convex surface presented by
o-helices. In many known non-E3 LRR proteins,
the concave surface is involved in protein-protein
interaction. The FBXLs, including SKP2, are no
exception. Remarkably, the FBXL subfamily of
F-box proteins have evolved different numbers of
LRRs, which give rise to curved structures with
different diameters, arc lengths, and pitches.
These features presumably allow the FBXLs to
hold diverse substrates. Interestingly, SKP2 also
features a long C-terminal tail, which wraps back
into the concave surface of the LRR domain and
provides an additional structural element for sub-
strate recruitment.

Unlike many F-box proteins, which directly
recruit CRL1 substrates, SKP2 requires yet
another adaptor protein, CKS1, to bind and
ubiquitinate its substrate p27<'. The crystal
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structure of the SKP1-SKP2-CKS1-p27 complex
shows that CKS1 is anchored to the concave
surface of SKP2 LRR domain and is supported
underneath by the SKP2 C-terminal tail
(Fig. 2.1¢) (Hao et al. 2005). The residues that
are involved in the CKS1-SKP2 interaction are
conserved in animal orthologues on both sides of
the interface, underlying the functional impor-
tance of CKS1. Furthermore, CKS1 has been
found to form a stable complex with CDK2-
cyclin A, which might contribute to the binding
of p27%"! to the CRL1 machinery.

The crystal structure of SKP1-B-TrCP offered
the first sight of an FBXW-type F-box protein,
which plays a major role in the Wnt signaling
pathway by catalyzing the polyubiquitination
and degradation of f-catenin (Fig. 2.1d)
(Wu et al. 2003). The SKP1-B-TrCP complex
adopts a bi-lobal structure, displaying the sub-
strate at the opposite side of SKP1. The F-box
motif of B-TrCP interacts with SKP1 in a similar
fashion as SKP2. The substrate-binding function
of the F-box protein is performed by its
C-terminal WD40-repeat domain, whose name
is derived from the ~40 amino acids sequence
repeat that contains structurally essential trypto-
phan (W) and aspartic acid (D) amino acids.
WDA40 repeats are known to fold into a
B-propeller structure, which is usually made of
seven [-sheets arranged in a circular manner
around a central narrow channel. In B-TrCP and
other FBXW proteins with known structures, the
amino acids located on the “top” surface are
involved in substrate recognition. Through a
rigid linker helix connecting to the SKP1-F-box
module, p-TrCP is thought to position its sub-
strate toward the E2 for ubiquitin transfer.

2.1.3 CRL2 and CRL5

CRL2 is organized in a similar manner as CRLI,
with CUL2 serving as the scaffolding protein,
EB-EC assisting as adaptor proteins, and
members from the BC-box family of proteins
acting as substrate receptors (Mahrour et al.
2008). CUL2 shares 38% of sequence identity
with CULL.



As predicted by homology models and subse-
quently confirmed by crystal structure, CUL2
adopts a similar elongated structure as CULI
(Cardote et al. 2017). As the adaptor protein of
CUL2, EC shares about 30% sequence identity
with SKP1 and has a BTB core fold. Unlike
SKP1, EC does not act alone to bridge the sub-
strate receptor BC-box proteins to CUL2 and
mandates its association with the ubiquitin-like
molecule EB. It is not clear yet if EB with the
ubiquitin-like fold plays any particular role in
CRL2 besides stabilizing EC. In comparison
with the F-box proteins, the BC-box proteins
contain structural elements that do not only inter-
act with the adaptor proteins, but also make direct
contacts with their cognate cullin scaffolds.
Besides a short BC-box motif, some BC-box
proteins feature a CUL2-box motif that specifi-
cally recognizes CUL2. Interestingly, these two
motifs are always consecutively localized in the
BC-box protein sequences but could be found at
different positions relative to the substrate-
binding domain in the polypeptide. The best stud-
ied member from this family of proteins is the
VHL tumor suppressor protein that promotes the
ubiquitination of HIFla under normoxia (Kaelin
2005). When its substrate-binding domain or
BC-box motif is mutated, VHL fails to target
HIF1a for ubiquitination and degradation, which
leads to von Hippel-Lindau disorder, a hereditary
predisposition to develop tumors in a variety of
organs.

The structure of VHL-EB-EC unveils the por-
tion of VHL that is involved in substrate recogni-
tion as a beta-sandwich (Fig. 2.1e) (Stebbins et al.
1999). The BC-box and CUL2-binding motifs of
VHL together form a three a-helices structural
module that is very similar to the structure of the
F-box motif. Moreover, EC can be superimposed
almost perfectly on part of SKP1. As predicted,
the other adaptor protein, EB, adopts a ubiquitin-
like a-/p-roll structure. In this crystal structure,
the C-terminal tail of EB interacts with EC and
points toward VHL with the last 20 amino acids
disordered. Snapshots of VHL-EB-EC in com-
plex with the first N-terminal repeat of CUL2 or
the full-length protein reveal that the C-terminal
tail of EB adopts an ordered structure interacting

D.-V. Rusnac and N. Zheng

with VHL (Nguyen et al. 2015; Cardote et al.
2017). In addition, an internal loop of EC that is
disordered in the VHL-EB-EC complex becomes
structured upon its interaction with CUL2
(Fig. 2.1f). Remarkably, the CUL2-box of VHL
makes polar interactions with part of the cullin
scaffold, which hints at how different BC-box
proteins could differentiate between CUL2 and
CULS, even if they use the same adaptor proteins.

A myriad of BC-box proteins with various
folds have been identified by biochemical and
bioinformatical approaches (Mahrour et al.
2008). A variety of substrate-binding domains
have been mapped for the ones that bind CUL2,
such as leucine-rich repeats, ankyrin repeats,
tetratricopeptide repeats, armadillo repeats, kelch
repeats, or SWIM zinc fingers. Recently, the
structure of a kelch repeat BC-box protein,
KLHDC2, has been determined (Fig. 2.1g)
(Rusnac et al. 2018). It adopts a p-propeller fold
composed of six p-sheets that are arranged in a
circular fashion around a central axis. As
observed for most kelch repeat domains, the
“top” surface of KLHDC?2 sports long variable
loops that give rise to a deep binding pocket,
which recognizes the degron of its substrates.
The “bottom” part of the repeat is predicted to
neighbor the BC-box and CUL2-box motifs,
which have been removed for ease of
crystallization.

Similar to CUL2, CULS5 employs the same
adaptor proteins EB and EC to associate with a
distinct subfamily of the BC-box proteins
(Mahrour et al. 2008). The substrate receptors
that bind CULS5 can have one of the following
folds: Src homology 2 phosphotyrosine-binding
domain, ankyrin repeats, SPla and ryanodine
receptor domain, WD40 repeats, Rab-like
GTPase domain, protein-L-isoaspartate
carboxymethyltransferase, and transcription fac-
tor SII-like domain. Unexpectedly, not only cel-
lular BC-box proteins have been found to bind
CULS5-EB-EC. A very interesting study has
demonstrated that HIV-1 virion is able to hijack
CRLS5 via an accessory protein, Vif, to promote
the degradation of APOBEC3, the host restriction
factor that blocks the replication of the virus
(Yu et al. 2003). Recent studies showed that this
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function of Vif entails yet another host protein,
the transcription factor CBF-f that plays a role in
APOBEC3 expression (Kim et al. 2013). The
structure of the Vif-CBF-B-CULS5\-EB-EC com-
plex reveals an overall U shape, with Vif-CBF-3
and CULSN making up the arms and EB-EC
sticking out at the bottom (Fig. 2.1h) (Guo et al.
2014). Akin to cellular BC-box proteins, Vif uses
its BC-box and CULS5-box to bridge EC and
CULS, mimicking the positioning of SKP1 and
SKP2 in the context of CRL1. This structure
provides further evidence supporting the notion
that there is a conserved assembly mode for
most CRLs.

214 CRL3

CULI1, CUL2, CULA4, and CULS5 all use adaptor
proteins that recruit specific substrate receptors.
CUL3, on the other hand, recruits BTB domain-
containing proteins that combine the adaptor and
substrate receptor functions into a single polypep-
tide (Pintard et al. 2003; Xu et al. 2003; Geyer
et al. 2003). Without sharing sequence homology
to SKP1 or EC, the BTB domain adopts a struc-
tural fold analogous to these two CRL adaptors
and anchors to CUL3 in a similar manner. In
addition, the BTB domain is known to dimerize,
which facilitates the formation of homodimeric
CRL3 complexes with two copies of each
components of the E3 machinery. This property
is reminiscent of select F-box proteins, such as
FBXW?7 and B-TrCP, which also contain a dimer-
ization domain on the N-terminal side of the
F-box motif. Similar to the CRL1 and CRL2/5
substrate receptors, the BTB family of proteins
features different protein-protein interaction
domains to recruit substrates. These include, but
are not limited to, the well-characterized MATH
and kelch repeats domains that are present in
SPOP and KEAPI, respectively.

KEAPI1 is one of the best studied CUL3
substrate-specific adaptors, which controls the
degradation of NRF2 transcription factor
involved in oxidative stress response pathway
(Yamamoto et al. 2018). KEAPI consists of
four functional domains: BTB, intervening region
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(IVR), double glycine repeats (DGR, aka kelch
repeats), and C-terminal region (CTR). While the
DGR and CTR give rise to the kelch repeat
p-propeller, the IVR domain contains two reac-
tive cysteine residues that can be modified by
toxic electrophiles and subsequently alter the spa-
tial configuration of other domains of the BTB
protein. Despite extensive studies, it is still
unclear how these chemical-induced structural
changes affect the overall architecture of the
KEAP1 dimer, thereby affecting NRF2
polyubiquitination and degradation.

SPOP is a BTB-domain protein that is fre-
quently mutated in human cancer. The dimeriza-
tion and substrate-binding mode of SPOP have
been determined in its near full-length form
(Fig. 2.2a) (Zhuang et al. 2009). The MATH
domain of SPOP forms an antiparallel
p-sandwich, with a central shallow grove that is
used by substrates to dock. Dimerization of the
CRL3 substrate receptor takes place through a
hydrophobic interface between the BTB domains.
Mutational analysis indicates that BTB domain
dimerization is not necessary for CUL3 binding,
which is consistent with its spatial separation from
the BTB-CULS3 interface (Fig. 2.2b). Nonetheless,
defects in BTB dimerization negatively impact the
polyubiquitination of the SPOP substrates,
suggesting that the dimeric architecture of the
CRL3 complex is critical for productive substrate
ubiquitination. Interestingly, the two MATH
domains in the crystal structure are asymmetri-
cally arranged with one MATH domain cradled
by the grove between the BTB domains and the
other one pushed away from its BTB. Based on
different crystal structures obtained for the same
complex, slight topological differences have been
observed, suggesting that the linker between the
two functional domains of SPOP confers struc-
tural flexibility to the E3 complex. This structural
plasticity has not been previously observed for
other CRL family members. The MATH domain
of SPOP can recognize a host of substrate degron
motifs. It is possible that MATH domain-
containing BTB proteins, including SPOP, have
evolved a mechanism of engaging substrates with
high affinity by simultaneously recognizing two
low-affinity degron motifs.
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Fig. 2.2 Overall architecture and structural components
of CRL3 and CRLA4. (a) An asymmetric dimeric structure
of the BTB-domain protein, SPOP, in complex with two
substrate degron peptides (PDB: 3HQI). (b) The dimeric
SPOP BTB domain in complex with CUL3-NTD (PDB:
4EQZ). (¢) Domain architecture of DDB1 with three

Although the BTB domains of KEAP1 and
SPOP are responsible for CUL3 binding, not all
BTB domain-containing proteins function as
CRL3 substrate adaptors. An interesting finding
from the SPOP structure is a pair of C-terminal
helices that have structural equivalence in the
F-box or CUL2-box. Because the function of the
BTB domain was thought to bridge CUL3 and the
MATH domain of SPOP, it seemed unnecessary
to have such a vestigial element. Surprisingly,
this helix pair of the SPOP BTB domain has
been proven to be crucial for CUL3 interaction.
Because this structural element, named 3-box, is
found in some, but not all, BTB proteins, it could
be the structural determinant that allows a subset
of BTB proteins to function as CRL3 substrate
adaptors.

L SPOP-BTB
e, !

propellers (BPA, BPB, and BPC) and a helical CTD
(PDB: 2B5M). (d) Complex structure of CUL4A-RBX1-
DDB1-SV5-V. The H-box motif of SV5-V responsible for
binding DDBI is labeled (2HYE). (e) Crystal structure of
DDBI in complex with the DCAF protein, DDB2 (PDB:
3EI3)

215 CRL4

While most CRL adaptors adopt a BTB or
BTB-like fold, CRL4 employs a 127 kDa protein,
DDBI, to dock substrate receptors. DDBI1 is a
multi-domain protein, made of three -propellers,
labeled as BPA, BPB, and BPC, and a C-terminal
helical domain (CTD) (Fig. 2.2¢c) (Li et al. 2006).
Remarkably, the three p-propellers are not folded
in a linear fashion within the polypeptide. Instead,
two of the B-propellers, BPA and BPB, are
inserted into two internal loops of BPC. Together,
the three propellers adopt a compact tri-star struc-
ture with the CTD housed in the middle. The BPB
propeller binds the N-terminal domain (NTD) of
CULA4 via two interfaces, one resembling SKP1
binding to CUL1 and the other involving an
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N-terminal conserved sequence of CUL4 cradling
DDBI1 (Fig. 2.2d) (Angers et al. 2006). The BPA
and BPC propellers, on the other hand, pack
against each other to create an open clam-shaped
structure, which is responsible for holding CRL4
substrate receptors.

To date, a number of DDBI1 structures have
been documented. Strikingly, the linker between
the BPB domain and the BPA-BPC double pro-
peller appears to have a large degree of plasticity,
which enables the two functional modules of
DDBI to adopt different orientations relative to
each other (Fig. 2.2d, e). This feature might allow
CRL4 to accommodate and polyubiquitinate
substrates of different shapes and sizes. In addi-
tion, the structural flexibility of DDB1 enables
CULA4 to rotate up to 150° around the substrate
receptor, thereby creating a ubiquitination zone
that could help detect various lysines on a sub-
strate and promote their ubiquitination. The pre-
cise role of the structural flexibility within CRL4
remains to be elucidated.

Similar to CRL5, CRL4 is also known to be
hijacked by viruses. The SV5-V protein encoded
by paramyxovirus has been shown to functionally
mimic the CRL4 substrate receptors to mediate
the polyubiquitination and degradation of the oth-
erwise stable STAT proteins in the interferon
pathway (Horvath 2004). SV5-V anchors itself
to DDBI1 by inserting its N-terminal helix into
the opening of the BPA-BPC double propeller,
interacting predominantly with the “top” surface
of BPC (Fig. 2.2d) (Li et al. 2006). The
C-terminal region of SV5-V folds into unique
globular structure featuring a bowl-shaped
depression with many conserved hydrophobic
and nonpolar residues. This surface region of the
viral protein is critical for the recruitment of
STATS. Perhaps due to its rich structural features,
DDBI1 appears to be a frequent target for viral
hijacking. Besides SV5-V, hepatitis B virus X
protein (HBx) and woodchuck hepatitis virus X
protein (WHXx) have also been reported to repro-
gram the CRL4 adaptor to degrade host factors
(Decorsiere et al. 2016). Peptide motifs from
these proteins have been mapped and crystalized
in complex with DDBI1. Despite their divergent
sequences, these motifs form a common three-
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turn a-helix (termed H-box) that anchors to the
“top” surface of BPC in a similar fashion as the
SV5-V N-terminal helix (Fig. 2.2d) (Li et al.
2010).

The structural insights obtained from the
DDB1-viral hijacker complexes prompted multi-
ple proteomics studies that were aimed at
identifying possible cellular CRL4 substrate
receptors (Angers et al. 2006; Jin et al. 2000).
Multiple = DDBI1-CUL4A-associated  factors
(DCAFs), most of which contain a WD40-repeat
domain, have been classified as subunits of CRL4
E3 complexes for recruiting substrates. Interest-
ingly, DDB2, which was originally identified
together with DDB1 as a UV-damaged
DNA-binding protein, anchors to DDBI, like a
canonical DCAF protein, but functions to recog-
nize DNA abduct in the nuclear excision repair
pathway (Fig. 2.2e) (Fischer et al. 2011). With the
structural knowledge gathered from the DDBI-
hijacking viral proteins, the H-box motif has been
found in a number of DCAFs and validated by
crystallography. A natural question arises as to
whether the H-box motif exists in other DCAFs.
However, the lack of an obvious consensus
sequence for the H-box motif has made it chal-
lenging to find the answer to this question.

Distinct from most DCAFs, cereblon (CRBN)
does not contain a WD40-repeat domain. Instead,
it consists of a seven-stranded f-sheet NTD, a
bundle domain composed of seven a-helices
(HBD), and an eight-stranded f-sheet CTD
(Petzold et al. 2016; Matyskiela et al. 2016).
Unlike DCAFs, CRBN uses its HBD with its
a-helices to bind DDBI1 in the cavity between
BPA and BPC. Its CTD domain is involved in
the recruitment of native substrates like MEIS2
via a conserved binding pocket. Among all
DCAFs, CRBN stands out by being the target of
thalidomide, which has a notorious history in
biomedicine, but is now repurposed to treat mul-
tiple myeloma (see Sect. 2.2.4).

The combination of structural, biochemical,
and proteomic approaches has helped delineate
the composition and architecture of the CRL E3
superfamily in great details. Although there might
be outliers unknown to us, most CRL complexes
are expected to assemble following the structural
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principles described above. In contrast to the
common architecture shared among different
CRL E3s, the mechanisms by which these
ubiquitin  ligases recognize their specific
substrates in response to different cellular cues
are incredibly diverse.

2.2  Substrate Recognition by CRLs
To achieve spatially and temporally controlled
degradation, a substrate needs to be recognized
by its cognate E3 with high specificity. This inter-
action is often mediated by a short linear
sequence motif, termed degron, present on the
substrate. It has been challenging to identify
substrates for different E3 ligases and to fully
understand how their recognition is regulated.
To date, some substrates have been found to
have unmodified degrons that are recognized by
the E3 either directly or with the help of a small
molecule, while others utilize post-translationally
modified degrons to engage their E3 ligases. In
some emerging cases, the whole globular domain
of a substrate protein contributes to the specific
interaction. It is expected that more regulatory
mechanisms will be revealed in the future.

2.2.1 PTM-Dependent Substrate

Degron Recognition

Protein phosphorylation is one of the most com-
mon forms of post-translational modification and
is involved in regulating essentially all cellular
processes. Many degrons are under the control
of this PTM. One classic example is the cell
cycle regulatory protein, cyclin E, which has not
just one, but two phosphorylated degrons. These
phospho-degrons are specifically recognized by
FBXW?7, a substrate receptor for CRL1 that is
responsible for the degradation of cyclin E
(Welcker and Clurman 2008). The FBXW7
F-box protein contains a D-box dimerization
domain N-terminal to its F-box motif and a
C-terminal eight p-sheets WD40 propeller. The
FBXW7 D-box promotes the dimerization of the
F-box protein, which enables simultaneous
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binding of two different phosphorylated degrons
that independently dock to the “top” surface of
the B-propeller in an extended conformation
(Fig. 2.3a).

The two cyclin E degrons share similarities but
also differ in certain aspects. Both phosphorylated
degrons have been co-crystalized with FBXW7
(Hao et al. 2007). The degron located at the
C-terminus of cyclin E has three phosphorylated
residues and is characterized as a strong degron
due to its nanomolar affinity to FBXW?7. This
tight interaction can be easily explained by the
numerous contacts that the degron makes with the
substrate  receptor, including both polar
interactions and van der Waals packings. It is
notable that two out of the three phosphate groups
present on the degron are recognized by three
arginine residues that are strictly conserved
among FBXW?7 orthologues. By contrast, the
N-terminal degron of cyclin E features only one
phosphorylated threonine residue and makes
fewer interactions with FBXW7, which leads to
weaker binding. Interestingly, the three conserved
FBXW?7 arginine residues are frequently mutated
in human cancers, rendering the E3 incapable of
promoting the degradation of cyclin E and possi-
bly other substrates. Despite the well-elucidated
mechanism of the FBXW7-cyclin E interaction,
the necessity of having two degrons on cyclin E
for its productive degradation remains unclear.
Cell-based study suggests that the strong degron
alone is sufficient for substrate degradation
(Welcker and Clurman 2008).

Proline hydroxylation is another well-known,
albeit less common, form of PTM that is involved
in degron regulation. Hypoxia-inducible factor
1-alpha (HIF1a) contains a critical proline in its
oxygen-dependent degradation domain (ODD)
that gets hydroxylated in the presence of oxygen
(Ivan et al. 2001). This normoxia-associated mod-
ification allows VHL, a BC-box protein, to bind,
ubiquitinate, and target HIF1la for degradation.
Under low oxygen conditions, HIFla is spared
from degradation and functions as a transcription
factor activating angiogenic gene expression. The
crystal structure of VHL-EB-EC in complex with
a partial ODD peptide from HIFla elucidated
how the post-translational modification dictates



2 Structural Biology of CRL Ubiquitin Ligases 19
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Fig. 2.3 Structural mechanisms of substrate-CRL  degrons of cyclin E to FBXW7. R, Arg; P, phosphate.
interactions. (a) Binding modes of the strong and weak  Phosphate-binding arginine residues of FBXW?7 are
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interaction (Fig. 2.3b) (Min et al. 2002). The
elongated HIFla peptide adopts a p-strand-like
conformation and interacts with the f-domain of
VHL in a bipartite manner. Within the N-terminal
segment of the HIF1a peptide, the hydroxypro-
line is deeply embedded at the interface, forming
multiple van der Waals contacts and hydrogen
bonds with highly conserved residues of the
BC-box protein. This interaction is substantiated
by the backbones of the amino acids neighboring
the proline, which interact with VHL via addi-
tional hydrogen bonds. At the C-terminal seg-
ment, there are a few interactions that do not
seem essential for binding to VHL. The impor-
tance of hydroxyproline interface is highlighted
by the clustering of cancer inducing mutations
involved in von Hippel-Lindau disorder around
this site.

22,2 Native Substrate Degron

Recognition

Although many degrons are post-translationally
modified, substrate-E3 interaction can be
regulated not only on the substrate side but also
on the E3 side. Regulation on the E3 side is best
exemplified by KEAP1, a CUL3 substrate recep-
tor (Yamamoto et al. 2018). Under normal cellu-
lar conditions, KEAP1 seizes the native
transcription factor NRF2 in the cytoplasm and
mediates its constitutive ubiquitination and deg-
radation without PTM. When the cell goes
through oxidative stress, two reactive cysteines
on the IVR domain of KEAP1 are modified,
which alters the topological configuration of the
substrate receptor domains. The resulting E3 is
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inactivated and can no longer bind and
ubiquitinate NRF2. This allows the transcription
factor to translocate into the nucleus and
upregulate the expression of cytoprotective
genes in response to oxidative insults.

The proper positioning of the two kelch repeat
domains from the KEAPI dimer is essential for
productive binding of NRF2, which holds two
degron motifs, one with a low affinity and the
other with a high affinity to the E3. The structure
of the KEAP1 kelch repeat domain has been
determined in complexes with both degrons
(Fig. 2.3¢) (Padmanabhan et al. 2006; Fukutomi
et al. 2014). As expected, the two degrons bind to
the same “top” surface of KEAPI1 kelch repeat
propeller, although they seem to adopt different
conformations. The weak degron contains
35 amino acids and forms a three-helix structure,
whereas the strong degron is only 9 amino acids
long and folds into a B-hairpin upon binding to
the E3. The only common feature shared by both
degrons is a central glycine residue preceded by a
negatively charged amino acid. These two
residues are located at the tip of both degron
structures, anchoring themselves deep into the
substrate-binding pocket of the E3. Importantly,
KEAP1 employs multiple conserved arginine
residues to stabilize the two degrons, two of
which are dedicated to interact with the nega-
tively charged amino acid preceding the central
glycine residue.

Multiple  cancer-related  loss-of-function
mutations have been found in NRF2, many of
which are localized within the low-affinity
degron. These mutations correlate with either dis-
ruption of the three-helix structure or steric hin-
drance introduced by a bulky side chain. It is still

Fig. 2.3 (continued) colored in blue (PDB: 20VR,
20VQ). (b) Recognition of HIFla degron with a
hydroxylated proline by VHL (PDB: 1LMS). (¢) Binding
modes of the strong and weak degrons of NRF2 to
KEAPI. R, Arg; D, Asp; E, Glu; G, Gly. Arginine residues
of KEAPI responsible for binding negatively charged
NRF2 degron residues are colored in blue (PDB: 3WN7,
1X2R). (d) Recognition of SELK C-end degron by
KLHDC2. R: Arg (PDB: 6DO3). (e) Auxin-facilitated

IAA7 degron recognition by TIRI. Inositol
hexakisphosphate (IP6) serves as a cofactor of the
ubiquitin ligase-based receptor (PDB: 2P1Q). (f) The rec-
ognition of CK1la by CRBN is promoted by lenalidomide
(PDB: 5FQD). Structure of CRBN in complex with
CC-885 and substrate protein GSPT1 (PDB: SHXB). (g)
FAD binding to human CRY2 and the complex structure
of SKP1-FBXL3-CRY2 (PDB: 416G, 416J)
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unclear how the full-length NRF2 substrate
interacts with KEAP1 dimer at the structural
level. Depicting how NRF?2 is positioned relative
to the E3 and determining which lysine residues
are ubiquitinated would clarify a significant mys-
tery in the field.

Besides internal short linear motifs, a new
class of unmodified degrons has recently been
identified at the C-terminus of various early
terminated proteins. These so-called C-end
degrons feature key glycine, arginine, or a com-
bination of both at critical positions (Lin et al.
2015, 2018; Koren et al. 2018). One such degron
was found in the early terminated selenoproteins,
SELK and SELS, as well as the N-terminal frag-
ment of USP1, which cleaves itself at an internal
site. The common characteristic of these three
polypeptides is a degenerate C-terminal sequence
that ends in a diglycine motif. Recent studies have
revealed that this diglycine-containing C-end
degron is specifically recognized by the BC-box
protein KLHDC2. To understand the structural
mechanism by which KLHDC?2 recognizes such
a simple degron, the crystal structure of the kelch
repeat domain of the BC-box protein in
complexes with the degron peptide of each of
the three polypeptides has been determined
(Fig. 2.3d) (Rusnac et al. 2018). The “top” surface
of the KLHDC?2 B-propeller engages the degrons
that adopt a common helical fold. The C-terminus
of the degrons inserts itself into a deep binding
pocket, while the N-terminus is more solvent
exposed. The extreme C-terminal carboxyl
group of the degron is recognized by two strictly
conserved arginine residues and a highly
conserved serine residue. The penultimate gly-
cine adopts a phi/psi angle that is in the gener-
ously allowed region of the Ramachandran plot,
suggesting that only a glycine would be
accommodated at this position. Strikingly, the
remainder of the peptides interacts with
KLHDC2 exclusively via its backbone. The lack
of interactions between the E3 and the side chains
of the degrons explains how these degenerate
degradation motifs can be contained in the bind-
ing pocket in an identical manner. An unexpected
finding from these studies is the single-digit
nanomolar affinity of these seemingly simple

21

C-end degrons, which is in stark contrast to the
N-end degrons previously documented (Choi
et al. 2010; Matta-Camacho et al. 2010; Chen
et al. 2017; Dong et al. 2018). Such a tight inter-
action suggests that the substrates of KLHDC2
are either in low abundance or highly toxic to
the cell.

2.2.3 Compound-Dependent

Substrate Degron Recognition

Besides PTMs, cellular signals such as hormones
and secondary metabolites can directly participate
in degron recognition by E3 ligases. In the green
kingdom of life, two plant hormones, auxin and
jasmonate (JA), have been shown to serve as
molecular glue bridging the CRL1 F-box proteins
TIR1 and COIl to their specific substrates,
respectively (Shabek and Zheng 2014). These
are the first known cases where E3s function in
hormone perception and as a result regulate gene
expression. The transcriptional regulation is
achieved in the auxin and JA signaling pathways
through the ubiquitination and degradation of
AUX/TAA and JAZ transcription repressor
proteins, respectively.

The crystal structure of the F-box protein,
TIR1, has been determined in complex with
ASK1, one of the plant homologues for SKP1
(Fig. 2.3e) (Tan et al. 2007). The complex adopts
an overall mushroom-shaped structure, where the
cap is composed of the TIR1 LRR domain and the
stem contains the TIR1 F-box motif and ASKI.
TIR1 folds into a twisted horseshoe-shaped sole-
noid and provides its top surface pocket for auxin-
mediated degron binding. The crystal structure of
TIR1 in complex with auxin and an AUX/TAA
degron reveals that the hormone fills up a gap at
the protein-protein interaction interface without
inducing any detectable conformational changes
of the F-box protein. Its unique mechanism of
action helps raise the concept of molecular glue.
By serendipity, an inositol hexakisphosphate
(IP6) was discovered in the middle of the TIR1
LRR domain underneath the hormone-binding
pocket. Its strategic location and its conserved
binding site strongly argue for a cofactor role in
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stabilizing hormone binding. Remarkably,
JA-isoleucine, the active form of JA, acts through
the same mechanism as auxin, mediating the
interaction between the F-box protein COIl and
its substrate JAZ proteins (Sheard et al. 2010).
Surprisingly, instead of IP6, COI1 uses a specific
inositol pentakisphosphate as its cofactor, which
is essential for its hormone-sensing function. The
TIR1 and COIl F-box proteins, therefore, are
each regulated by two naturally occurring small
molecules, a molecular glue hormonal signal and
an inositol polyphosphate cofactor, which might
function as a proxy signal for phosphate abun-
dance (Wild et al. 2016).

Previously, we briefly mentioned CRBN as the
target of the anticancer drug, thalidomide. Recent
studies have shown that thalidomide and its
derivatives, lenalidomide and pomalidomide,
also work as molecular glues, rewiring CRBN to
bind and degrade several clinically relevant
substrates, including IKZF1, IKZF3, CKla, and
SALLA4 (Kronke et al. 2014, 2015; Lu et al. 2014;
Matyskiela et al. 2018; Donovan et al. 2018).
These substrates do not normally interact with
CRBN in the absence of the small molecules.
Therefore, they have been referred to as
neo-substrates. The structure of DDB-CRBN-
lenalidomide-CK1a complex has elucidated the
detailed mechanism of interaction among all the
components (Fig. 2.3f). The small-molecule drug
targets a tryptophan cage surface pocket of
CRBN and is stabilized by a combination of
hydrogen bonds and hydrophobic interactions.
Upon binding to the E3, lenalidomide offers a
novel binding surface for the neo-substrate to
exploit. CKla uses a f-hairpin loop to dock into
the newly formed hydrophobic pocket, contacting
both the drug and the E3 substrate receptor.

CC-885 is a lenalidomide derivative that
reprograms CRBN to ubiquitinate yet another
neo-substrate, GSPT1 (Matyskiela et al. 2016).
This compound shares part of its structure with
lenalidomide and interacts with CRBN in an
almost identical manner (Fig. 2.3f). The addi-
tional moiety of CC-885 that differs from
lenalidomide participates in the formation of
additional hydrogen bonds with the E3 and
presents a new hydrophobic interface and
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hydrogen bonding for GSPT1 docking. Despite
adopting a completely different fold and packing
against CRBN from a different direction, GSPT1
interacts with the compound-reshaped E3 pocket
using a P-hairpin motif that is superimposable to
the one found in CKla. Based on structural and
mutational analyses of the CRBN-substrate
complexes, a key glycine residue within the
B-hairpin shared among all neo-substrates has
emerged. Although the target of thalidomide and
its derivatives was elucidated post hoc, their
mechanism of action closely resembles that of
the naturally occurring plant hormones, auxin
and JA. Together, these E3-reshaping molecu-
lar-glue small molecules inspire the discovery of
novel compounds with therapeutic potentials
through targeted protein degradation.

2.2.4 Globular Substrate Protein

Recognition

Although degron-mediated substrate-E3 interac-
tion has become a widely accepted dogma, an
increasing number of studies have revealed an
alternative strategy for certain CRL E3s to recog-
nize their cognate substrates with high specificity.
Perhaps the best example comes from the mam-
malian cryptochrome proteins, CRY1 and CRY?2,
which are central components of the circadian
clock in mammals (Takahashi 2017). The mam-
malian circadian thythm is an internal timing
system that synchronizes physiological processes
to the ~24 h solar day. In all mammalian cells, the
circadian clock is driven by a transcription-
translation negative feedback loop, in which the
CRY1/2 and PERIOD proteins heterodimerize
and suppress their own gene expression. Protein
degradation plays an important role in oscillating
the clock by periodically removing both proteins,
thereby alleviating their inhibitory effects. While
the PERIOD proteins are polyubiquitinated by
CRL1 ﬁ'TrCP, which recognizes their
phosphorylated degrons, the CRY1/2 protein is
destabilized by CRL1"®*™ without an obvious
degron (Shirogane et al. 2005; Busino et al. 2007;
Siepka et al. 2007; Godinho et al. 2007). Similar
to their orthologues in insects and plants,
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mammalian CRY'1/2 adopts a large globular fold
with a deep binding pocket for flavin adenine
dinucleotide (FAD) (Xing et al. 2013). The struc-
ture of the mammalian CRY2 in complex with
FAD shows a partially solvent-exposed pocket,
which differs from the closed pocket seen in its
plant and insect orthologues (Fig. 2.3g). In the
crystal structure of the CRY2-FBXL3-SKP1
complex, the LRR domain of FBXL3 adopts an
expected arc-shaped structure, whose concave
surface wraps around the CRY2 globular domain,
burying many residues that are only spatially but
not sequence-wise connected. A surprising and
crucial element of the FBXL3-CRY2 interaction
involves the C-terminal tail of the F-box protein,
which inserts into the FAD-binding pocket of
CRY2. This unexpected interface strongly
suggests that FAD might be able to compete
with the ubiquitin ligase and protect CRY2 from
polyubiquitination. Moreover, the surface area of
CRY2 involved in binding FBXL3 overlaps with
PERIOD2-binding interface, indicating that the
PERIOD proteins might also play an antagonistic
role in keeping the E3 ligase in check (Nangle
et al. 2013; Schmalen et al. 2014). Because the
cellular circadian clock can be entrained by many
signals, such as metabolism and hormones, the
complex binding mode of FBXL3-CRY2 might
have been evolved to allow the single substrate-
E3 interacting pair to be regulated through multi-
faceted mechanisms. As more substrate-E3
interactions are mechanistically interrogated, it
is expected that a wider variety of regulatory
and structural factors will be revealed beyond
the simple degron.

2.3  Regulation of CRLs by NEDD8

Modification

As the central ubiquitin ligase machineries
regulating diverse cellular pathways, CRLs rely
on a multitude of substrate receptors to recognize
and recruit their specific substrates. How do these
interchangeable substrate receptor subunits share
the common cullin scaffolds without interfering
with each other’s function? How is the ubiquitin
ligase activity of the resulting E3 complexes
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modulated in the cell? Since CRLs were discov-
ered, a battery of cullin-interacting proteins has
been identified as important cellular factors that
coordinate CRL complex assembly and control
their ubiquitin ligase functions. The structural
biology approach has not only helped establish
the structural framework for investigating the
regulation of CRL E3s but also revealed the
detailed mechanisms for several key steps.

2.3.1 NEDD8-Modified CRLs

Many cellular enzymes catalyzing a form of post-
translational modification are themselves subject
to the same modification. For example, protein
kinases are often activated by phosphorylation.
CRL E3s follow this trend with a slight variation.
All cullins can be modified by the ubiquitin-like
molecule, NEDDS, at a specific lysine residue in
their C-terminal WHB domain, which is close to
the RBX1/2 binding site (Hori et al. 1999). This
form of cullin modification, often referred to as
neddylation, is conserved from fungi to humans
and plays a role in stimulating the E3 activity of
CRLs. Although cullin neddylation is not essen-
tial in budding yeast, it has been shown to allevi-
ate the autoinhibition of CRLs through
augmenting CRL-E2 interaction, closing the gap
between the CRL-bound substrate and RBX1-
bound E2, and promoting the amide bond forma-
tion at the E2 active site (Saha and Deshaies
2008; Yamoah et al. 2008).

A major breakthrough in our understanding of
the effect of cullin neddylation came from the
crystal structure of a NEDD8-modified CULS-
CTD-RBX1 complex (Fig. 2.4a, b) (Duda et al.
2008). Upon NEDDS conjugation, the C-terminal
portion of the CULS-CTD undergoes a large
degree of rotation, which reorients the WHB
domain relative to the rest of the cullin scaffold.
Because the WHB domain and its preceding long
o-helix are responsible for cradling and
stabilizing the globular RING domain of RBX1
in the unmodified form of cullin, this neddylation-
induced conformational change releases the
RING domain of the catalytic subunit from the
cullin CTD. Due to the stable intermolecular
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Fig. 2.4 Regulatory mechanisms of CRL assembly and
function. (a) Interaction between CUL1-CTD and RBX1
viewed 90 degrees from Fig. 2.1b (PDB: 1LDJ). The
N-terminus of RBX1 is indicated by “N.” Yellow spheres
represent zinc ions. (b) Dislodging of RBX1 RING
domain from CUL5-CTD pocket upon cullin neddylation
(PDB: 3DQV). Two orientations of the RBX1 RING
domain captured in the crystal structure are shown. (c)
Complex structure of CULI-CTD-RBX1 bound to
NEDDS8-charged UBC12 and DCN1 (PDB: 4P50). The
linker between the N-terminal helix and catalytic domain
of UBCI12 is disordered. (d) A new position of RBX1

B-sheet formed between the N-terminal p-strand
of RBX1 and the o/f} sub-domain of CUL5-CTD,
RBXI1 remains bound to the cullin scaffold with
its RING domain gaining a significant degree of

Neddylation
Site

RING domain revealed by a CUL1-CTD-RBX1 complex
structure (PDB: 3RTR). (e) CANDI1 wraps around
CULI1-RBX1, burying the cullin neddylation site lysine
residue and blocking SKP1-binding site with a p-hairpin
(PDB: 1U6G). (f) GLMN binds and blocks the
E2-binding surface of RBX1 RING domain, which is
flexibly tethered to the CUL1-CTD via an N-terminal
B-strand (PDB: 4F52). (g) The overall architecture of
COP9 signalosome (PDB: 4D10). (h) A schematic draw-
ing of NEDD8-modified CUL4A-RBX1 in complex with
DDB1-DDB2 and COP9 signalosome. R: RBXI1. 6:
CSN6. N8: NEDDS

freedom to move around. This topological change
of the cullin-RBX1 complex is thought to help
bring the RBX1-bound E2 closer to the substrate
anchored on the substrate receptor.
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Just like protein ubiquitination, cullin
neddylation requires the actions of the NEDD8-
specific E1, E2 (UBC12), and E3 (DCNI1 and
DCNI1 paralogues) enzymes (Liakopoulos et al.
1998; Osaka et al. 1998; Kurz et al. 2005). Simi-
lar to all ubiquitin-specific E2s, UBC12 (aka
UBE2M) features a canonical E2 catalytic core
domain, harboring an active site cysteine residue
that can form a thioester bond with NEDDS after
it is activated by the E1 enzyme. Distinct from
most ubiquitin-specific E2s, however, UBC12
contains an N-terminal extension sequence,
whose extreme N-terminus has been shown to
be acetylated. Remarkably, the acetylated
UBCI12 N-terminal extension adopts an
a-helical conformation and specifically interacts
with the neddylation E3 protein, DCN1 (Scott
etal. 2011). With two EF hand-like sub-domains
juxtaposed together, DCNI1 is a compact
all-helical protein with a slightly elongated
shape (Fig. 2.4c). At the center of the protein is
a hydrophobic pocket, which can specifically
recognize the acetyl group of UBCI2
N-terminus and the first methionine residue.
Separate from this pocket, DCN1 also features
a surface area that is able to engage cullin
C-terminal WHB domain. Together, these
interactions represent major interfaces through
which DCNI1 recruits the NEDD8-specific E2,
UBC12, to catalyze the NEDDS8 transfer
reaction.

Strictly speaking, the NEDDS E3 ligase func-
tion is performed by DCNI in conjugation with
RBX1, which plays a critical role in docking and
activating the NEDD8-charged UBC12 catalytic
core for cullin neddylation. Given the structural
similarity of the catalytic domain between
UBC12 and ubiquitin-specific E2s, the NEDD8
E2 is expected to interact with RBX1 RING
domain in a similar fashion as ubiquitin-specific
E2s to RING E3s. A simple modeling of a
UBC12-RBX1 complex in the context of the
unmodified cullin-RBX1 structures, however,
readily reveals a long distance between the cata-
lytic cysteine residue of UBC12 and the cullin
neddylation site. For the cullin’s lysine residue to
attack the thioester bond formed between the
UBCI12 active site cysteine and the carboxyl
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terminus of NEDDS, the two residues have to be
close to each other. This geometrical requirement
strongly suggests that the RBX1 RING domain
has to be reoriented before cullin neddylation can
take place. Indeed, the crystal structure of an
isolated CULI1-CTD-RBX1 complex revealed
that the RING domain of RBX1 can be disen-
gaged from its binding site on the CUL1-CTD in
the absence of neddylation (Fig. 2.4d) (Calabrese
et al. 2011). When UBC12 was modeled onto
RBXI1 in this structure, the gap between the
UBCI12 catalytic site and the cullin neddylation
site is mostly closed.

The final picture of cullin neddylation has
been depicted by the crystal structure of CULI-
CTD-RBX1 in complex with DCNI1 and
NEDDS§-charged UBCI12 (Fig. 2.4d) (Scott
et al. 2014). In this structure, the CULI
C-terminal WHB domain and its preceding
long o-helix are shifted away from the rest of
the CUL1-CTD, which allows the RING domain
of RBX1 to adopt yet a new orientation. Resem-
bling the previously reported docking model of
ubiquitin-charged E2 to RING E3s, NEDDS8-
charged UBCI12 is anchored to the RBXI1
RING domain, and their compact structure is
stabilized by a “linchpin” arginine residue
unique to RBX1. Importantly, the NEDD8 mol-
ecule conjugated to the E2 also makes contacts
with the linker sequence that connects the
N-terminal B-strand of RBXI1 to its RING
domain, thereby optimally positioning the
NEDDS transfer module so that the catalytic
site of the NEDDS8 E2 is placed right next to
the CULI neddylation site. Consistent with this
notion, the interface between UBC12 catalytic
domain and CULI1-WHB, which harbors the
neddylation site, is kept minimal. Although
DCNI is also co-crystallized with the complex,
it does not make direct interactions with the
UBCI12 catalytic domain (Fig. 2.4c). A flexible
linker between the catalytic domain of the
NEDD8 E2 and its N-terminal extension,
which stably binds DCNI1, is thought to accom-
modate the movement of the NEDDS transfer
module formed between RBX1 and NEDDS-
charged UBC12 catalytic domain relative to the
cullin scaffold.
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2.3.2 CAND1 and Cullin Cycle
Cullin-associated and neddylation-dissociated
protein 1 (CANDI) was the first cullin-binding
protein identified that does not belong to the basal
subunits of CRLs (Zheng et al. 2002a; Liu et al.
2002). It is a 120 kDa HEAT-repeat proteins that
can form a stable complex with native, but not
neddylated, cullin-RBX1 catalytic core. Interest-
ingly, CAND1 binding seems to inhibit CUL1
from binding SKP1 and the substrate receptor
F-box proteins, suggesting that CANDI1 and
SKP1-F-box proteins are mutually exclusive on
the CRLI1 scaffold. The crystal structure of a
CANDI1-CUL1-RBX1 complex unveiled the
structural basis of all these biochemical activities
of CANDI1 (Fig. 2.4e) (Goldenberg et al. 2004).
The 120 kDa protein adopts a superhelical struc-
ture with 27 consecutively stacked HEAT repeats
that together form a long but highly sinuous fold.
By curving around the entire CUL1-RBX1 struc-
ture, CANDI1 grasps onto CUL1 like a
two-pronged clamp. Importantly, CAND1 sports
a P-hairpin projecting out of one of its HEAT
repeats and reaching to the SKP1-binding site of
the cullin scaffold. In doing so, CANDI1 is able to
compete with SKP1 for binding to the N-terminal
end of CULIL. At the opposite end, the first two
HEAT repeats of CANDI1 closely pack against
the WHB domain of CULI, burying the
neddylation site lysine residue. This suggests
that CUL1 neddylation would sterically block
CANDI from binding.

Because SKPI-F-box proteins are responsible
for recruiting substrates and CUL1 neddylation is
thought to activate the E3 complex, the binding
mode and biochemical properties of CAND1 seem
to suggest that it acts as an inhibitor of CRLI.
However, genetic studies indicate that CANDI1
plays a positive role in regulating substrate
ubiquitination and degradation by the E3 machin-
ery. A growing body of evidence has helped raise
an interesting model designating CANDI1 as an
exchange factor of CRL-substrate receptors (Pierce
et al. 2013; Reitsma et al. 2017; Liu et al. 2018;
Wau et al. 2013; Zemla et al. 2013). In this model,
CANDI can promote the disassembly of a SKP1-
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F-box protein complex from CULI1-RBXI,
thereby allowing another SKPI1-F-box protein
complex to engage the cullin scaffold. While
details of this model are discussed in Chap. 3 of
this book, the structure of the CANDI-CULI-
RBXI1 complex supports the notion that NEDDS§
conjugation not only stimulates the activity of the
E3 complex but also prevents CANDI from
dislodging an existing SKP1-F-box protein on the
cullin scaffold.

In addition to CANDI1, two other cellular
factors have been documented to regulate a subset
of CRLs, an a-helical protein known as Glomulin
(GLMN) and a RING-IBR-RING protein, HHARI
(aka ARIH1). The gene encoding GLMN is
mutated in the hereditary disease glomuvenous
malformations, which are characterized by venous
lesions involving glomus cells. GLMN was
initially identified as a protein that binds the
C-terminus of CUL7, a distinct family member
of CRLs (Arai et al. 2003). It was later shown to
directly interact with the RBX1 RING domain and
block its E3 ubiquitin ligase activity (Tron et al.
2012). The crystal structure of GLMN in complex
with RBX1 bound to a fragment of CUL1-CTD
revealed that GLMN contains two HEAT repeat-
like sub-domains, which show structural similarity
to each other (Fig. 2.4f) (Duda et al. 2012). One
side of the GLMN C-terminal domain forms an
extensive interface with the RING domain of
RBX1, masking its E2-binding site. Although the
CULI1-CTD fragment was present in the crystal
and makes contact with GLMN C-terminal
domain, it plays minimal role in stabilizing the
complex formation. Owing to the orientational
flexibility of RBX1 RING domain relative to the
rest of the CRL1, GLMN binding is compatible
with CRL assembly both at the RBX1-cullin inter-
face and the cullin-adaptor-substrate receptor site.
Even cullin neddylation showed no effect to
GLMN-RBX1 interaction. Overall, GLMN
appears to be an RBX1-specific inhibitor. None-
theless, GLMN only binds a small subset of CRLs
in human cells, suggesting that an unknown mech-
anism is involved in selectively controlling
GLMN-RBXI1 interaction in the context of the
CRL functions.
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RING-IBR-RING E3s represent a distinct
class of ubiquitin ligases, which is a hybrid of
the canonical RING-type and the HECT-type E3s
(Zheng and Shabek 2017). RING-IBR-RINGSs
are characterized by multiple RING domains and
thioester intermediates they form with ubiquitin
before the modifier is transferred to a substrate.
ARHI1, a member of the RING-IBR-RING E3s,
has recently been identified to be preferentially
associated with NEDD8-modified CRL1-CRL3
(but not CRL4) (Scott et al. 2016). Interestingly,
it catalyzes mono-ubiquitination of representative
substrates of these CRL E3s, which can be further
polyubiquitinated by CDC34, the cognate E2 for
RBX1. The precise mechanism by which ARH1
coordinates with neddylated CRLs to mediate the
ubiquitin transfer reaction awaits future structural
studies.

2.3.3 COP9 Signalosome-CRL

Interactions

Just like protein ubiquitination, cullin neddylation
is reversible. Deconjugation of NEDDS8 from
cullins is catalyzed by an evolutionarily conserved
eight-subunit protein complex, known as the COP9
signalosome (CSN). CSN was first identified in
plants based on mutants that showed a constitutive
photomorphogenesis (COP) phenotype (Wei et al.
1994). These plant mutants turned out to carry
mutations in eight genes, whose protein products
form a stable complex with each subunit sharing
sequence homology with one component of the
eight-subunit lid complex of the 19S proteasome
(Chamovitz et al. 1996; Wei et al. 1994). Among
the eight CSN subunits, CSNS5 is a zinc-containing
metalloprotease that is responsible for cleaving the
iso-peptide bond between cullins and NEDDS8
(Cope et al. 2002). The assembly mechanism of
the COP9 signalosome was first revealed in the
crystal structure of the human CSN complex
(Fig. 2.4g) (Lingaraju et al. 2014). Each of the
CSN subunits employs one or two o-helices to
build a superhelical bundle, which contributes to
the stable assembly of the deneddylase complex.
Meanwhile, six of the CSN subunits encircle a
horseshoe-shaped ring structure with elongated
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a-helical PCI (proteasome lid-CSN-initiation factor
3) domains projecting away from the center. CSN5
and CSN6 share a common MPN (MPR1/PAD1)
domain with a metalloprotease fold and together
form a heterodimer. With their C-terminal regions
integrated into the superhelical bundle, these two
subunits anchor themselves onto one side of the
CSN ring structure. Interestingly, the catalytic site
of CSNS5 in the CSN holoenzyme was found in an
autoinhibited state, suggesting that CSN has to be
activated upon binding to its substrate.

Recent advances in cryo-EM technology have
enabled several studies that have shed light on
how CSN interacts with different CRL
complexes. Despite limited resolution, single par-
ticle analysis of CSN bound to neddylated CUL1-
RBX1 in complexes with SKP1-SKP2-CKS1 and
monomeric SKP1-FBXW?7 offered the first
glimpse of the CSN-CRL interaction (Enchev
et al. 2012). In the structural models derived
from the EM density maps, CSN2 appears to
make major contacts with CUL1-CTD, whereas
the distal end of the two F-box proteins is located
close to CSN1 and CSN3. Structural modeling
and biochemical analysis indicated that CSN
competes with both substrates and E2 for binding
the E3 platform, thereby raising the possibility
that substrate-loaded CRL1 might protect
neddylated CUL1 by preventing CSN from
accessing the E3. This notion was subsequently
supported by the cryo-EM structure of CSN
bound to the neddylated CUL4A-RBX1-DDB1-
DDB2 complex (Fig. 2.4h) (Cavadini et al. 2016).
In this super-assembly, CSN2 not only interacts
with CUL4A-CTD but also sandwiches RBX1
RING domain together with CSN4, thereby
preventing the E3 scaffold from recruiting an E2
molecule. While CSNI makes specific
interactions with DDB1, DDB?2 is snugly situated
in between DDB1 and the CSN helical bundle. In
comparison with the CSN holoenzyme structure,
the CSN helical bundle is repositioned to accom-
modate the CUL4A-DDBI1 substrate receptor.
Interestingly, despite its topological flexibility,
the CSN helical bundle cannot accommodate
additional cellular factors that interact with
DDB2, corroborating the idea that substrate bind-
ing to CRL4 will introduce steric hindrance for
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CSN binding. Nevertheless, question remains as
to whether CSN has the ability to differentiate
variations of CRL-substrate receptor in size and
shape from the binding of a small degron as part
of a flexible substrate polypeptide.

Upon binding to CRL4, CSN undergoes mul-
tiple conformational changes to not only adapt to
the landscape of its substrate but also alleviate its
autoinhibition. These  changes  include
movements of the PCI domains of CSN2 and
CSN4 for clamping down to CUL4A-CTD and
RBX1 and the translocation of the CSN5-CSN6
dimer to approach NEDDS8. Although CRL4 is
significantly different from other CRLs, similar
structural changes have also been observed in the
EM structure of CSN in complex with neddylated
CULI with SKP1-SKP2-CKS1 bound. Although
biochemical analyses have helped identify several
structural elements that relay these structural
changes to the alleviation of CSN autoinhibition,
the detailed structural mechanism underlying
CSNS activation requires structural analysis at a
higher resolution (Cavadini et al. 2016;
Mosadeghi et al. 2016).
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Abstract

Cullin-RING ubiquitin ligases (CRLs) deter-
mine the substrate specificity of ubiquitination
reactions, and substrates are recruited to the
cullin core through binding to their cognate
substrate receptor modules. Because a family
of substrate receptors compete for the same
cullin core, the assembly and activity of
CRLs are dynamically regulated to fulfill the
needs of the cell to adapt to the changing pool
of proteins demanding ubiquitination. Cullins
are modified by NEDDS, a ubiquitin-like pro-
tein. This process, referred to as neddylation,
promotes the E3 activity of CRLs by inducing
conformational rearrangement in the Cullin-
RING catalytic core. Candl is a cullin-
associated protein whose binding is excluded
by cullin neddylation. Although early bio-
chemical studies suggested that Cand1 inhibits
CRL activity, genetic studies revealed its
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positive role in ubiquitination. Emerging evi-
dence from kinetic and quantitative proteomic
studies demonstrated that Candl stimulates
assembly of new Skpl-Cull-F-box protein
(SCF) complexes by exchanging the Skpl-F-
box protein substrate receptor modules. Further-
more, aided by refined experimental design as
well as computational simulation, an attractive
model has been developed in which substrate,
neddylation cycle and Candl-mediated “adap-
tive exchange” collaborate to maintain the
dynamics of the cellular SCF repertoire. Here,
we review and discuss recent advances that have
deepened our understanding of CRL regulation.

Keywords
NEDDS - Neddylation - Cullin - CRLs - SCF -
Candl - Ubiquitination - F-box proteins

Abbreviations

4HB Four-helix bundle

APP- Amyloid-f precursor protein binding

BP1 protein 1

CANDI1 Cullin-associated NEDD8-dissociated
protein 1

CAND2 Cullin-associated NEDDS8-dissociated
protein 2

CRLs Cullin-RING ubiquitin ligases
CSN COP9 signalosome
CTD C-terminal domain
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DCN1 Defective in cullin neddylation 1

DENI1 Deneddylase 1

DKO Double knockout

FBPs F-box proteins

FRET Fluorescence  resonance  energy
transfer

GEFs Guanine nucleotide exchange factors

HEAT Huntingtin-elongation-A subunit-
TOR

NAE NEDDS-activating enzyme

NEDDS8 Neural precursor cell expressed,
developmentally downregulated 8

NMR Nuclear magnetic resonance

NTD N-terminal domain

PONY Potentiating neddylation

Rbx1 RING-box protein 1

Rbx2 RING-box protein 2

SCF Skp1-Cull-F-box

TBP TATA-binding protein

TNFa Tumor necrosis factor alpha

UBA3 Ubiquitin-activating enzyme 3

UCHL3  Ubiquitin C-terminal hydrolase L3

UFD Ubiquitin-fold domain

3.1 Introduction to NEDD8

Neural precursor cell expressed, developmentally
downregulated 8 (NEDDS) is a highly conserved
protein across eukaryotic species (83% identity
between humans and Arabidopsis thaliana),
although different copy numbers for the NEDDS8
gene were found in genomes of several plant
species (Rao-Naik et al. 1998; Mergner and
Schwechheimer 2014). NEDDS was first reported
as a highly expressed mRNA in embryonic mouse
brain (Kumar et al. 1992). Although NEDDS
mRNA exhibits a broad expression pattern in
adult tissues, it is highly accumulated in the
heart and skeletal muscle in humans (Kamitani
et al. 1997). Its expression is increased during the
early stage of mouse embryogenesis but
decreased in the brain at late developmental
stages (Kumar et al. 1992; Kamitani et al. 1997).
In terms of subcellular localization, exogenous
NEDDS showed strong expression in the nucleus
and much weaker expression in the cytoplasm
(Kamitani et al. 1997).
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NEDDS is a ubiquitin-like protein. Among all
of the ubiquitin-like proteins, NEDD8 possesses
the greatest similarity with ubiquitin (~60% iden-
tical to human ubiquitin). It even contains the
same C-terminal Leu-Arg-Gly-Gly residues,
which are crucial for the conjugation of ubiquitin
to its substrate proteins. Interestingly, both
ubiquitin and Nedd8 are produced as precursors
that need to be processed at the C-terminus to
reveal the terminal glycine (Kamitani et al.
1997). Cdc53, the budding yeast Cull, was the
first protein identified to be covalently modified
by NEDDS, suggesting a regulatory role of
neddylation in the ubiquitin-proteasome system
(Lammer et al. 1998; Liakopoulos et al. 1998).
Genetic  studies have demonstrated that
neddylation is essential in multiple model
organisms including mice (Tateishi et al. 2001),
Arabidopsis (Dharmasiri et al. 2003), Drosophila
(Ou et al. 2002), and fission yeast (Osaka et al.
2000), suggesting a conserved and important
function of neddylation in development.

Given the high sequence similarity, it is not
surprising that the overall structure of NEDDS is
similar with that of ubiquitin (Rao-Naik et al.
1998; Whitby et al. 1998). NEDDS is comprised
of a globular core and a C-terminal tail that is
flexible in solution. Ubiquitin displays an asym-
metric distribution of charged residues, thereby
forming the acidic and basic patches (Wilkinson
1988). The globular domain of NEDD8 maintains
a similar arrangement of acidic and basic patches,
although charged residues making up the patches
are only moderately conserved. Similarly, two
surface-exposed hydrophobic patches, which are
crucial for protein-protein interactions in
ubiquitin (Shih et al. 2000; Sloper-Mould et al.
2001; Hu et al. 2002), are both conserved in
NEDDS8 (Enchev et al. 2015). However,
NEDD8 and ubiquitin each have specific
functions due to small differences in their
structures. Seven unique residues that are
conserved across NEDDS8 orthologues but differ
from the ones in ubiquitin are responsible for
NEDDS-specific interactions. One such residue,
Ala-72, was shown to play a critical role in
preventing the interaction of NEDDS8 with the
ubiquitin E1 enzyme (Whitby et al. 1998). The
other six charged residues present on the surface



3 Assembly and Regulation of CRL Ubiquitin Ligases

35

of NEDDS are essential for regulating ubiquitin
ligase activities by NEDDS8 (Wu et al. 2002).

3.2 The NEDD8 Conjugation

System

NEDDS is initially translated as a precursor that
requires proteolytic processing to expose the
C-terminal Gly residue. Ubiquitin C-terminal
hydrolase L3 (UCHL3), a member of the C12
family peptidases, displays a dual specificity for
efficient processing of both NEDDS and ubiquitin
(Wada et al. 1998; Johnston et al. 1999; Linghu
et al. 2002). In contrast, the deneddylase
1 (DEN1) from the C48 family peptidases acts
exclusively on NEDDS. DEN1 can mediate the
proteolytic processing of NEDDS precursor as
well as the deconjugation of NEDDS from some
protein substrates (Gan-Erdene et al. 2003;
Mendoza et al. 2003; Wu et al. 2003). Of note,
UCHL3 knockout in mice or DEN1 knockout in
Drosophila does not result in neddylation defects
(Kurihara et al. 2000; Chan et al. 2008),

Fig. 3.1 Simplified
scheme of cullin
neddylation. Following
precursor processing of
NEDDS8 by UCH, mature
NEDDS8 was attached to
cullins in consecutive steps
including E1 (UBA3/
APPBP1)-mediated
activation, E2 (UBE2M/F)-
mediated conjugation, and
E3 (Rbx/DCN1)-mediated
ligation. NEDDS§
isopeptidases such as the
COP?9 signalosome are able
to catalyze the
deneddylation of cullins

DCN1
Cullin. Rbx

suggesting redundant function between both
enzymes.

The processed NEDDS is covalently conju-
gated to substrate proteins in a manner highly
similar to ubiquitin conjugation, through a cas-
cade of enzymes comprising E1 NEDDS-
activating enzyme (NAE), E2 NEDDS-
conjugating enzyme, and E3 NEDDS ligase
(Fig. 3.1). Initially, via the C-terminal Gly-76,
NEDDS forms a thioester bond with NAE. The
human NAE complex is composed of two
subunits, amyloid-f precursor protein binding
protein I (APP-BP1) and wubiquitin-activating
enzyme 3 (UBA3) (Osaka et al. 1998; Gong and
Yeh 1999). Interestingly, the APP-BP1 and
UBA3 are highly homologous to the amino- and
carboxy-terminal regions of ubiquitin E1, respec-
tively. In Arabidopsis, the corresponding NAE
has also been identified, with AXR1 as the coun-
terpart of APP-BP1 and Ecrl as the orthologue of
UBA3 (Pozo 1998). The Arabidopsis axr/ mutant
exhibits abnormal response to the essential plant
hormone auxin (Lincoln et al. 1990; Leyser et al.
1993), further demonstrating the importance of
neddylation. Two active sites in the heterodimeric

Mature NEDD8

E3s loading
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NAE complex, an adenylation domain in UBA3,
and a catalytic Cys domain, are required for effi-
cient activation and conjugation of NEDDS
(Walden et al. 2003a). The C-terminal ubiquitin-
fold domain (UFD) in UBA3 plays an important
role in mediating interactions with the E2
NEDDS-conjugating enzymes (Huang et al
2005; Walden et al. 2003b).

Once activated by NAE, NEDDS is transferred
to a conserved cysteine on the E2 NEDDS-
conjugating enzyme via a transthiolation reaction.
To date, two NEDDS8 E2-conjugating enzymes
have been identified: the well-studied Ubcl2
(also known as UBE2M) and less-characterized
UBE2F (Liakopoulos et al. 1998; Osaka et al.
1998; Gong and Yeh 1999; Huang et al. 2009).
Structural studies showed that the N-terminal
extension and catalytic core domain of either
Ubc12 or UBE2F bind to UBA3’s hydrophobic
groove and UFD of NAE, respectively (Huang
et al. 2004, 2005, 2007, 2009). Although they
interact with NAE in similar fashions, Ubcl2
and UBE2F exhibit distinct substrate specificities
for neddylation. Ubc12 pairs with RING-box pro-
tein / (Rbx1) to regulate neddylation of Cullins
1—4, whereas UBE2F specifically interacts with
RING-box protein 2 (Rbx2) to mediate Cullin
5 neddylation (Huang et al. 2009). Interestingly,
these two E2s were recently demonstrated to
cross-talk with each other, wherein Ubcl2
promotes UBE2F ubiquitylation and degradation
under both physiological and stressed conditions
(Zhou et al. 2018).

Following thioester bond formation, the
E2~NEDDS8 complex interacts with NEDD8 E3
enzymes for specific transfer of NEDD8 onto
target proteins. The RING domain proteins,
characterized by the zinc coordination sites in
the RING domain, represent the first reported
NEDDS8 E3 ligases (Deshaies and Joazeiro
2009). The N-terminal domain of Rbx1 mediates
stable assembly with cullins, whereas the
C-terminal RING binds and activates E2
enzymes, including the E2~NEDDS intermediate.
Biochemical and structural studies have revealed
a dual E3 mechanism—involving Rbx1 and
Defective in Cullin Neddylation / (DCN1)—that
mediates cullin neddylation (Kurz et al. 2008;
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Scott et al. 2010, 2011; Kim et al. 2008). Early
studies demonstrated that Ubc12 stimulates cullin
neddylation in an Rbxl-dependent manner
(Kamura et al. 1999; Gray 2002), while DCN1
is required for optimal neddylation of cullin in
C. elegans and S. cerevisiae (Kurz et al. 2005).
Furthermore, in the presence of N-terminally
acetylated E2, DCN proteins dramatically stimu-
late cullin neddylation in vitro (Monda et al.
2013; Scott et al. 2014). Thus, DCNI1 is consid-
ered a co-E3, which is capable of binding both
cullin and the acetylated N-terminus of Ubc12 via
its potentiating neddylation (PONY) domain,
restricting the flexible RBX1-bound
Ubc12~NEDDS to a catalytically competent ori-
entation. Similarly, N-terminal acetylation in
UBE2F also promotes DCNI-dependent
neddylation of Cul5 that specifically employs
Rbx2 as the RING protein (Monda et al. 2013).
More recently, a sophisticated neddylation model
was revealed, in which the NEDDS and substrate
protein synergistically regulate neddylation spec-
ificity by toggling E2/E3 conformations (Scott
et al. 2014).

3.3  Activation of CRLs by

Neddylation

The family of cullin-RING ligases (CRLs) is
characterized by a cullin core linking an
E2-binding RING and a substrate-binding recep-
tor module. Early crystallographic studies of
cullin-RING complexes revealed a highly elon-
gated structure in which cullin serves as a rigid
scaffold (Zheng et al. 2002a; Duda et al. 2008;
Angers et al. 2006). The N-terminal domain
(NTD) of cullin, which consists of three repeats
of a novel five-helix structural motif, adopts a
stalk-like structure that recruits substrate-binding
adaptors. The C-terminal domain (CTD) of cullin
is comprised of a four-helix bundle (4HB), an o/f
and two winged-helix (WHA and WHB)
subdomains. In terms of Rbx1 binding, two inter-
action surfaces were identified in the CTD (Zheng
et al. 2002a). The Rbx1 RING domain docks into
a V-shaped groove formed by the cullin o/f} and
WHB domains, whereas the N-terminal p-strand
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of Rbx1 is incorporated into the f-sheet of the
cullin o/f domain. Importantly, in the structural
model of a E2~ubiquitin thioester bound to Rbx 1
in a CRL complex, the catalytic cysteine of E2 is
positioned approximately 50 A from the tip of the
substrate receptor protein. Furthermore, the rigid-
ity of the Cull scaffold that imposes this gap is
required for E3 activity, as evidenced by the
finding that introducing flexibility into the
N-terminal repeat domain disrupts ubiquitination
of a specific substrate (Zheng et al. 2002a). These
observations thus beg the question of how
ubiquitin is transferred to the substrate and to
the continually elongating ubiquitin chain.

The cullin family members are the best-
characterized neddylation substrates. Neddylation
of cullin takes place on a highly conserved lysine
residue, which is located in the C-terminal WHB
subdomain (Wada et al. 1999). Mutagenesis stud-
ies indicate that cullin neddylation efficiently
promotes the ubiquitination activity of Skpl-
Cull-F-box protein (SCF), the founding member
of CRLs, resulting in rapid turnover of protein
substrates (Wu et al. 2000; Read et al. 2000;
Morimoto et al. 2000; Podust et al. 2000). In
vitro biochemical evidence indicates that
neddylation stimulates recruitment of ubiquitin
charged E2 to the SCF complex (Kawakami
et al. 2001). Interestingly, the proximity of the
cullin neddylation site to the RING domain of
Rbx1 suggests that neddylation might stimulate
the activity of CRLs by regulating the interaction
between NEDDS8 and Rbx1-bound E2~ubiquitin
(Wu et al. 2002; Zheng et al. 2002a; Read et al.
2000; Kawakami et al. 2001).

The crystal structure of neddylated Cul
Rbx1 complex revealed that neddylation induces
a striking reorientation of the cullin WHB
subdomain (Duda et al. 2008), which frees the
RING domain of Rbxl from the compact
WHB-RING architecture in the unneddylated
cullin. As a result, Rbxl adopts flexible
conformations, providing potential catalytic
geometries for ubiquitin transfer. Besides the
C-terminus of NEDDS, the Leu8/Ile44/His68/
Val70 face is also involved in the interaction
between NEDDS8 and Cul5 (Duda et al. 2008).
However, a prior study reported that the
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hydrophobic patch around Ile44 of NEDDS
binds ubiquitin E2, but not the NEDD8 E2, in
nuclear magnetic resonance (NMR) spectroscopy
(Sakata et al. 2007). This disagreement between
the two structural studies suggests that in the
presence of E2~ubiquitin under conditions of
ubiquitin transfer, structural rearrangements may
occur to favor contacts between NEDDS8 and
E2~ubiquitin (see Chap. 2 for full discussions
on the structure of CRLs with and without
neddylation). Detailed insights into the multiple
mechanisms by which NEDDS8 activates SCF
emerged from a kinetic study (Saha and Deshaies
2008). First, neddylation enhances E2 recruitment
to SCF as well as the rate of ubiquitin transfer to
substrates. Second, neddylation improves the rate
of ubiquitin chain elongation. Third, neddylation
enables crosslinking of substrate to E2 and
enhances amide bond formation in the E2 active
site. Finally, neddylation increases the fraction of
ubiquitin-charged substrate molecules as well as
the average number of ubiquitin molecules
attached to a modified substrate. Overall, two
distinct effects of neddylation on CRL activity
were proposed: (1) enhancement of ubiquitin
chain initiation by bridging the gap between the
SCF substrate and the E2~ubiquitin and
(2) improvement of chain elongation via
stimulating E2 recruitment and enhancing E2
activity. Consistent with the structural and kinetic
findings,  unneddylated = SCF  complexes
containing a mutant Cull with WHB deletion,
which were engineered to mimic neddylation by
constitutively releasing the RING, exhibit
increased activity in vitro (Duda et al. 2008;
Yamoah et al. 2008) and in vivo (Boh et al.
2011). Thus, the unneddylated CRLs can be con-
sidered as autoinhibited or off, and neddylation
activates the complex by inducing profound con-
formational rearrangements.

In addition to mediating RING domain rear-
rangement, neddylation also disrupts the binding
interface between Cull-Rbxl and CANDI
(cullin-associated NEDDS-dissociated protein
1), the substrate receptor exchange factor (see
below). Moreover, both WHB and NEDDS are
reoriented to contact the cullin NTD in the
neddylated CRL models, evoking the hypothesis



38

that the CTD-NTD interface might be remodeled
by WHB and/or NEDDS to favor CRL activity
(Duda et al. 2008) (see Fig. 2.4 in Chap. 2 for
structural details). Further studies are required to
provide new insight into the architecture of
neddylated full-length CRLs.

The NEDD8 modification is reversible. Once
cullins are neddylated, they can be rapidly
deneddylated by the COP9 signalosome (CSN)
in which CSNS serves as the catalytic subunit (see
Chap. 4 for full discussions on CSN and its role in
regulating CRLs). CSN specifically recognizes
neddylated cullins as its substrates. Recent studies
have shown that neddylated Cull and Cul4 have a
much higher affinity for CSN than their
unneddylated forms (Cavadini et al. 2016;
Mosadeghi et al. 2016). A key aspect of CSN
activity is that it is inhibited by substrate binding
to the CRL (Fischer et al. 2011; Emberley et al.
2012; Enchev et al. 2012). This is due to a steric
clash between the bound substrate and CSN
(Cavadini et al. 2016; Fischer et al. 2011; Enchev
et al. 2012). As a consequence, a CRL in vivo
should be most efficiently deneddylated when
there is little or no substrate available. The mutu-
ally exclusive binding of substrate and CSN to a
CRL lies at the heart of how differential assembly
states of different CRL complexes is controlled.

Based on its biochemical activity, it is not
surprising that CSN inhibits the activity of SCF
ubiquitin ligase in vitro (Lyapina et al. 2001;
Zhou et al. 2003). However, multiple lines of
genetic evidence revealed that CSN promotes deg-
radation of substrates mediated by SCF and other
CRLs in vivo, suggesting a positive role of CSN in
regulating CRL activity (Schwechheimer et al.
2001; Cope et al. 2002; Pintard et al. 2003). This
apparent paradox about CSN function was partially
resolved by the finding that the inhibitory effects of
CSN exhibited in vitro prevent the autoubiqui-
tination and degradation of CRL substrate receptors
in vivo, thereby promoting CRL activity (Zhou
et al. 2003; Wee et al. 2005; He et al. 2005). More
importantly, deneddylation is also required for
Candl-mediated dynamic exchange of CRL sub-
strate receptors, a process critical for sustaining
continuous cycles of CRL assembly and disassem-
bly (see later portion of this chapter).
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34 CAND1: An Inhibitor or

Activator of CRLs?

Candl, formerly known as TATA-binding pro-
tein (TBP)-interacting protein /120A (TIP120A),
was originally identified as a TBP-interacting
protein in rat liver nuclear extracts (Yogosawa
et al. 1996). A subsequent study showed that
Candl globally stimulates transcription driven
by three classes of eukaryotic RNA polymerases
(Makino et al. 1999). To date, the significance of
these functions remains unknown. A milestone
for understanding the role of Candl is the finding
by four groups that Candl interacts with cullins
(Zheng et al. 2002b; Liu et al. 2002; Hwang et al.
2003; Min et al. 2003; Oshikawa et al. 2003).
Both the Skpl-binding N-terminus and the
unneddylated C-terminal domain of cullins are
required for Candl-cullin association. Recipro-
cally, deletion of either N-terminal or C-terminal
residues from Candl abolished its binding with
Cull, suggesting that Candl-cullin interaction
may involve both ends of Candl. The crystal
structure of Candl-Cull-Rbx1 brought a more
comprehensive understanding of the Candl-
cullin complex architecture (Goldenberg et al.
2004). By virtue of 27 tandem Auntingtin-elonga-
tion-A subunit-7OR (HEAT) repeats, Candl
forms a highly sinuous superhelical structure
that coils into a U-shaped belt that cradles Cull-
Rbx1. In the complex, Candl and Cull interact
with each other in a head-to-tail pattern. Overall,
like a clamp, Candl uses its N-terminal and
C-terminal arches as two prongs to grip both
ends of Cull. Importantly, a p-hairpin motif pro-
truding from the Cand1 main body interacts with
the Skpl-binding helices located on the Cull
N-terminus. Distally, two helical repeats on the
N-terminus of Candl occupy a cleft on the Cull
CTD where the neddylation acceptor lysine resi-
due resides. These findings are consistent with the
biochemical data that showed that either Skp1 or
neddylation dissociated Candl from cullins
(Zheng et al. 2002b; Liu et al. 2002; Hwang
et al. 2003; Min et al. 2003; Oshikawa et al.
2003). In turn, the binding of Candl to Cull
dissociated Skpl from Cull and inhibited the
ubiquitination of p27 in vitro (Zheng et al.
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2002b). All these findings converge to the con-
clusion that Candl inhibits CRL activity in vitro.

Several lines of evidence, however, revealed
that Candl is required for optimal CRL activity
in vivo. Although RNAi-mediated silencing of
Candl in human cells significantly increases
Cull-Skp1 association, the level of substrate pro-
tein also increases slightly (Zheng et al. 2002b).
The Arabidopsis Cand] loss-of-function mutants
exhibit defects in CRL regulated signaling events
and reduced turnover rates of CRL substrate
proteins (Feng et al. 2004; Chuang et al. 2004;
Cheng and Dai 2004). All these observations are
reminiscent of the CSN paradox, and it was natu-
rally hypothesized that Cand1 helps maintain the
stability of CRL substrate receptors by
sequestering cullin cores, thus promoting CRL
activity in vivo (Zheng et al. 2002b; Cope and
Deshaies 2003; Min et al. 2005). In support of
this, a slight decrease in the level of Skp2 is
observed in Candl knockdown Hela cells
(Zheng et al. 2002b). However, several lines of
evidence argued against the model of Candl-
mediated adaptor stabilization (Schmidt et al.
2009; Chua et al. 2011), and a few studies
reported that Candl can promote CRL activity
independently of adaptor stability (Lo and
Hannink 2006; Bosu et al. 2010). Cand1 deletion
does not affect the stability of at least a subset of
substrate receptors in fission yeast (Schmidt et al.
2009), and Candl knockdown human cells
exhibit a decrease in CRL3¥**! activity despite
an increase in the level of assembled CRL3%*!
complexes (Lo and Hannink 2006). So, the ques-
tion still remains: how does Cand1l promote CRL
activity in vivo? An important hint came from the
biochemical data demonstrating that human
Skp2-Skpl promotes the dissociation of Candl
from Cull. Furthermore, as mentioned in the
prior section, substrate can inhibit binding and
deneddylation of CRLs by CSN and thus
maintaining neddylation (Cavadini et al. 2016;
Fischer et al. 2011; Emberley et al. 2012; Enchev
et al. 2012; Chew and Hagen 2007). Schmidt
et al. suggested a refined model in which transient
interaction of Candl with Cull-Rbx1 scaffold
drives dynamic cycles between association and
displacement of different substrate receptors.
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This cycle would enable rapid remodeling of the
CRL repertoire in the absence of substrates, and
when substrates are available, they induce the
neddylation of their cognate CRLs to promote
their ubiquitination. Upon substrate consumption,
CSN-mediated deneddylation would direct the
CRLs again into the Candl cycle. Though this
model can explain how Candl activates CRLs
while competing against substrate receptors for
binding to cullins, there was no direct biochemi-
cal evidence for the dynamic recycling of CRL
complexes nor how Candl could promote such
recycling.

CAND1: The Substrate
Receptor Exchange Factor

35

A key breakthrough in the current understanding
of Candl emerged from a kinetic analysis of SCF
assembly and disassembly (Pierce et al. 2013).
Using a fluorescence resonance energy fransfer
(FRET) assay, the binding dynamics between an
F-box protein and the Cull-Rbx1 scaffold were
monitored in a real-time manner. With a Kp in the
picomolar range, Fbxw7-Skpl forms an
extremely tight complex with Cull-Rbx1 regard-
less of the neddylation state. Importantly, addi-
tion of Candl1 to pre-assembled and unneddylated
SCF™®XW7 complexes increases the dissociation
rate of Fbxw7-Skpl by more than one million
fold, with a maximum rate of 1.3 s~!. As
expected, neddylation of Cull abolishes the effect
of Candl due to its ability to block binding of
Candl to Cull. Reciprocally, the spontaneous
dissociation of Candl from Cull-Rbx1 is
extremely slow, and this dissociation rate is
accelerated greatly by Foxw7-Skp1. Furthermore,
a Skpl mutant lacking a loop that is predicted to
clash with a B-hairpin of Cand1 (Goldenberg et al.
2004) fails to displace Candl from Cull-Rbxl,
and the Candl mutant lacking the B-hairpin also
fails to displace F-box—Skpl from Cull-Rbx1
(Liu et al. 2018). When either the Skpl loop or
the P-hairpin of Candl is deleted, Skpl and
Candl can form a stable ternary complex with
Cull (Goldenberg et al. 2004; Liu et al. 2018).
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The biochemical and kinetic results described
above can be explained by hypothesizing the
existence of a transient ternary complex
consisting of Candl, substrate receptor module,
and Cull that upon dissociation of either Cand1
or the substrate receptor module would yield a
stable SCF or Cull-Candl complex. Given the
ability of both Candl and the substrate receptor
module to destabilize each other’s association
with Cull-Rbx1, it was proposed that Candl
mediates the exchange of substrate receptors on
the Cull-Rbx1 scaffold, which exactly mimics
how guanine nucleotide exchange factors
(GEFs) act on Ras-like GTPases (Klebe et al.
1995; Goody and Hofmann-Goody 2002; Guo
et al. 2005). In support of this hypothesis, addi-
tion of Candl to a mixture of pre-assembled
SCF* TP and free Fbxw7-Skpl significantly
increases the ubiquitylation of the SCF™™7 sub-
strate, CycE (Pierce et al. 2013). In contrast to the
previous in vitro finding that Candl inhibits the
ubiquitin ligase activity of SCF, these results
showed for the first time that Candl promotes
the ubiquitination of SCF substrates through
accelerating the assembly of specific substrate
receptors with Cull recycled from the
pre-existing pool of SCFs. Based on its biochem-
ical mechanism of action, Cand]1 is defined as a
“substrate receptor exchange factor” (Pierce et al.
2013).

Besides the few substrate receptors tested
in vitro, quantitative mass spectrometry revealed
that the cellular repertoire of SCF is dramatically
altered by Candl depletion, in both human
(Pierce et al. 2013) and yeast cells (Wu et al.
2013). Furthermore, in budding yeast lacking
Candl, Skpl-Grrl failed to associate with
Cdc53 (yeast Cull) in response to glucose, likely
due to inefficient release of Cdc53 from
pre-existing SCF complexes (Zemla et al. 2013).
To further reveal the power of Candl-mediated
exchange of substrate receptors, metabolic pulse-
labelling assays were designed to examine SCF
dynamics in cells (Pierce et al. 2013; Wu et al.
2013). As expected, several newly synthesized
F-box proteins exhibit reduced assembly into
Cull in the absence of Candl. Importantly, the
level of these F-box proteins in total cell lysate is
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unaffected, indicating that the rate of synthesis is
not responsible for the reduced incorporation.
Taken together, these data indicate that Candl
modulates the SCF repertoire by acting as an
exchange factor that equilibrates Cull-Rbx1
with the entire pool of substrate receptors. This
exchange activity of Candl ensures that the cel-
lular repertoire of CRLs remains dynamic, and
when specific substrates arise, they can stabilize
their cognate CRLs to sustain their efficient
degradation.

3.6 Regulation of CRL Assembly by

Both Cand1 and Neddylation

Through blocking access of Candl to cullins,
neddylation inhibits Candl-mediated exchange,
and therefore, neddylation activity should also
regulate the assembly of CRLs. Surprisingly, a
couple of early studies found that when
neddylation was eliminated by MLN4924
(pevonedistat), a potent inhibitor of NAE (Soucy
et al. 2009), the CRL network was marginally
affected (Bennett et al. 2010; Lee et al. 2011). In
light of the updated knowledge about the working
mechanism of Candl, methods used to probe
cellular CRL complexes were re-evaluated. In a
conventional immunoprecipitation assay, the
CRL complexes may have been rearranged due
to post-lysis exchange of substrate receptors by
Candl. This possibility was tested using an assay
based on SILAC mass spectrometry (Reitsma
et al. 2017). HEK293 cells with (heavy) or with-
out (light) a 3XFLAG tag on the endogenous Cull
are grown in media with and without heavy-
labeled amino acids as indicated. Immediately
before lysis, cells are mixed and the percentage
exchange of F-box proteins is determined by
immunoprecipitation of 3XFLAG-tagged Cull
followed by quantitative mass spectrometry.
Strikingly, robust exchange of F-box proteins is
observed in the shortest immunoprecipitation
performed (10 min). Importantly, this exchange
is greatly suppressed for Skpl and almost all
F-box proteins in the lysate of Cand1/2 double-
knockout (DKO) cells, suggesting that Cand1/
2 accounts for the fast post-lysis re-equilibration
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of SCF complexes. Inhibition of neddylation by
pevonedistat further enhances exchange for all
FBPs, apparently through exposing Cand1 bind-
ing sites on Cull. These findings point out that to
precisely capture the landscape of cellular CRLs,
it is necessary to inhibit the Cand1-mediated post-
lysis exchange of substrate receptors.

Inspired by the finding that both SCF and
Cull-Cand]l complexes are extremely stable
(Pierce et al. 2013; Reitsma et al. 2017), it was
proposed that an excess of recombinant Cull-
Rbx1 in the lysis buffer, like a molecular sponge,
could suppress exchange by sequestering any free
Candl/2 and F-box proteins. As predicted,
exchange of most F-box proteins is drastically
diminished in the immunoprecipitates when
recombinant Cull-Rbx1 is added to the lysis
buffer (Reitsma et al. 2017). By virtue of this
molecular sponge, it is now possible to investi-
gate how the cellular SCF repertoire changes in
response to various perturbations. Experiments
using this new immunoprecipitation system
revealed that F-box proteins show huge variations
in their percentage association with Cull,
suggesting a non-equilibrium pool of SCF
complexes, and most F-box proteins exhibit low
percentages of Cull association. In contrast to
previous reports that only a small fraction of
Cull stably associates with Candl in 293T cells
(Bennett et al. 2010), the new assay revealed that
nearly half of the Cull assembles with Candl in
HEK2933FLAG-Cull ooy, underscoring  the
potential of Candl to rigorously regulate the
SCF repertoire. Importantly, depletion of Cand1/
2 leads to an increase in net assembly of F-box
proteins, whereas pevonedistat treatment elicits
the opposite effect in a Cand1/2-dependent man-
ner. These results indicate that neddylation
together with Candl/2 activity maintain a
non-equilibrium pool of SCF complexes.

Since the cellular concentrations of F-box
proteins do not correlate with their percentage
association with Cull, what determines the land-
scape of cellular SCFs? As mentioned previously,
the antagonistic binding of substrates and CSN to
Cull (Cavadini et al. 2016; Fischer et al. 2011;
Enchev et al. 2012) suggested that substrates play
a key role in sculpting the dynamic SCF
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repertoire. To test this idea, the assembly state
of individual SCF complexes was explored upon
induction of substrate. As expected, assembly of a
specific SCF complex is induced when its cognate
substrate becomes available. Furthermore, this
process depends on both Candl/2 activity and
neddylation (Liu et al. 2018; Reitsma et al. 2017).

A perplexing phenomenon found in both
Arabidopsis and human Candl1-deficient cells is
that increased assembly of a specific CRL com-
plex occurs jointly with inefficient degradation of
its substrate (Chuang et al. 2004; Lo and Hannink
2006; Pierce et al. 2013; Zhang et al. 2008). By
exploring Tumor Necrosis Factor alpha (TNFa)-
induced degradation of IxBa via SCFPT<P.
dependent ubiquitination, a study using quantita-
tive approaches provided important insights into
this paradox (Liu et al. 2018). Despite a higher
level of SCFPT™? in unstimulated DKO cells, the
degradation rate of IxkBa is substantially reduced
compared to WT cells. Immunoprecipitation
assays revealed that phosphorylated IkBa
(pIkBa, the substrate of SCF*™F) in DKO
cells binds B-TrCP as normal, but the level of
plkBa-bound B-TrCP recruited to Cull decreases.
These results suggest that substrates can bind
both free and Cull-bound F-box proteins, but
substrates bound to free F-box proteins cannot
gain access to Cull for efficient ubiquitination
in cells lacking Candl/2 activity. Consistent
with this explanation, B-TrCP overexpression,
which leads to an increased level of SCFPT<?
but no change in the percentage association of
B-TrCP with Cull, fails to increase the degrada-
tion rate of IkBa in DKO cells, simply because
the fraction of plkBa bound to free p-TrCP still
cannot gain access to Cull. In contrast, Cull
overexpression rescued the degradation defect
of IkBa in DKO cells, because almost all
B-TrCP molecules were driven to form SCF
complexes. Taken together, these results demon-
strate that dynamic exchange of F-box proteins
associated with Cull is required for efficient
substrate degradation, and restricted access of
substrate to Cull represents the major deficiency
in DKO cells.

Interestingly, although Candl inhibits
neddylation of cullins, it promotes the binding
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of DCNI1, the NEDDS8 E3, to Cull-Rbx1, and
Candl decreased the Kp of DCNI1-Cull by
36 fold (Kim et al. 2008; Monda et al. 2013; Liu
et al. 2018; Keuss et al. 2016). Moreover, the
DCN1-Cull complex could not be detected in
DKO cells through co-immunoprecipitation.
This finding suggests that DCN1 prefers Cand1-
bound Cull, which enables immediate
neddylation of Cull upon the removal of Cand1
by F-box-Skpl. Indeed, in the presence of
F-box-Skpl  modules, Candl-bound Cull
exhibited a higher neddylation rate than free
Cull (Liu et al. 2018). In addition, neddylation
biases the exchange reaction toward the forma-
tion of a stable SCF by preventing Candl from
re-binding the Cull and thus acting as the energy
input that drives Cull toward the formation of
new SCF. Furthermore, this mechanism may

also ensure that each new SCF is neddylated and
activated coincident with its formation.

3.7 Assembly and Disassembly

of SCF: The Cul1 Cycle

Based on all the available kinetic and quantitative
studies of the components and regulators of
SCFs, a mathematical model was developed to
elucidate and investigate the dynamics of the SCF
system (Liu et al. 2018). In this model, Cull
constantly cycles through the exchange,
neddylation and deneddylation stages, while sub-
strate binding through an F-box protein locks
Cull in the neddylated state, and thus the SCF is
stabilized to allow substrate ubiquitination
(Fig. 3.2). In addition to simulating and predicting
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Fig. 3.2 Schematic illustration of adaptive SCF assem-
bly. Candl-mediated exchange of F-box proteins (FBP),
together with the neddylation/deneddylation cycle,
sustains the dynamicity of the SCF system. Binding of
Candl to a pre-existing SCF complex forms an unstable
ternary intermediate that expels either Cand1 or the Skp1-
FBP module. After the Skpl-FBP has dissociated, the
resulting Cand1-Cull promptly retrieves another Skpl-
FBP module from the cellular pool. Disassociation of
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Candl from the newly formed ternary complexes
generates a new SCF complex. Due to the preferential
association of DCN1 with Cull that is bound by Candl,
neddylation occurs immediately after Cand1 dissociation.
Binding of substrate stabilizes this neddylated SCF com-
plex, resulting in efficient ubiquitylation of the substrate.
In the absence of substrates, CSN catalyzes the
deneddylation of Cull, and the deneddylated SCF com-
plex reenters the cycle
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changes in substrate degradation upon genetic
and chemical alterations, the model provides
novel insights into the significance of the
Cand1-mediated exchange mechanism. First, the
model calculated that a Cull molecule with no
bound substrate goes through the entire cycle
with an average time of ~1.5 min. This rate is
consistent with the rate of Cull neddylation and
deneddylation measured in human cells (Liu et al.
2018). Considering the molar ratio of Skpl to
Cull, an F-box protein could gain access to
Cull every ~4 min. This rapid cycle apparently
offers a more efficient way to remodel the SCF
repertoire compared to synthesis-dependent regu-
lation. Second, the total F-box protein concentra-
tion was predicted as one of the two most sensitive
parameters affecting the substrate half-life in the
DKO but not the WT cells. Indeed, overexpression
of a single F-box protein, including a truncated
F-box protein that binds only Cull but no substrate
protein, dramatically increases the stability of mul-
tiple proteins that are substrates of SCFs only in
the DKO cells. These cells also display dramati-
cally lower cell proliferation rates and an increased
level of apoptosis marker proteins. These
observations led to the hypothesis that Candl-
mediated exchange permits the SCF system to
tolerate large variations in the level of individual
F-box proteins. Because such large changes can
naturally occur during development, loss of Cand1
could have profound effects especially on multi-
cellular organisms. In support of this, in the
absence of Candl, Arabidopsis exhibited severe
defects throughout its life cycle, whereas cultured
cells and yeasts were only modestly affected. More
broadly, this  Candl-mediated ‘“‘adaptive
exchange” mechanism could confer organism tol-
erance to variations in the number of expressed
F-box proteins, providing a foundation for large
expansion or contraction of the F-box protein gene
repertoire during the evolution of different species
(Liu et al. 2018).

3.8 Closing Remarks

While the attractive picture of SCF dynamics has
been increasingly revealed, important aspects of
the assembly and regulation of CRLSs remain to
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be explored. First, studies of dynamic exchange
largely rely on the Cull-based SCF system.
However, Candl also associates with other
cullins, and at steady state, Candl is not equally
distributed across cullins, with more Candl
associated with Cull and Cul5 than that with
Cul2 and Cul4 (Bennett et al. 2010). Biochemi-
cal studies akin to those performed in SCF are
required to answer whether Candl plays a simi-
lar role in regulating the dynamics of other CRLs
and, if so, how important is the dynamic
exchange in regulating the activity of these
CRLs. Second, how is the distribution of
Candl over different cullins determined and
coordinated? Third, although the net assembly
of SCF complexes was increased in the DKO
cells and was decreased when neddylation was
inhibited by pevonedistat, quite a few F-box
proteins showed different trends in their assem-
bly status (Reitsma et al. 2017). It is thus very
interesting to study what roles Candl and
neddylation play in the regulation of these
F-box proteins. Furthermore, Candl-mediated
exchange has been hypothesized to confer toler-
ance to large variations in substrate receptor
levels. Investigating specific effects of Candl1 at
different developmental stages in multiple
eukaryotic organisms will further elucidate the
importance of this exchange mechanism.
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Abstract

The Cullin-RING E3 ligases (CRLs) are major
ubiquitylation machineries regulated by
reversible cycles of neddylation and
deneddylation. The deneddylase COP9
Signalosome (CSN) terminates CRL catalytic
cycle. CSN also provides a docking platform
for several kinases and deubiquitinases that
might play a role in regulating CRL. Recently,
remarkable progress has been made in
elucidating the biochemical principles and
physiological implications of such exquisite
regulation. The cryo-EM structures of
CRL-CSN complexes provide the biochemical
basis of their cognate interactions and reveal
potential regulatory mechanisms during com-
plex disassembly. Moreover, novel players
beyond the canonical eight subunits of CSN
were identified. This includes CSNAP, a
potential 9th CSN subunit with regulatory
functions, and the metabolite inositol
hexakisphosphate (IPg), which enhances
CRL-CSN complex formation, with IP¢-
metabolizing enzymes possibly instilling
dynamics to the CRL-CSN system. Here, we
review and summarize these new mechanistic
insights along with progress in understanding
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CSN biology based on model organisms with
genetically edited CSN subunits.
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Abbreviations

CAND1 Cullin-associated NEDDS-
dissociated protein 1

CK2 Casein kinase II

CRLs Cullin-RING E3 Ligases

Cryo-EM  Electron cryomicroscopy

CSN COP9 Signalosome

CSNAP CSN acidic protein

DUB Deubiquitinases

InsPs Inositol triphosphate

1P3 Inositol triphosphate

IP3K Inositol 1,4,5-trisphosphate 3-kinase

P4 Inositol tetrakisphosphate

IP5 Inositol pentakisphosphate

1P6 Inositol hexakisphosphate

IP6K Inositol hexakisphosphate kinase

1P7 5-Diphosphotidylinositol
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IPK Inositol phosphate kinases

IPK Inositol phosphate kinases

IPMK Inositol polyphosphate multikinase
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IPPK/ Inositol 1,3,4,5,6-pentakisphosphate

IP5SK 2-kinase

ITPK1 Inositol  1,3,4-triphosphate  5/6-
kinase

JAMM- JAB1/MPN/Mov34-motif

motif

kDa Kilodalton

MPN Mprl1/Padl N-terminal domain

domain

PCI Proteasome 1id-CSN-initiation fac-
tor 3

PDB Protein data bank

PKD Protein kinase D

PPIP5K Diphosphotidylinositol
pentakisphosphate kinase

SCF Skp1/cullin/F-box

Sgn Signalosome

TNP N2-(m-Trifluorobenzyl), N6-(p-
nitrobenzyl)

Uuv Ultraviolet

Protein homeostasis is controlled by the
ubiquitin-proteasome system. In this system, a
three-enzyme cascade (E1, E2, E3) for protein
substrate ubiquitylation, which marks substrates
for proteasomal degradation. The Cullin-RING
ubiquitin ligases (CRLs) are the largest superfam-
ily of E3 ligases, with over 200 known members
in mammals (Petroski and Deshaies 2005;
Lydeard et al. 2013). CRLs are generally com-
posed of four core components: one of the seven
canonical Cullin scaffold protein (Cull, 2, 3,
4A/B, 5, or 7), an E2-interacting RING protein
that forms cognate heterodimer with Cullins
(Rbx1/2, also called Roc1/2), an adaptor protein
specific for Cullin subfamily members, and a
substrate  receptor  that recognizes the
ubiquitylation targets. The substrate receptor
module can be a separate protein, or, in the case
of CRL3, a domain fused with the adapter as one
protein. A significant portion of the proteome
(estimated to be over 20%) is targeted for
ubiquitylation by CRL (Soucy et al. 2009).
These numerous ubiquitylation substrates impli-
cate CRLs in a wide range of biological processes
such as cell cycle progression, DNA repair,
metabolism, autophagy, stemness, development,
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immunity, and carcinogenesis; some of these
aspects are discussed in other chapters of this
book. CRLs are being explored as therapeutic
targets, especially in the field of cancer research
(Skaar et al. 2014; Zhao and Sun 2013). In
recently years, notable progress has been made
by tailoring CRLs to degrade specific proteins of
therapeutic relevance via the assistance of inter-
molecular “glue”-like small molecules (Bondeson
and Crews 2017) (see Chap. 20 for full
discussions on CRL-based drug development).
To avoid erroneous disruption of cellular
activities, ubiquitin ligases need to be regulated
(Vittal et al. 2015; Zheng and Shabek 2017). The
E3 ligase activity of CRLs is tightly controlled by
multiple mechanisms impinging on protein-
protein  interaction and  posttranslational
modifications on CRL or substrates (Lydeard
et al. 2013). One major route of CRL regulation
is through cycles of Cullin neddylation (modifi-
cation by the ubiquitin-like protein Nedd8) and
deneddylation. The unneddylated state permits
the binding of CANDI1 (cullin-associated
NEDDS-dissociated protein 1) to exchange sub-
strate receptor for surveying the substrate reper-
toire (Liu et al. 2018) (see Chap. 2 for detailed
discussions on CRL regulation by CANDI).
Neddylation at Cullin C-terminus enhances CRL
activity by inducing productive E2 engagement
with Rbx1/Rocl (Wu et al. 2000; Duda et al.
2008). Conserved from plants to human, the
COP9 Signalosome (CSN) is a deneddylase that
targets all neddylated Cullins. In vitro, CSN
inhibits CRL activity by catalyzing deneddylation
and by sequestering deneddylated CRL (Lyapina
et al. 2001; Enchev et al. 2012; Emberley et al.
2012). However, genetic disruption of CSN
subunits diminishes, rather than enhances, CRL
activity (Wolf et al. 2003). This conundrum,
known to the field as the “CSN paradox,” can be
reconciled as CSN protects CRL substrate receptor
components from auto-ubiquitylation and destruc-
tion due to prolonged E2 engagement (Wolf et al.
2003; Wee et al. 2005; Cope and Deshaies 2006).
CSN therefore protects CRL from being aberrantly
active under basal conditions while enabling
proper CRL activation upon signal-dependent dis-
sociation (Wolf et al. 2003). Thus, the assembly
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and disassembly of CRL-CSN complexes are crit-
ical steps of CRL regulation.

In this review, we summarize recent progress
in understanding how CSN interacts with and
regulates CRL, particularly the role of recently
identified  mediators  like the  inositol
polyphosphate metabolites and CSNAP. Begin-
ning with a brief introduction to the discovery of
CSN, this review will focus on the mechanistic
insights into CRL-CSN assembly interface and
the multifaceted role of CSN as a central CRL
regulator. Finally, the need for ongoing research
on CRL-CSN disassembly mechanisms is
discussed.

4.1 Identification of CSN

Deng and associates first purified CSN as the
multi-subunit COP9 complex from Arabidopsis
thaliana. The name COP9 derives from the Con-
stitutive Photomorphogenesis phenotype of its
subunit mutants (Chamovitz et al. 1996; Wei
et al. 1994). A separate attempt to identify 26S
proteasome components purified human CSN as
Signalosome (Sgn), which contains eight major
subunits (Seeger et al. 1998). The name COP9
Signalosome, abbreviated as CSN, was eventu-
ally adopted to incorporate both the plant and
human name, and the eight CSN subunits are
known as CSN1 to CSN8 with decreasing molec-
ular weight. Soon after, CSN was found to inter-
act with CRL1/SCF at biochemical and functional
levels (Schwechheimer et al. 2001) and to cata-
lyze Cullin deneddylation via its JAMM-motif
(JAB1/MPN/Mov34 metalloenzyme) containing
MPN (Mprl/Padl N-terminal) domain located
in subunit 5 (CSNS) (Lyapina et al. 2001; Cope
et al. 2002). These early studies laid the founda-
tion for CSN as a CRL deneddylase.

CSN as a Multifaceted CRL
Regulator

4.2

When CSN was first identified as a CRL
deneddylase, it immediately became apparent
that genetic downregulation of CSN subunits in

multiple model organisms dampens rather than
enhances CRL activity, although Cullin
neddylation is increased as expected. Thus, in
the first report linking CSN to CRL regulation,
the SCF™! substrate PSIAA6 was in fact
stabilized rather than degraded in CSNS5 loss-of-
function mutant Arabidopsis, leading to
decreased response to the hormone auxin
(Schwechheimer et al. 2001). This was puzzling,
since CSN was validated as a biochemical CRL
inhibitor at the same time (Lyapina et al. 2001;
Cope et al. 2002). Adding to the puzzle, loss of
CSN subunits delayed the degradation of other
CRL substrates Sicl in yeast and Katanin in
C. elegans (Cope et al. 2002; Pintard et al.
2003), with consequent defects in temperature-
sensitive growth and embryonic development,
respectively. These puzzles were partially solved
by the finding that active CRLs can auto-catalyze
substrate receptor degradation (Zhou and Howley
1998; Galan and Peter 1999), which suggest that
non-catalytic sequestration of CRL by CSN
serves to prevent auto-destruction of CRL sub-
strate receptors (Cope and Deshaies 2006).

Does CSN protect CRL also in mammals?
CSN is essential in mouse, and global deletion
of its subunits results in embryonic lethality
(Lykke-Andersen et al. 2003; Tomoda et al.
2004; Menon et al. 2007). As such, hypomorphic,
cell-specific, and inducible gene-targeting
methods were applied to achieve spatiotemporal
depletion of CSN subunits, which reveals impor-
tant roles of CSN5 and CSN8 in cardiovascular
homeostasis maintenance, immunological devel-
opment, and hepatocyte proliferation (Menon
et al. 2007; Su et al. 2011a, b; Lei et al. 2011;
Asare et al. 2017). In these studies, Cullin
neddylation was increased with CSN subunit
deletion, but the stability of Cullin substrate
receptors were not examined. Recently, Cornelius
et al. reported that induced deletion of CSNS5
specifically in the kidney leads to degradation of
the CRL3 substrate receptor KLHL3. Conse-
quently, WNK kinase, a CRIL3KMHL3 substrate,
accumulates to cause familial hyperkalemic
hypertension phenotype (Cornelius et al. 2018).
Thus, the protective role of CSN on CRL sub-
strate receptors also holds true in mammals.
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Apart from substrate receptor stabilization,
CSN could regulate CRL-based ubiquitylation
machineries via several other mechanisms also
independent of its deneddylase activity. First, the
stability of Cullins is decreased in some CSN
subunit deletion mutant models (He et al. 2005;
Wu et al. 2005; Wang et al. 2010), extending the
protective role of CSN from substrate receptor to
Cullins themselves. Second, CSN protects the E2
UBC3/CDC34 from degradation catalyzed by
SCRPTeP (Fernandez-Sanchez et al. 2010), again
suggesting that CSN is not merely a CRL inhibitor
but also an integral component of the CRL activity
cycle by keeping the E2 in place. Third, CSN
associates with deubiquitinases (DUBs). The
DUB USP15 (Ubpl2 in yeast), for example, has
been shown to stabilize the substrate receptor
Poplp of the SCF*P'P E3 ligase (Wee et al.
2005; Zhou et al. 2003), as well as the RING
protein Rbx1 (Hetfeld et al. 2005), suggesting
that USP15/Ubp12-mediated deubiquitylation can
protect CRL from autocatalysis (Wu et al. 2006).
On the other hand, CSN-associated DUBs can also
prevent the degradation of certain CRL substrates,
such as IkB (Schweitzer et al. 2007; Schweitzer
and Naumann 2015), APC (Huang et al. 2009),
and Mdm?2 (Bai et al. 2019; Zou et al. 2014). These
data suggest that CSN-associated DUBs might
function as a CRL “rheostat,” antagonizing exces-
sive ubiquitylation of both CRL components and
protein substrates. Last but not least, when CSN
was first purified, it was found to contain kinase
activities (Seeger et al. 1998), which was later
attributed to other kinases that co-purifies with
CSN, including casein kinase II (CK2), protein
kinase D (PKD), and inositol 1,3,4-triphosphate
5/6-kinase (ITPK1) (Uhle et al. 2003; Sun et al.
2002; Harari-Steinberg and Chamovitz 2004).
These kinases phosphorylate either CSN subunits
and/or the CRL substrates such as c-Jun (Uhle
et al. 2003; Sun et al. 2002). When CRL substrates
are phosphorylated by CSN-associated kinases,
their stability is altered (Berse et al. 2004; Bech-
Otschir et al. 2001). In contrast, it is unclear how
CSN subunit phosphorylation by its associated
kinases contributes to CRL regulation.

The multifaceted role of CSN in CRL regula-
tion underscores the potential of CSN as a
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docking platform integrating external stimuli to
confer spatiotemporal CRL activation. In line
with this notion, different types of DNA damage
stimuli have been shown to trigger phosphoryla-
tion of various CSN subunits, with consequent
alterations in CRL localization and activation
(Meir et al. 2015; Fuzesi-Levi et al. 2014; Dubois
et al. 2016), but detailed structure-function analy-
sis of this regulation is lacking. In light of recent
structural insights on the CRL-CSN complexes,
as reviewed below, it might be worthwhile to
reanalyze the biochemical data in current litera-
ture to come up with new hypothesis concerning
mechanisms of dynamic CRL regulation by CSN,
which could be specific to CRL subfamily.

Structure of the CSN
Holo-Complexes

4.3

Crystal structures of various CRLs were solved
since 2002 (Duda et al. 2008; Zheng et al. 2002;
Angers et al. 2006; Zimmerman et al. 2010) and
are reviewed in detail elsewhere in this book (see
Chap. 3 for full discussions on the structural
biology of CRL ubiquitin ligases). Briefly,
Cullins serve as the scaffold, recruiting
E2-conjugating enzyme at their C-terminus via
the heterodimerizing RING domain proteins
Rbx1/2 and recruiting ubiquitylation substrates
via substrate receptor/adaptor bound to Cullin
N-terminus (Fig. 4.1a). One hallmark of CRL
structural features is their modularity, with similar
overall subunit composition across Cullin
families. Conceivably, this commonality allows
generally conserved mechanisms of regulation by
CSN.

Efforts made to solve CSN structures start with
its subunits time (Lee et al. 2013; Echalier et al.
2013; Birol et al. 2014; Dessau et al. 2008) and
culminate in the elucidation of holo-CSN crystal
by Thoma and associates (Fig. 4.1b) (Lingaraju
et al. 2014). The overall structural composition of
the CSN complex is similar to the lid complex of
the 198 regulatory particle of the 26S proteasome
and to the eukaryotic initiation factor 3 complex
(Hofmann and Bucher 1998). These three
complexes, together known as the “Zomes”
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Fig. 4.1 Structural models
of a CRL (CRL45Y*Y, PDB
id: 2HYE) (Angers et al.
2006) (a) and the COP9
Signalosome (CSN, PDB
id: 4D10) (Lingaraju et al.
2014) (b). Individual
subunits are colored
differently. The potential
locations of E2 and
substrate are shown in the
scheme (a). The points of
contact between CRL4 and
CSN are represented as
double-sided dashed
arrows. The helical bundle
formed by the C-terminal
helix of all eight CSN
subunits is highlighted in
circle (b)

complexes (Alpi and Echalier 2017), are all
involved in protein homeostasis regulation and
are composed of subunits with MPN
metalloprotease domain for isopeptide bond
cleavage and proteasome lid-CSN-initiation fac-
tor 3 (PCI) domains for oligomerization. The
structural similarity among “Zomes” complexes
provokes the idea that they might be evolution-
arily related.

The CSN holo-complex consists of two layers
of organization. First, the PCI domains in CSN1,
CSN2, CSN3, CSN4, CSN7, and CSNS8 form
edge-to-edge interactions, effectively generating
a PCI hexamer (Sharon et al. 2009). Second, on
top of the PCI platform, CSNS5 and CSNG6, the two
non-PCI subunits, form a dimmer via interactions
between their MPN domains. Third, the carboxy-
terminal a-helices of all eight CSN subunits form
a helical bundle, which drives the formation of
the 8-subunit complex (Fig. 4.1b). The MPN
domain of CSNS5, but not CSNG6, has a conserved
metalloprotease active site for catalyzing
deneddylation. However, unlike other JAMM
family isopetidases, such as Rpnll of the 19S
lid complex of the 26S proteasome (Worden
et al. 2014), CSNS5 is catalytically inactive in the
CSN complex. A CSN5 loop containing Glu104
inserts into its active site by interacting with the

catalytic Zn”* ion, thereby occluding the catalytic
pocket. Thus, an activation mechanism is a pre-
requisite for CSN-catalyzed deneddylation.

To understand how auto-inhibited CSN is

activated, computational modeling  studies
employing the EM map of CRL1/SCF-CSN com-
plex (Enchev et al. 2012) were conducted. Base on
the structural differences between CSN and the
CSN-SCF complex, neddylated CRL binding
likely induces movement in CSN4, which would
then be expected to alter the CSN4-CSN6 contact
interface, leading to a rearrangement of the CSN5-
CSN6 dimer and eventually CSNS5 activation.
Although these predicted changes still require fur-
ther structural validations, the stringent requirement
of CRL binding for CSN activation suggests that
CSN is dedicated to CRL deneddylation. Indeed, to
our best knowledge, CSN has no other substrates
but neddylated Cullins.

Structural Mechanisms
of CRL-CSN Complex Assembly
and Regulation

4.4

The recent progress in obtaining EM structures
of CRL-CSN complexes has become a new
cornerstone for our understanding on the
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mechanisms  driving the formation of
CRL-CSN  supercomplexes. As mentioned

above, molecular models of two CRLI1/SCF
complexes (SCFSP¥CEs and  SCF™7) were
first obtained by negative-staining electron
microscopy (EM) (Enchev et al. 2012). At the
time, crystal structures were available for CRLs
but not CSN. The authors therefore modeled CSN
based on the crystal structures of other “Zomes”
complexes and successfully identified electron
density corresponding to the various subunits in
this 20 A resolution map.

Several notable structural features of
CRL-CSN complexes were observed from this
EM map, which were validated by biochemical
analysis and verified by subsequent higher reso-
lution EM maps (see below). First, CSN binds to
CRL primarily via embracement of the
C-terminal portion of Cul/Rbx1 (Cull“™/
Rbx1) by the N-terminal domain of CSN2. Con-
sistently, deleting the N-terminal portion of CSN2
completely abolishes CRL binding. Second, CSN
binding to Cull“™/Rbx1 blocks the interaction
between SCF and the E2 enzyme CDC34, consis-
tent with decreased E2 activation in a substrate
peptide ubiquitylation assay. Third, binding of
catalytically inactive CSN still prevents CRL
neddylation, suggesting that CSN also obstructs
the neddylation E2, likely in a manner similar to
ubiquitylation E2. Fourth, the contact between
CSNI1/CSN3 and substrate receptor would result
in steric hindrance for incoming substrate. Con-
sistently, CSN addition prevented phospho-p27
binding to SCRSkP2/Cksl and, reciprocally, sub-
strate  addition slows down SCFS*PCks!
deneddylation by CSN (Enchev et al. 2012;
Emberley et al. 2012). Overall, these data lend
further support for a multifactorial role of CSN in
CRL regulation: besides catalyzing Cullin
deneddylation, the tight binding of CSN to CRL
also controls the access of ubiquitylation E2,
substrates, as well as neddylation machineries.

More recently, cryo-EM maps of CRL4A-
CSN and SCF-CSN complexes were obtained at
resolutions possible to confidently identify pro-
tein secondary structures. Cavadini et al. reported
structures of CSN in complex with neddylated
CRL4APPP> (CSN—sCRL4APPR?) at 83 A
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resolution and CSN—ysCRLAA at 6.4 A resolu-
tion (Cavadini et al. 2016), whereas Mosadeghi
et al. obtained structures of CSN in complex with
neddylated SCFS*P¥Cks! (CSN—ygSCFSkP/Chsty
at 7.2 A resolution (Mosadeghi et al. 2016).
These structures further refined CRL-CSN con-
tact interfaces and enabled better visualization of

conformational  changes during complex
formation.
The new CSN—sCRL4A and CSN-—-

NgSCFSFPCKsT gtryctures revealed key insights
about CRL-CSN contacts (Fig. 4.2a). First, CSN
interacts with CRL at three sites, with CSN2
making the most extensive contact with
Cullin®™®.  Second, Rbx! RING domain is
sandwiched by CSN2 and CSN4, thereby
shielding the E2-binding site, which could
explain the competition between CSN and E2
enzymes (Enchev et al. 2012). Third, CSNI
contacts the CRL4A adaptor DDB1, and CSNI1
and CSN3 are in the vicinity of SCF adaptor/
substrate receptor pair Skp1/Skp2/Cks1. Overall,
these medium resolution structures agreed with
each other and with the previous lower resolution
models in outlining major CRL-CSN contact
sites. Nonetheless, higher resolution structures
are still required to visualize atomic details of
the CRL-CSN interface. This need is further
justified by the recent identification of small
CSN cofactors such as CSNAP and inositol
polyphosphates (see below), whose presence in
CSN-CRL complexes may only be revealed by
higher resolution structures.

Besides  unveiling CRL-CSN  contact
interfaces, the CSN—\gCRL4A and CSN—yg
SCFS*P2/CRsT structures also showed that complex
formation is associated with conformational
changes in CRL and CSN. Several protein
subunits can fit the respective map segments
without alteration, whereas other subunits or
their subdomains, specifically the N-terminal
portions of CSN2 and CSN4 (Fig. 4.2a), the
MPN-domains of CSN5 and CSN6, the RING
domain of Rbx1, the WHB domain of Cullins,
and Nedd8, undergo significant movements in
order to fit their respective electron density.
These conformational changes can be rationalized
on two bases. First, CSN5 must undergo
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A
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Fig. 4.2 Structural models of CRL4-CSN complex (a)
and the IPs-CSN2 complex (b). (a) Conformational
changes in CSN induced by CRL4 binding. The crystal
structures of CRL4A and CAN were fitted into the cryo-
EM electron density map (EMD3314), followed by refine-
ment with molecular dynamic flexible fitting (MDFF).
Protein secondary structures are shown in pipes (helices)
and sheets, with structures before and after MDFF shown
in cyan and orange, respectively. The N-terminal helices

conformational rearrangements in order to recog-
nize the substrate NeddS8, as its catalytic active
site is self-obstructed in the absence of substrates.
Second, the rest of the segments with notable
conformational  rearrangements, i.e., the
N-terminal portions of CSN2/CSN4 and the
RING domain of Rbx1 and the WHB domain of
Cullins, are in direct contact with each other.
Conformational changes in these structural
elements are consistent with an induced-fit mech-
anism during substrate-enzyme binding. Con-
ceivably, CRL-CSN binding initiates
conformational rearrangements changes at the
N-terminal segments of CSN2 and CSN4, distant
from the active site. These conformational are
then transduced to the catalytic site in CSNS5,
rendering CSN an active deneddylase. While
more structural dynamics evidences are needed
to support this model, mutating the CSN4-CSN6
interface enhances the catalytic activity of CSN,
consistent with the notion that substrate-induced
CSN activation involves the CSN4-CSNG6 inter-
face. In conclusion, during CSN-CRL binding,
significant conformational changes occur on
both the substrate (CRL) and enzyme (CSN),

of CSN2 and CSN4 move toward the C-terminal region of
Cul4A and Rocl during the fitting. Highlighted by a black
dashed circle is the unmapped electron density located
between CSN2 and Cul4“™°/Rbx1, which possibly
corresponds to IPg. (b) Surface representation of the IPg-
CSN2 crystal structure. IPg, shown as spheres with the
inositol ring in cyan and the phosphate moieties in orange,
bound to a basic pocket

inside and distant from the site of catalysis.
Such binding-induced fit ensures the catalytic
specificity of CSN.

Apart from revealing CRL-CSN assembly
mechanisms, the cryo-EM structures of
CRL-CSN complexes further provide clues on
how CSN might be released for CRL activation.
Specifically, the new structures support earlier
biochemical observations that CSN and
ubiquitylation substrates are sterically incompati-
ble (Enchev et al. 2012; Emberley et al. 2012;
Fischer et al. 2011). Consistently, the presence of
CRL substrates (Bornstein et al. 2006), or a DNA
fragment that binds substrate receptor (Cavadini
et al. 2016), markedly inhibits Cullin
deneddylation, conceivably by interfering with
CSN-CRL complex formation. These findings
suggest that CSN binds exclusively to substrate-
free CRL. Accordingly, during the CRL activity
cycle, CSN should come into play only after
substrate has been ubiquitylated and delivered to
the proteasome (Fig. 4.3). This opens up two
more questions. First, neddylated CRLs are
E2-bound during substrate degradation. Given
that CSN competes with E2 (e.g., CDC34) for
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Fig. 4.3 Scheme depicting the catalytic cycle of CRL and
the role of inositol polyphosphates in the assembly and
disassembly of CRL-CSN complexes. CRL catalytic cycle
is divided into six steps. CSN dissociation and
re-association are drawn as the initiation and termination
step of CRL catalytic cycle. 1: CSN deneddylates bound
CRL. 2: Unneddylated, weaker CRL-CSN complex is
amenable to substrate-induced CSN dissociation. 3/3':
CSN-free, unneddylated CRL undergoes either direct
re-neddylation (3) or after CAND1-mediated exchange of
substrate receptor (3') (Pierce et al. 2013). 4: Neddylation

CRL binding, what factor(s) then shifts CRL
equilibrium from the active, E2-bound state to
the inactive, CSN-bound state? Second, although
neddylation  strengthens CSN interaction,
deneddylated CRL still binds CSN with
nanomolar-level affinity (Mosadeghi et al.
2016); what factors then determines the disassem-
bly of this inactive CRL-CSN complex? One
possibility is that the incoming substrate sterically
dislodges CSN. In the case of CRL4DDBZ, a
damage-mimicking DNA duplex that binds
avidly to DDB2 can indeed displace CSN
(Lyapina et al. 2001). It remains unknown
whether an ubiquitylation substrate protein can
also displace prebound CSN. Another possibility
is that CANDI, which wraps around
deneddylated Cullins to release adaptors and sub-
strate receptors (Goldenberg et al. 2004), could
dissociate CRL-CSN by competing with CSN.

]
TANYD

Adaptor
exchange

P7

induces conformational changes in Rbx1, activating CRL
to recruit either UBE2D or ARIH and their homologs
which initiate substrate ubiquitylation (Wu et al. 2010;
Scott et al. 2016). 5: CDC34, also called UBE2R, replaces
UBE2D/ARIH to build a ubiquitin chain for signaling
substrate degradation (Wu et al. 2010; Scott et al. 2016).
6: After substrate ubiquitylation and removal, CSN
competes off CDC34 from CRL to reassemble the inert
CSN-CRL complex, thereby completing the CRL activity
cycle. R Rbx1/Rocl, SR substrate receptor, N Nedd8, Sub
substrate, Ub ubiquitin, 2 CSN2, 5 CSN5, 6 CSN6

However, so far, there is no evidence supporting
that CANDI1 significantly influence CRL-CSN
complex stability (Bennett et al. 2010; Reitsma
et al. 2017). For both of the above questions, the
answer might partially involve the inositol
polyphosphates and their metabolic enzymes, as
discussed in detail below.

4.5 Inositol Polyphosphates
and Their Synthases

in the Assembly

and Disassembly of CRL-CSN

Complexes

The higher inositol polyphosphates (InsPs) origi-
nate from inositol triphosphate (IP3), a 2nd mes-
senger of the Gg-coupled GPCR pathway. A
series of inositol phosphate kinases (IPKs),
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including inositol 1,4,5-trisphosphate 3-kinase
(IP3K), inositol 1,3,4-triphosphate 5/6-kinase
(ITPK1), inositol polyphosphate multikinase
(IPMK), and inositol 1,3,4,5,6-pentakisphosphate
2-kinase (IPPK/IP5K), can phosphorylate IP; in
an stepwise manner, leading to the synthesis of
IP,4, IPs, and IP¢ (Verbsky et al. 2005). 1P, the
most abundant inositol phosphate, can be further
phosphorylated by IP6 kinases (IP6K) and
PPIP5Ks to generate the inositol pyrophosphates,
IP; and IPg (Fig. 4.3), which are potential signal-
ing molecules containing energetic pyrophos-
phate bond(s) (Shears 2018). The higher inositol
polyphosphates are found from yeast to human,
but are not as well-studied as IP5.

The link between CSN and the inositol
polyphosphate system initiates from a serendipi-
tous finding that CSN co-purifies with ITPK1, a
versatile IPK that phosphorylates different IP;
isomers (Wilson et al. 2001). This
co-purification is grounded on direct ITPKI-
CSNI1 interaction (Sun et al. 2002). Because the
purified ITPK1 can phosphorylate c-Jun, it was
initially — proposed that ITPK1 is the
CSN-associated protein kinase. However, PKD
and CK2 were subsequently identified as
CSN-associated kinases (Uhle et al. 2003).
Whether recombinant ITPK1 can act as a protein
kinase remains unanswered, and the physiologi-
cal relevance of its strong association with CSN
also remains unknown.

Later, through an unbiased tandem affinity
purification approach, inositol hexakisphosphate
kinase-1 (IP6K1), another IPK  that
phosphorylates IPg to IP,, was found to directly
bind DDB1, the CRL4 adaptor (Rao et al. 2014a).
DDBI1 binding suppresses IP6K1 catalytic activ-
ity, but promotes its stability without affecting
ubiquitylation, suggesting that IP6KI1 is not a
CRL4 substrate. Conversely, IP6K1
co-expression suppresses the expected increase
in total cellular ubiquitylation levels caused by
Cul4A-Rbx1-DDB1 overexpression, suggesting
that IP6K1 and CRL4 form a mutually inhibited,
inert complex. Mechanistically, IP6K1 links
CRLA4 to CSN. Thus, its knockdown dramatically
diminishes CRL4-CSN complex formation and
suggests an inert ternary complex consisting of

IP6K1, CRL4, and CSN under basal conditions.
Interestingly, UV radiation dissembles the
IP6K1-CRL4-CSN complex, which is consistent
with its known role to dissociate CSN-CRL4 for
DNA repair (Scrima et al. 2011) and suggest a
role for IP6K1 in stimuli-dependent CRL4 acti-
vation. This disassembly of [P6KI1-CRL4-CSN
complex releases IP6K1 from DDB1 sequestra-
tion evidenced by UV-induced rise in cellular IP;
levels. Moreover, kinase-dead IP6K1 mutant, or
the TP6K-specific inhibitor TNP, binds DDB1
with higher affinity under basal condition and
inhibits UV-induced disassembly of CRL4-CSN
complexes, suggesting that [IP6K1-mediated con-
version of IP¢ to IP; promotes CRL4-CSN
dissociation.

In search for a molecular mechanism
explaining the roles of IP¢ or IP; in CRL-CSN
complex dynamics, purified proteins were
employed to reconstitute key elements mediating
CRL-CSN interactions. Two novel binding
interfaces were identified between CRL-CSN
(Scherer et al. 2016). First, there is electrostatic
interaction between the N-terminal acidic tail of
CSN2 and the conserved C-terminal basic canyon
of Cullins. This is reminiscent of interactions
between Cullin’s basic canyon and the
C-terminal acidic tail of the E2 CDC34 (Kleiger
et al. 2009a, b), providing a plausible explanation
for the earlier observation that CSN competes
with CDC34 to inhibit CRL (Enchev et al.
2012). Second, IP5K, the IPK that synthesizes
IPg, also interacts with the CRL-CSN complex.
Depleting IPSK alters the stability, neddylation,
and activation of CRL1 and CRL4. IPg, at
nanomolar concentrations, enhances Cul4A/
Roc1-CSN2 interaction in vitro.

How is IP; different from IP¢? In vitro, IP; can
also promote CRL4A-CSN2 binding, but with
threefold lower potency than IPs. This data is
unusual, since [P; often binds to an InsP-binding
site with higher affinity than IP¢, due to its being
more negatively charged (Rao et al. 2014b;
Chakraborty et al. 2011). It is therefore tempting
to hypothesize that IP6K1-catalyzed IP¢-IP; con-
version could increase the percentage of lower-
affinity CRL4-CSN complexes, rendering
CRL-CSN complexes amenable to dissociation
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induced by incoming ubiquitylation substrates
(Fig. 4.3). However, given that IP; can still pro-
mote CRL4-CSN interaction at concentrations
comparable to endogenous levels, it remains pos-
sible that additional factors exist to shift
CRL-CSN into a low affinity state, via either
IP;-depenendent or IP;-independent mechanisms.
The recently identified CSN subunit CSNAP is
one such candidate (see below).

The above-discussed findings raise the
tantalizing possibility that IP¢ and its metabolic
enzymes comprise a signaling module in trans-
mitting upstream stimuli to CRL-CSN complex
dynamics and CRL activity control. However,
some outstanding questions remain.

First, most of the above studies were
conducted wusing Cul4A without substrate
receptors. Therefore, it remains unclear whether
CRL regulation by IP¢/IP; dynamics is generally
applicable for all CRL4 ligases or only a subset
with specific substrate receptors, and whether the
same principle also applies to other Cullin
members. In this regard, it was found that IPg
can promote CSN binding to different Cullins to
various extents, indicating that other CRL-CSN
complexes may be similarly regulated by IP¢. By
binding DDBI, the effect of IP6K1 is perhaps
more restrict to CRL4. Note that there are other
IP6K isoforms (IP6K2, IP6K3) and whether they
interact and regulate other CRL family members
and respond to other stimuli (e.g., cell cycle tran-
sition) is worth exploring.

Second, what is the structural basis and bio-
chemical advantage to have CRL-CSN complex
formation regulated by a small metabolite (IP¢)?
Mechanistically, IP¢ could be an allosteric factor
binding either CRL or CSN to induce conforma-
tional changes enhancing their interaction. Alter-
natively, IP¢ might act as intermolecular “glue”
at the interface between CRL and CSN, thereby
bridging the complex. We have recently
obtained the crystal structure of IP¢ in complex
with CSN2 (PDB id: 6A73, to be published)
(Fig. 4.2b), the most critical CSN subunit in
binding CRL. Moreover, in fitting the EM map
of CSN—gCRL4A, we have also uncovered an
extra electron density that fits IP¢ at the interface
between CSN2 and Cul4A“™™ (Fig. 4.2a). These
structural insights suggest that IPg is primarily a
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CSN cofactor recruiting CRL for deneddylation.
Nonetheless, it is still puzzling why nature has
evolved a highly conserved IP¢ binding pocket at
the CRL-CSN interface instead of directly
evolve a complementary binding interface
between CRL and CSN. The integration of IPg
into CSN could also be regulated as that of IP;.
Whether 1P is a switch determining the compe-
tition between CSN and E2 CDC34 also remains
to be determined.

Finally, thus far, three IPKs, i.e., ITPK1, IPSK,
and IP6K1, have also been found to interact
directly with different components of the
CRL-CSN complex. ITPK1 binds to CSN1 (Sun
et al. 2002), whereas IPSK and IP6K1 bind to
Cullin and the Cul4 adaptor DDBI1, respectively
(Rao et al. 2014a; Scherer et al. 2016). Given the
known characteristic of classic metabolic
enzymes in forming multi-subunit clusters
(Castellana et al. 2014), the IPKs might also
assemble an enzymatic chain to efficiently chan-
nel intermediates for IP¢/IP; production based on
spatial and temporal demand. If this were the
case, then any IPK in the synthetic pathway
could be regulated in a stimuli-dependent manner
to integrate CRL regulation into various cellular
functions.

CRL neddylation is a valid anticancer target
in clinical trials (Soucy et al. 2009; Li et al.
2014). The neddylation inhibitor Pevonedistat/
MLN4924 is currently undergoing phase III
clinical trial as an anticancer agent
(NCTO03268954) (Sekeres et al. 2018). More-
over, CRLs are also important tools in targeted
protein degradation therapies (Bondeson and
Crews 2017). It is therefore legitimate to propose
that answering the above questions can help us
understand the nature of CRL-CSN complex
dynamics and also provide new venue to
develop neddylation interference agents for ther-
apeutic purposes.

CSNAP as a New CSN Subunit
Regulating CRL Activity

4.6

Biochemical and structural analysis suggest that
CSN is an active 8 subunit deneddylase, which is
further supported by the fact that recombinant
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CSN purified from E. coli is catalytically active
with 8 subunits (Sharon et al. 2009). Interestingly,
Sharon and associates identified a 6.2-kDa pro-
tein, named CSNAP (CSN acidic protein), as a
stoichiometric CSN binding partner, making
CSNAP the 9th CSN subunit. Mechanistically,
the C-terminal F/D-rich region of CSNAP
mediates its association with CSN, with Phe44
and Phe51 possibly playing direct roles in the
interaction with a hydrophobic surface patch
formed collectively by CSN3, CSN5, and
CSN6. Notably, CSNAP shares structural homol-
ogy to the 19S lid subunit DSS1 (Sem1p in yeast)
of the 26S proteasome (Sone et al. 2004), thus
completing a one-to-one correspondence between
CSN and the 19S lid subcomplex. The identifica-
tion of CSNAP therefore strengthens the evolu-
tionary links between CSN and the other two
Zomes complexes.

To further understand the biochemical and
cellular role of CSNAP, the same group recently
performed detailed proteomic and biochemical
analysis (Fuzesi-Levi et al. 2019). Biochemi-
cally, CSNAP inhibits CRL-CSN binding both
in vitro and in vivo. However, unlike IPg,
CSNAP regulation of CRL-CSN binding has
minimal effects on Cullin neddylation. Rather,
CSNAP deletion results in generally increased
binding of CSN to CRL components (from
Cullins, adaptors to substrate receptors), with
only three substrate receptors showing an oppo-
site pattern. Proteomic analysis suggests that the
altered CRL binding landscape correlates with
altered ubiquitination of hundreds of cellular
proteins in CSNAP deleted cells. More proteins
exhibit increased ubiquitylation, indicating aug-
mented CRL activity, which would be consistent
with CSNAP augmenting CSN’s binding and
inhibition of CRL. Ubiquitylation targets
regulated by CSNAP are enriched for known
CRL substrates and proteins involved in cell
cycle and apoptosis pathways. Consequently,
CSNAP depleted cells are stalled in S-phase of
the cell cycle and display more severe DNA
damage with compromised recovery, suggesting
a role for CSNAP in DNA repair. Given that
CSN as a direct CRL neddylation regulator is
being targeted for anticancer therapy (Schlierf
et al. 2016), CSNAP could be a novel

therapeutic venue to inhibit CRL-based onco-
genic adaptations.

Conclusion and Future
Perspectives

4.7

In the past few years, emerging studies have
begun to unveil the structural mechanisms and
physiologic implications of CRL regulation by
CSN. Furthermore, a new protein (CSNAP) and
a small molecule factor (IP¢) linked to CRL-CSN
interaction have been identified. These new
factors are likely involved in CSN regulation.
The spatiotemporal aspects of their mechanisms
of action await further investigation. Such
insights could broaden our understanding on
how CRL-CSN complex affinity is dynamically
fine-tuned to initiate and terminate the CRL activ-
ity cycle. Finally, the high neddylation status in
cancer cells and the ongoing success of
neddylation inhibitors in clinical trials support
that the newly identified CSN regulators bare
therapeutic potential.

4.8 Note Added in Proof

During the final stage of preparing this Chapter,
cryo-EM  structures of CSN-CRL2 were
published (Faull et al. 2019). Overall, this study
showed that the CSN-CRL2 binding interface and
segments undergoing binding-induced structural
changes are similar to that found for other
CSN-CRL complexes, suggesting a conserved
CSN activation mechanism. Further, this study
reported tight binding of CSN to unneddylated
CRL, which re-raises the question of how
CSN-CRL complex is dissociated after Cullin
deneddylation.
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Endoplasmic  reticulum-associated
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Human immunodeficiency virus
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associated degradation

RNA polymerase 11
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Ubiquitin regulatory X
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Ubiquitylation is a posttranslational modification
which can regulate almost every biological pro-
cess in eukaryotes. Through an El (ubiquitin-
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activating enzyme)-E2 (ubiquitin-conjugating
enzyme)-E3 (ubiquitin ligase) enzymatic cascade,
ubiquitin can be conjugated to protein substrates
via a peptide bond between the last glycine resi-
due of ubiquitin and an amino group of residues
(either lysines or the N-terminal methionine) in
protein substrates (Swatek and Komander 2016).
The protein ubiquitylation machinery can not
only couple single ubiquitin but also synthesize
a chain of ubiquitin molecules to its substrates.
Different conjugation formats of ubiquitin
molecules to substrates result in distinctive
destinies of ubiquitylated proteins. The main con-
sequence of protein ubiquitylation is proteolysis
by the 26S proteasome.

Protein ubiquitylation is a very specific pro-
cess. The specificity is mainly determined by
ubiquitin ligases which recognize substrates spe-
cifically. Ubiquitin ligases can be classified into
four families: HECT (Homologous to E6-AP car-
boxyl terminus), RING finger (Really Interesting
New Gene), RBR (RING-Between-RING), and
RCR (RING-Cys-relay) domain ubiquitin ligases
(Fig. 5.1) (Zheng and Shabek 2017; Huibregtse
et al. 1995; Wenzel et al. 2011; Dove and Klevit
2017; Pao et al. 2018). RING finger ubiquitin
ligases lack a catalytic cysteine and thus rely on
activated E2 enzymes (E2~Ub) to conjugate
ubiquitin directly to substrates (Zheng and
Shabek 2017). However, HECT, RBR, and RCR
ubiquitin ligases all have at least one catalytic
cysteine that forms a covalent E3~Ub thioester
intermediate with the C-terminal glycine residue
of ubiquitin, prior to ubiquitin transfer to
substrates (Zheng and Shabek 2017; Huibregtse
et al. 1995; Wenzel et al. 2011; Dove and Klevit
2017; Pao et al. 2018).

W. Shi et al.

5.1 Cullin-RING Ubiquitin Ligases

The RING finger family is the largest class of
ubiquitin ligases. Among them, the cullin-RING
ubiquitin ligases (CRLs) comprise the largest E3
subfamily which controls many biological events
in eukaryotes. Hundreds of cellular proteins have
been identified as ubiquitylation substrates of
CRLs. CRLs contain multiple subunits, among
which cullins function as scaffold proteins.
Human genome encodes eight cullins (Cull,
2, 3, 4A, 4B, 5, 7, 9) (Petroski and Deshaies
2005; Nguyen et al. 2017a; Genschik et al.
2013; Lee and Diehl 2014; Lee and Zhou 2007;
Okumura et al. 2016; Sarikas et al. 2011; Cai and
Yang 2016; Kamura et al. 2004; Sun and Li
2013). Each cullin forms their own modular
ubiquitin ligases with different families of sub-
strate adaptors which govern substrate specificity
(Fig. 5.2). However, there is significant redun-
dancy between Cul4A and Cul4B in terms of
substrate adaptors, substrates, and biological
activities. Moreover, Cul9 belongs to the RBR
ubiquitin ligase and might form an atypical CRL
ubiquitin ligase (Dove and Klevit 2017). Two E2
recruiting RING finger proteins are involved in
complex composition of CRLs, including RBX1
(also called ROCI1, HRT1), which is shared
among CRLI1, 2, 3, 4A, 4B, and 7 (Petroski and
Deshaies 2005; Nguyen et al. 2017a), and RBX2
(also called SAG, RNF7) which interacts with
Cul5 specifically (Kamura et al. 2004; Sun and
Li 2013). The archetypal CRL is the SCF
ubiquitin ligases (also called CRL1) which
employ F-box proteins as substrate adaptors.
Human cells express at least 69 F-box proteins

Fig. 5.1 Classification of /\ /-\Uh r’ﬁ Ub
ubiquitin ligases. Ubiquitin A L . € Cs ’Uh,-\ ' -
. PO Cys Ub =3 CyE Ub =3
ligases can be classified into E2 \ 2 E2 - 2
four families, including (a) Cys % Cys %
the HECT domain ubiquitin HECT RING1 IBR RING2

ligase, (b) the RING finger p

ubiquitin ligase, (c) the B: .U'b_/.-\fub & D: }UI: /\/\ r‘* Ub @
RBR ubiquitin ligase, and cys §' Cys @b b g
(d) the RCR ubiquitin E2 3 E2 ok C 3
ligase ® 5 g s

RING

RING Ancillary domain
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Fig. 5.2 The cullin-RING
ubiquitin ligases (CRLs).
Each CRL has its own

Human Cullin-RING Ubquitin Ligases (CRLs)

Adaptor

Scaffold

unique composition of e Linker Adaptor Families

modular ubiquitin ligases &%lél) @ Cul1'Skp1 F-box Protein 69 Genes
CRL2 ﬂoc BC2-box Protein~  ~20 Genes
CRL3 BTB-Protein ~120 Genes
CRL4 (X)lisnByBDB1 DCAF Protein”  ~60 Genes
CRL5 Cu!gjfaloc BC5-box Protein = ~50 Genes
CRL7 "ﬁ;sxm Fbxw8 Protein 1 Gene

which regulate various biological activities (Jin
et al. 2004).

The activity of CRLs is dynamically and
tightly regulated. First, components of CRLs do
not stay together all the time. Cullins and RBX
usually bind with each other more stably. How-
ever, substrate adaptors do not always associate
with cullin-RBX heterodimers. Moreover, recent
studies indicated CAND1 and CAND?2 are key to
CRL assembly and disassembly (Reitsma et al.
2017; Liu et al. 2018; Pierce et al. 2013). In the
case of F-box proteins, they interact with Skpl
more tightly. However, assembly rates of F-box
proteins into SCF holoenzymes vary from 0% to
70% (Reitsma et al. 2017). Some F-box proteins
even form a distinctive ubiquitin ligase rather
than the SCF complex (Saiga et al. 2009). Sec-
ond, the activity of CRLs is regulated by Nedd8, a
ubiquitin-like protein. Nedd8 is conjugated to
cullins via its own E1-E2-E3 enzymatic cascade
(Deshaies et al. 2010; Duda et al. 2011; Hori et al.
1999). Nedd8 can be removed by the Cop9
signalosome, a deneddylation enzyme (Wei and
Deng 2003; Lydeard et al. 2013; Cope and
Deshaies 2003). The balance between
neddylation and deneddylation of cullins is
important for optimal activities of CRLs when
they are needed to promote ubiquitylation and
turnover of their corresponding substrates.
Untimely neddylation of cullins increases the

risk of autoubiquitylation and degradation of sub-
strate adaptors (He et al. 2005; Cope and
Deshaies 2006).

5.2 p97 Is a Master Regulator
of the Ubiquitin-Proteasome

System (UPS)

Ubiquitylated substrates of CRLs are often deliv-
ered to the 26S proteasome for degradation. How-
ever, there is no indication that CRLs could
directly contact the proteasome to present
ubiquitylated substrates. Recent studies further
indicated that p97 (also called VCP, Cdc48,
CDC-48, or TER94 in different organisms) and
its associated cofactors play critical roles in
recognizing and  delivering ubiquitylated
substrates to the proteasome (van den Boom and
Meyer 2018; Meyer et al. 2012; Stach and
Freemont 2017; Yeung et al. 2008; Buchberger
et al. 2015; Hianzelmann and Schindelin 2017,
Barthelme and Sauer 2016).

p97 is an evolutionarily conserved ATPase of
the AAA+ protein superfamily (van den Boom
and Meyer 2018; Meyer et al. 2012; Stach and
Freemont 2017; Yeung et al. 2008; Buchberger
et al. 2015; Hianzelmann and Schindelin 2017;
Barthelme and Sauer 2016). Structurally, it
forms a ring-like hexamer (Fig. 5.3) (Banerjee
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Fig. 5.3 Structure of
human p97. The N-terminal
domains are in blue and the
ATPase domains are in
green. (a) Front view and
(b) back view. The r
structures were created %
using Pymol and amino )
acid coordinates of p97
published in Banerjee et al.
(Banerjee et al. 2016)

et al. 2016). Each monomer of the p97 hexamer
contains a N-terminal domain which recruits
dozens of regulatory cofactors, two AAA+
ATPase domains (called D1 and D2) that ensure
p97 to provide enough energy to carry out various
activities, and a C-terminal tail ending with a
HbYX motif (hydrophobic residue-tyrosine-X,
X is a variable residue) which also interacts with
a subset of p97 cofactors (Hénzelmann and
Schindelin 2017). p97 is often considered as a
protein segregase or unfoldase, referring to its
biochemical property (van den Boom and Meyer
2018; Meyer et al. 2012; Stach and Freemont
2017; Yeung et al. 2008; Buchberger et al.
2015; Hinzelmann and Schindelin 2017;
Barthelme and Sauer 2016).

p97 is widely expressed and very abundant in
eukaryotes, where it plays multiple roles in vari-
ous cellular activities. Cdc48, the yeast ortholog
of human p97, was first identified to be involved
in cell cycle progression among 18 cold-sensitive
yeast mutants in a genetic screen (Moir et al.
1982). Mammalian p97 was then found to interact
with clathrin and to modulate protein-protein
interactions in membrane transport processes
(Pleasure et al. 1993).

The function of p97 in the UPS was initially
linked to the ERAD (endoplasmic reticulum-
associated degradation) protein degradation path-
way (Ye et al. 2001; Schuberth et al. 2004). Its
role was then quickly expanded to the mainte-
nance of intracellular proteostasis. Using its
ATPase activity, p97, with the assistance of its

cofactors, can extract ubiquitylated proteins from
plasma membranes, organelles, or chromatin and
then deliver them to the 26S proteasome for deg-
radation (van den Boom and Meyer 2018; Meyer
et al. 2012; Stach and Freemont 2017; Yeung
et al. 2008; Buchberger et al. 2015; Hinzelmann
and Schindelin 2017; Barthelme and Sauer 2016;
Cooney et al. 2019; Twomey et al. 2019).

p97 consists of two ATPase domains and
promotes post-ubiquitylation processing by act-
ing as a protein segregase or unfoldase (van den
Boom and Meyer 2018; Meyer et al. 2012; Stach
and Freemont 2017; Yeung et al. 2008;
Buchberger et al. 2015; Hinzelmann and
Schindelin 2017; Barthelme and Sauer 2016;
Cooney et al. 2019; Twomey et al. 2019). Bodnar
et al. proposed a model to elucidate how p97
works together with its cofactors to process
ubiquitylated substrates, based on their studies
on Cdc48 and the Ufd1-Npl4 heterodimer in bud-
ding yeast (Bodnar and Rapoport 2017). In their
model, the D1 domain of Cdc48 is in the
ADP-bound state under the static condition.
When ATP interacts with the D1 domain, the
N-terminal domain of Cdc48 moves upward for
binding to the Ufdl-Npl4 heterodimer.
Ubiquitylated substrates then interact with the
Ufd1-Npl4 heterodimer. This interaction triggers
ATP hydrolysis in the D2 domain which uses the
energy to generate a pulling force to move
ubiquitylated protein substrates completely
through the hexameric ring and to promote
substrates unfolding. Subsequent ATP hydrolysis
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by the DI ATPase domain provides the D1
domain with the energy to release substrates
from the Cdc48-Ufdl-Npl4 core complex.
Intriguingly, this release requires cooperation
between Cdc48 and the deubiquitinating enzyme
(DUB), Otul, which trims polyubiquitin chain to
an oligoubiquitin. Together, this proposal
provided a general mechanism by which Cdc48
or its mammalian ortholog p97 works together
with their cofactors to extract ubiquitylated
substrates from membranes. However, it is
unclear whether this model fits with actions of
p97 in processing non-membranous ubiquitylated
substrates.

Research efforts on p97 in the past two
decades have built a complex p97 signaling net-
work. Under different intracellular states and with
external stimuli, p97 can accurately and timely
mobilize different effective cofactors to mediate
different signaling pathways. However, there are
still many questions remained to be answered and
functional mechanisms needed to be explored in
the future.

5.3  Cofactors of p97

p97 typically requires different types of cofactors
to execute its diverse roles in many critical sig-
naling pathways (Stach and Freemont 2017;
Yeung et al. 2008; Buchberger et al. 2015;
Hinzelmann and Schindelin 2017; Barthelme
and Sauer 2016). Thus far, dozens of cofactors
have been reported in human (Table 5.1). Most of
the cofactors bind to the N-terminus of p97, via
their ubiquitin-related UBX (ubiquitin regulatory
X), UBXL (UBX-like), VIM (VCP-interacting
motif), VBM (VCP-binding motif), and
SHP-binding (SHP box/BS1, also called binding
site 1) domains (Stach and Freemont 2017;
Yeung et al. 2008; Buchberger et al. 2015;
Hinzelmann and Schindelin 2017; Barthelme
and Sauer 2016). However, proteins with either
PUB (PNGase/UBA or UBX-containing proteins,
also known as PUG) or PUL (PLAP, Ufd3p, and
Lublp) domains can interact with the C-terminal
HbYX motif of p97 (Stach and Freemont 2017,

Yeung et al. 2008; Buchberger et al. 2015;
Hinzelmann and Schindelin 2017; Barthelme
and Sauer 2016). These proteins provide addi-
tional groups of p97 cofactors.

In order to reveal their interactions with either
N-terminus or C-terminus of p97, major efforts
have been made to solve structures of
p97-interactive domains over the last decade
(Hénzelmann et al. 2011; Kloppsteck et al.
2012; Schuberth and Buchberger 2008; Bodnar
et al. 2018; Rao et al. 2017; Kim et al. 2014; Kim
and Kim 2014; Lim et al. 2016; Liu et al. 2013;
Hénzelmann and Schindelin 2011; Stapf et al.
2011; Huang et al. 2019; Greenblatt et al. 2011;
Suzuki et al. 2001; Schaeffer et al. 2014; Elliott
et al. 2014; Allen et al. 2006; Madsen et al. 2009;
Qiu et al. 2010). These structural and biochemical
studies have contributed significantly to our
understanding of p97’s biological functions and
its regulations, which are summarized below.

5.3.1 The UBX Domain-Containing

Cofactors

The UBX domain comprises ~80 amino acids
with a ubiquitin-like fold (Hidnzelmann et al.
2011; Kloppsteck et al. 2012; Schuberth and
Buchberger 2008; Yi and Kaler 2018). It is the
most common p97-interactive domain among p97
cofactors. Thus far, 14 UBX-containing cofactors
have been identified in human genome
(Hinzelmann et al. 2011; Kloppsteck et al.
2012; Schuberth and Buchberger 2008; Yi and
Kaler 2018). Some of these cofactors also encode
a UBA (ubiquitin-associating) domain which
binds to polyubiquitin chains. The UBX domain
interacts with the N-terminus of p97 via a
conserved FPR motif. This signature motif is
interpolated in the hydrophobic pocket formed
between two subdomains of the N-terminal part
of p97. A good example of the UBX-containing
cofactors is UBXD7 which has been extensively
studied in terms of its biological roles and under-
lying mechanisms (Alexandru et al. 2008; den
Besten et al. 2012; Bandau et al. 2012) and will
be discussed in detail in Sects. 5.6 and 5.8.3.
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Table 5.1 Cofactors of p97 in human

Domain Name Gene ID
UBX ASPSCRI1 (TUG) 79058
UBXDI 80700
UBXD2 23190
UBXD3 127733
UBXD4 165324
UBXD5 91544
UBXD6 7993
UBXD7 26043
UBXDS8 23197
SAKSI1 51035
p47 55968
p37 137886
FAF1 11124
UBXL ASPSCRI1 (TUG) 79058
VCIP135 80124
YODI1 55432
NPL4 55666
VIM SVIP 258010
2p78 (AMFR) 267
UBXD1 80700
ANKZF1 (Vmsl) 55139
AIRAPL (ZFAND2B) 130617
VIMP (SELENOS, SELS) 55829
VBM UBE4B (Ufd2) 10277
HRDI1 (SYVNI1) 84447
NUBIL (NUB1) 51667
RHBDL4 (RHBDDI1) 84236
ATXN3 4287
SHP Derlin 1 79139
Derlin 2 51009
DVC1 (Spartan) 83932
Ufdl 7353
p47 55968
p37 137886
UBXD4 165324
UBXD5 91544
ASPSCRI1 (TUG) 79058
PUB PNGase 55768
RNF31 (HOIP) 55072
UBXDI1 80700
PUL PLAA 9373
Others UBE4A 9354
ZFAND1 79752
HDAC6 10013

UBXDI, although having a UBX domain, binds
to p97 via its two other p97-interactive domains
(Kern et al. 2009).
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5.3.2 The UBXL Domain Cofactors
Human genome encodes only four UBXL
domain-containing proteins. Interestingly, three
of them have a protease domain, although the
MPN domain on Npl4 is an inactive one which
might contribute to  ubiquitin  binding
(Hanzelmann and Schindelin 2017; Hinzelmann
et al. 2011; Bodnar et al. 2018; Kim et al. 2014,
Kim and Kim 2014). The UBXL domain adopts a
similar structure as the UBX domain, although
these two domains share low sequence identity.
Structurally, both UBXL and UBX domains bind
to the N-terminal part of p97 in a similar fashion
(Hdnzelmann and Schindelin 2017; Hinzelmann
et al. 2011). In analogy to the FPR motif in the
UBX proteins, the UBXL domain of yeast OTU1
(homolog of human YOD1) also features a YPP
motif that inserts into the hydrophobic pocket
between two subdomains of the N-terminal part
of p97 (Kim et al. 2014; Kim and Kim 2014);
however, the UBXL domain of Npl4 does not
have such a motif, and it binds to p97 in a differ-
ent manner (Bodnar et al. 2018). Npl4 forms a
heterodimer with Ufdl. Together they regulate
the majority of p97’s functions in the UPS path-
way and are therefore considered as the core
cofactors of p97.

5.3.3 The VIM Domain Cofactors

The VIM domain has a signature motif with a
conserved Rx,h3;AAx,Rh sequence where
h represents a hydrophobic residue and x is any
amino acids (Liu et al. 2013; Hinzelmann and
Schindelin 2011; Stapf et al. 2011). Structurally,
the VIM domain adopts an a-helical motif which
also interacts with the hydrophobic cleft between
the two subdomains of the N-terminal part of p97.
Two conserved arginine residues in the VIM
domain are important for the interaction between
the VIM domain and p97 via hydrogen bonds and
electrostatic interactions. Thus far, the VIM
domain has been found in six human proteins
(Hénzelmann and Schindelin 2017), including
gp78, one of the main ubiquitin ligases involved
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in the ERAD pathway (Joshi et al. 2017; Zhang
et al. 2015a; Fang et al. 2001).

5.3.4 The VBM Domain Cofactors

The VBM domain contains a conserved motif of
EhR4Lxh2 sequences where h and x represent a
hydrophobic residue and any amino acids, respec-
tively (Buchberger et al. 2015; Hianzelmann et al.
2011). Similar to the VIM, the VBM domain also
adopts an o-helical conformation. The complex
structure between the VBM domain of human
RHBDLA4, an important protein in the ERAD
pathway, and the N-terminal domain of p97
demonstrated similar interactions of VBM and
VIM with p97 (Lim et al. 2016). However, the
a-helices of VBM and VIM run in opposite
directions in the complex with the N-terminal
domain of p97. Thus far, five VBM-carrying
proteins have been identified in human cells. Of
notes, these cofactors are either ubiquitin ligases,
DUB, or ubiquitin-binding proteins, including
HRDI, another important ubiquitin ligase in the
ERAD pathway (Gardner et al. 2001; Hampton
2002).

5.3.5 The SHP-Binding Motif

Cofactors

The SHP-binding motif has been found as an
extra p97-binding motif in nine human proteins,
including five UBX-containing cofactors
(Hanzelmann and Schindelin 2017; Hinzelmann
et al. 2011; Greenblatt et al. 2011). The
SHP-binding motif has a conserved sequence of
hx; _,F/Wxq_1GxGx,L with two invariable gly-
cine residues and a well-conserved aromatic resi-
due (x is any amino acid and h represents a
hydrophobic  residue). Structurally,  the
SHP-binding motif contacts a different site from
other p97-binding motifs on the N-terminal
domain of p97. Ufd1, a component of the Ufd1-
Npl4 heterodimer, contains a SHP-binding motif
(Bodnar et al. 2018). Therefore, Ufd1 and Npl4
interact with the N-terminal domain of p97 at two
separate sites (Bodnar et al. 2018), indicating that

the heterodimer has much higher binding affinity
to p97 than each subunit alone.

5.3.6 The PUB Domain Cofactors

The PUB domain is one of the only two domains
found to interact with the C-terminus of p97
(Suzuki et al. 2001; Schaeffer et al. 2014; Elliott
etal. 2014; Allen et al. 2006; Madsen et al. 2009).
Thus far, only four human proteins have been
identified to bear the PUB domain, including
HOIP (also called RNF31) which synthesizes lin-
ear polyubiquitin chains and plays important roles
in the NF-xB activation (Hidnzelmann and
Schindelin 2017; Schaeffer et al. 2014). The inter-
action between the PUB domain and p97 is
regulated by electrostatic and hydrophobic
contacts, especially with the hydrophobic
Leu-804 and the aromatic side chain of Tyr-805
of p97 (Schaeffer et al. 2014). The side chains of
these two residues point into a hydrophobic patch
of the PUB domain. UBXDI1, one of the UBX
domain-containing p97 cofactors, has a PUB
domain not far away from its UBX domain. Nota-
bly, the PUB and UBX domains could associate
with p97 simultaneously, since these two
domains bind to two separate parts of p97 (Kern
et al. 2009).

5.3.7 The PUL Domain Cofactor

The PUL domain (PLAP, Ufd3p, and Lublp) is
the other domain that interacts with the extreme
C-terminus of p97 (Qiu et al. 2010). Thus far,
PLAA is the only human p97 cofactor with the
PUL domain. Yeast Ufd3 (also called Doal), the
ortholog of human PLAA, employs its PUL
domain and PFU, a ubiquitin-binding domain, to
foster the formation of a Ufd3-Cdc48-ubiquitin
ternary complex (Nishimasu et al. 2010; Mullally
et al. 2006). Phosphorylation at Tyr-805 of p97
blocks the interaction between Ufd3 and p97,
further supporting that Ufd3 binds to the extreme
C-terminus of p97 (Li et al. 2008; Lavoie et al.
2000; Zhao et al. 2007).
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5.3.8 Other p97 Cofactors

Thus far, dozens of p97-interacting proteins have
been identified; however, we still don’t compre-
hend the interactions of many cofactors with p97
or its counterpart, Cdc48 in yeast. Cdc48 interacts
with Ufd2 via the last ten residues at its
C-terminus. It is still not fully understood how
Ufd2 interacts with Cdc48, although the G274D
and C385Y mutations of Ufd2 could not bind to
Cdc48 (Baek et al. 2011). UBE4B, a Ufd2 homo-
log in human, contains a VBM domain at its
N-terminus (Morreale et al. 2009); however, no
obvious p97-binding domain or motif has been
identified in UBE4A, another Ufd2 homolog in
human. Yeast Cuzl protein and its human
ortholog ZFANDI1 contain a ubiquitin-like
domain which interacts with p97 and modulates
p97’s function in the UPS pathway (S4-Moura
et al. 2013). This unique ubiquitin-like domain
is required for Cuzl binding to the N-terminal
domain of Cdc48. Interestingly, ZFANDI1 could
recruits p97 and the proteasome to clear arsenite-
induced stress granules (Turakhiya et al. 2018),
indicating p97 and its cofactors play important
roles in phase separation.

5.4 Regulation of the Interactions
Between p97 and Its Cofactors
by Posttranslational

Modifications

The interactions between p97 and its cofactors
could be regulated by posttranslational
modifications (PTMs). Several comprehensive
proteomic studies revealed that p97 is extensively
modified by phosphorylation at 68  sites,
ubiquitylation at 38 lysine sites, acetylation at
24 lysine sites, sumoylation at 7 lysine sites, and
methylation at 7 lysine and arginine sites
(PhosphoSitePlus, http://www.phosphosite.org)
(Hornbeck et al. 2015). However, the biological
functions of these PTMs and relevant enzymes in
charge of these PTMs are largely unknown. Phos-
phorylation of Tyr805 of p97 by the c-Src kinase
inhibits the interaction of p97 with either PUB or
PUL domain (Li et al. 2008). Moreover, several
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phosphorylation sites have been identified in the
N-terminal domain of p97 as well. Their phos-
phorylation potentially blocks the association of
p97 with its cofactors. For instance, Tyr110 and
Tyr143 are key residues for interactions of p97
with either UBX or UBXL domain of cofactors.
Their phosphorylation potentially shuts down the
interaction of p97 with either UBX or UBXL
domain proteins. Conversely, phosphorylation in
the p97-interacting domains of cofactors could
also affect their interactions with p97. For exam-
ple, both serine residues at Ser229 and Ser231 in
the SHP domain of Ufd1 are phosphorylated and
potentially regulate the interaction between Ufd1
and p97  (PhosphoSitePlus,  http://www.
phosphosite.org) (Hornbeck et al. 2015).

Hitherto, it is unclear how ubiquitylation, acet-
ylation, sumoylation, and methylation of either
p97 or cofactors could influence the interactions
between p97 and its cofactors.

5.5 Synergistic Effect of p97
and Cofactors for Substrate

Recognition

Two models have been proposed to explain the
mechanism by which p97 recognizes its
substrates (Hdnzelmann et al. 2011). One model
is that cofactors bind to ubiquitylated substrates
via the UBA domain or other substrate-
associating domain. The interactions between
cofactors and substrates increase cofactors’ affin-
ity to p97. Typical examples are UBXD7, FAFI,
and SAKS1 (Hinzelmann et al. 2011; McNeill
et al. 2004; LalLonde and Bretscher 2011). Before
binding to ubiquitylated substrates, their UBA
domains interact with the intramolecular UBX
domains; therefore, their UBX domains are
unavailable for p97 interaction. Binding of
ubiquitylated substrates to cofactors could induce
a conformational change in cofactors that
enhances their affinity to p97. In addition, binding
of p97 to the Ufd1-Npl4 heterodimer could pro-
mote the interaction of p97 with FAFI and
UBXD?7 (Hidnzelmann et al. 2011), indicating a
hierarchy in cofactor binding to p97 as well. The
other model is that cofactors interact with p97 and
then enhance their affinities to ubiquitylated
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substrates. One example is p47. Indeed, in a GST
pull-down experiment, the p97-p47 complex has
much higher affinity to GST-UDb than p97 or p47
alone (Meyer et al. 2002).

5.6 The Interactions Between p97

and CRL Ubiquitin Ligases

A breakthrough of p97’s cellular functions in the
ubiquitin-proteasome pathway came from a sys-
tematic study in Ray Deshaies’ laboratory
(Alexandru et al. 2008). Using a mass spectrome-
try approach, they found some p97 cofactors
associate with large numbers of ubiquitin ligases,
especially CRLs. These cofactors typically con-
tain both UBX and UBA domains. Of them,
UBXD7 is particularly interesting, because it
appears to bind many components of CRL1-4,
including Cullinl-4, RBX1, linker proteins, and
many substrate adaptors (Alexandru et al. 2008).
Moreover, they showed that UBXD7 regulates
HIFla proteolysis in coordination with the
CRL2YME ubiquitin ligase. UBXD7 contains
four domains, UBA, UAS (ubiquitin-associated),
UIM (ubiquitin-interacting motif), and UBX.
Importantly, UBXD7 only interacts with the
active (neddylated) form of cullins via its
conserved UIM domain. Structurally, the UIM
domain contacts the hydrophobic patch centering
Leus8, Ile44, and Val70 residues of NEDDS (den
Besten et al. 2012; Bandau et al. 2012). Addition-
ally, UBXD7 interacts with ubiquitylated protein
substrates via its UBA domain and with the
N-terminal domain of p97 using its UBX domain.
Therefore, there is a coordinated action among
the three domains of UBXD7.

Similarly, Ubx5, the ortholog of UBXD7 in
yeast, also contains four domains, UBA, UAS,
UIM, and UBX. Together with the Cdc48-Ufd1-
Npl4 protein complex, Ubx5 mediates the degra-
dation of Rpbl1, the largest subunit of RNA Pol II,
under UV irradiation (Verma et al. 2011). Ubx5
also directly interacts with Rubl (an ortholog of
human Nedd8 in yeast)-modified Cul3 and Cdc48
through its UIM domain and UBX domain,
respectively (den Besten et al. 2012).

Taken together, the interaction between p97
and CRLs is mediated by UBXD7/Ubx5 docking

on the active form (NEDDS8- or Rubl-modified)
of cullins through its UIM motif.

Thus far, there is no evidence to show either
UBXD7 or Ubx5 regulates degradation of all
CRL substrates. In some cases, the p97-Ufdl-
Npl4 core complex is required, but no other p97
cofactors are necessary. Besides UBXD7, other
UBA- and UBX-containing proteins also interact
with certain CRL components (Alexandru et al.
2008; Hu et al. 2017; Zhang et al. 2012; Bennett
et al. 2010). How these cofactors regulate sub-
strate turnover of CRLs remains largely
unknown. In one case, FAF1 was found to poten-
tiate SCE*TP_controlled [-catenin
ubiquitylation and turnover, because it partially
promotes the interaction between f-catenin and
B-TrCP, the F-box substrate adaptor in the
SCF* TP E3 complex (Zhang et al. 2012). In
another case, UBXN-3, the ortholog of human
FAF1 in both Caenorhabditis elegans and
Xenopus laevis, is involved in replisome disas-
sembly via ubiquitylation and Cdc48-dependent
removal of the Cdc45-MCM-GINS helicase com-
plex (CMG) from chromatin (Sonneville et al.
2017). In this case, the CRL2"®®! ubiquitin
ligase ubiquitylates CMG, specifically the
MCM?7 subunit, to trigger disassembly of CMG
in early embryos of C. elegans and Xenopus egg
extracts. However, the detailed mechanism by
which FAF1 coordinates with p97 in substrate
turnover remains obscure.

Other non-UBA domain-containing p97
cofactors interact with cullins as well (Hu et al.
2017; Bennett et al. 2010). For instance, both
ASPL (also called ASPSCR1) and UBXNI1
(also called UBXDS5) could associate with Cullinl.
However, the biological significance of these
interactions remains to be investigated. It is also
unclear how these proteins interact with Cullinl
and how they determine the fate of ubiquitylated
substrates of the SCF ubiquitin ligases.

5.7 Regulation of CRLs by p97

As we mentioned previously, the activities of
CRLs are tightly regulated via cullin neddylation.
Besides, CRLs are dynamically assembled and
disassembled, providing additional layers of



70

regulation. Intriguingly, yeast Cdc48 appears to
play an important role in cadmium stress-induced
disassembly of the SCF ubiquitin ligase complex
(Yen et al. 2012). In this case, Cdc48 promotes
dissociation of the F-box subunit, Met30, from
the SCFM"*® ubiquitin ligase to inhibit substrate
ubiquitylation. The unanswered question is
whether any cofactors are required to assist
Cdc48 to segregate the SCF™*° ubiquitin ligase.

5.8 Promoting Degradation
of CRLs’ Substrates by p97

and Its Cofactors

As an ATPase-containing protein segregase or
unfoldase, p97 governs turnover of an ever-
growing number of ubiquitylated substrates in a
lot of intracellular signaling pathways. Overall, it
coordinates with diverse cofactors and a large
number of cullin-RING ubiquitin ligases to help
process ubiquitylated proteins for recycling or
degradation by the proteasome in many cellular
contexts from yeast to mammals.

5.8.1 p97 and CRLs Coordinate

the ERAD Pathway

In the endoplasmic reticulum (ER), misfolded
proteins are recognized and ubiquitylated by the
protein quality control machinery and then
degraded via the ERAD pathway. Thus far, most
ERAD substrates are found to be ubiquitylated by
non-cullin ubiquitin ligases. However, the SCF
ubiquitin ligases could ubiquitylate misfolded
glycoproteins of the ER for degradation. In these
cases, two F-box proteins, FBXO2 (also called
Fbx2 or Fbsl) and FBXO6 (also called Fbx6 or
Fbs2), recognize the oligosaccharide sugar chains
of misfolded glycoproteins as degron using their
FBA domains and then ubiquitylate misfolded
glycoproteins  for  proteolysis  via  the
p97-dependent proteasome pathway (Yoshida
et al. 2002, 2003, 2005; Liu et al. 2012). Moreover,
the ER-bound SCF™®X92  complex also
ubiquitylates and promotes degradation of
BACEI (Gong et al. 2010), the major p-secretase
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which participates in the generation of pf-amyloid
peptides in Alzheimer’s disease. However, it is
unclear whether p97 or any of its cofactors is
involved in degradation of BACEI. Equally
unclear, no information is available whether any
p97 cofactors are involved in glycoprotein
degradation.

5.8.2 p97 and CRLs Mediate
Mitochondria-Associated

Degradation (MAD)

In a process named mitochondria-associated deg-
radation, p97 also extracts ubiquitylated proteins
from mitochondrial outer membrane. Cohen et al.
demonstrated that the budding yeast SCEM™30
ubiquitin ligase ubiquitylates Fzol, a mitochon-
drial transmembrane GTPase (Fritz et al. 2003;
Cohen et al. 2008), and then coordinates with the
Cdc48-Vms1-Npl4 complex to trigger Fzol pro-
tein degradation via the 26S proteasome (Heo
et al. 2010). Intriguingly, in the MAD, instead
of Ufd4, Vmsl forms a p97-Vms1-Npl4 complex
to extract ubiquitylated substrates from mitochon-
drial outer membrane for proteasomal degrada-
tion, indicating the uniqueness in MAD
regulation. Moreover, the SCF™"’ ubiquitin
ligase was found to mediate apoptosis via
ubiquitylation and destruction of Mcll, a mito-
chondrial membrane protein (Inuzuka et al.
2011). p97 was also shown to be required for
the proteasomal turnover of Mcll (Xu et al.
2011), although no connection between p97 and
SCF™7 has been established.

More recently, Ubx2, a yeast p97 cofactor in
the ERAD pathway, was shown to recruit budding
yeast Cdc48 for removal of arrested precursor
proteins from the TOM complex, which is the
channel on mitochondria membrane for import of
precursor proteins into mitochondria, in a process
named the mitochondrial protein translocation-
associated degradation (mitoTAD) (Martensson
et al. 2019). This quality control process is impor-
tant to surveil the TOM complex to prevent
congesting of the TOM channel with mitochondria
precursor proteins under non-stress conditions.
Protein ubiquitylation plays an important role in
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the mitoTAD, as evidenced by that ubiquitylated
proteins were observed to accumulate at the TOM
complex when both Ubx2 and Vmsl are deleted.
However, whether CRLs or non-cullin ubiquitin
ligases are involved in this process is unknown.
Considering that UBXD8, the ortholog of Ubx2 in
human, interacts with several components of CRL
ubiquitin ligases (Alexandru et al. 2008), it is
conceivable that the CRL ubiquitin ligases could
participate in the ubiquitylation step during the
mitoTAD process.

5.8.3 p97 and CRLs Regulate
Chromatin-Associated

Degradation

p97-mediated chromatin-associated degradation
plays essential roles in cell cycle, DNA replica-
tion, and DNA damage responses (Meyer et al.
2012). Cockayne syndrome group A (CSA) and
B (CSB) proteins act in transcription-coupled
DNA repair, a subpathway of nucleotide excision
repair. p97 has been demonstrated to function in
ultraviolet radiation-induced CSB degradation
(He et al. 2016, 2017). In this case, CSB and the
CRLAASS* ubiquitin ligase interact with the tran-
scription pre-initiation complex and travel with
RNA polymerase II (Pol II) as a dynamically
functional unit during transcriptional elongation.
Once the whole transcription machinery
encounters UV-induced DNA lesions, the Pol II
holoenzyme stalls at lesion sites and serves as a
damage sensor. If the Pol II stalling is irreversible,
Rbpl, the largest subunit of Pol II, is
ubiquitylated in a CSB-dependent manner
(He et al. 2016, 2017). In budding yeast, it
appears that Cul3 either alone (Verma et al.
2011) or together with Rsp5 mediates
UV-induced Rbpl degradation (Harreman et al.
2009). Whereas in human cells, CRL5 is the
ubiquitin ligase (Weems et al. 2017; Yasukawa
et al. 2008). Simultaneously with Rbpl
ubiquitylation (He et al. 2016), CSB is also
ubiquitylated by the CRL4A“3* ubiquitin ligase.
The p97 complex is then recruited to lesion sites
and interacts with CRL4AS* and extracts
ubiquitin-conjugated CSB from the chromatin
for degradation under the assistance of UBXD7

(He et al. 2016). Moreover, p97 and its cofactors,
Ufdl and UBXD7, are required for UV-induced
Rbpl degradation (He et al. 2017).

Efficient proteolysis of Cdc25A via the UPS in
response to DNA damage signals is essential for
robust activation of the G2/M checkpoint (Jin et al.
2003, 2008; Busino et al. 2003; Melixetian et al.
2009), which prevents cells with damaged DNA
from entering into mitosis to maintain genome
stability. Cdc25A ubiquitylation is triggered via
phosphorylation of Cdc25A by the checkpoint
kinase Chkl and Chkl-activated NEK11 kinase
(Jin et al. 2003, 2008; Busino et al. 2003;
Melixetian et al. 2009). Phosphorylated Cdc25A
is then recognized by the B-TrCP subunit of the
SCF* ™" ybiquitin ligase which conjugates
Cdc25A with polyubiquitin chains for the
p97-Ufd1-Npl4 complex to bind and to deliver to
the proteasome for rapid degradation (Jin et al.
2003, 2008; Busino et al. 2003; Melixetian et al.
2009; Riemer et al. 2014).

To maintain genome integrity, chromosomal
DNA has to be replicated once and only once per
cell cycle (Havens and Walter 2011). This is
controlled mainly by the replication licensing fac-
tor Cdtl. Therefore, after DNA replication is
accomplished, the licensing activity of Cdtl has
to be inactivated. One way to inhibit Cdtl activity
is Cdt1 ubiquitylation by the CRL4““* ubiquitin
ligase and degradation through the proteasome
(Jin et al. 2006; Sansam et al. 2006; Higa et al.
2006). Using a genome-wide siRNA screen,
Raman et al. identified multiple factors required
for Cdtl turnover upon UV irradiation in HeLa
cells, including the CRL4““ ubiquitin ligase and
the p97-Ufd1-Npl4 complex (Raman et al. 2011).

These studies highlighted the importance of
the orchestrated roles between CRLs and the
p97 protein complex in cell cycle, DNA replica-
tion, and DNA damage responses.

5.8.4 p97 and CRLs’ Control
Degradation of Soluble
Cytoplasmic and Nuclear

Protein

p97 and its cofactors also collaborate with the CRL
ubiquitin ligases in cellular protein degradation.
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Such a coordinated proteolysis is key for intracel-
lular and extracellular signaling pathways.

With regard to extracellular signaling
pathways, several studies have shown that the
p97-Ufd1-Npl4 complex plays crucial roles in
both canonical and noncanonical NF-kB signal-
ing pathways (Li et al. 2014; Schweitzer et al.
2016; Zhang et al. 2015b; Yilmaz et al. 2014). In
the canonical NF-xB pathway, the p97-Ufdl-
Npl4 complex, in concert with the SCFPTF
ubiquitin ligase, promotes rapid proteolysis of
IxBa, the major inhibitor of NF-xB transcription
factors, by recognizing and delivering
ubiquitylated IkBa to the 26S proteasome for
turnover under cytokine stimulation (Li et al.
2014; Schweitzer et al. 2016). In this process,
Ufdl employs its polyubiquitin-binding domain
to recognize polyubiquitin chains of IkBa. Mean-
while, p97 interacts with the SCFP™* ubiquitin
ligase. These protein-protein interactions are piv-
otal for the p97-Ufd1-Npl4 complex to specifi-
cally recognize ubiquitylated IxkBa and to drive
IxBa turnover under either tumor necrosis factor
alpha (TNF-a) or interleukin-1f (IL-1p) treatment
(Li et al. 2014). These events are essential for the
cytokine-induced canonical NF-xB activation.

In the noncanonical NF-kB signaling pathway,
the p97-Ufd1-Npl4 complex also works together
with the SCFP" TP ubiquitin ligase to induce par-
tial degradation of the p100 and p105 to generate
the p52 and p50 subunits of NF-xB, respectively
(Zhang et al. 2015b; Yilmaz et al. 2014).

In addition to the NF-xB signaling pathway,
p97 cooperates with the CRL ubiquitin ligases to
mediate diverse cellular events as well. For
instance, UBXD?7 links the p97-Ufd1-Npl4 com-
plex with ubiquitylated HIF1a and stimulates its
rapid turnover via the proteasome (Alexandru
et al. 2008), thereby regulating the HIF 1o target
gene expression in response to change in oxygen
concentration. In this process, UBXD7 uses its
UIM domain to bind the active CUL2Y""
ubiquitin ligase (den Besten et al. 2012; Bandau
et al. 2012), as previously discussed.

In a more recent study, p97 was observed to
negatively regulate NRF2, an oxidative stress-
responsive transcription factor, by extracting
ubiquitylated NRF2 from the CRL3%FAP!
ubiquitin ligase, with the aid of the Ufd1-Npl4
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heterodimer and UBXD?7, for proteasomal degra-
dation to ensure a low basal level of NRF2 in
mammalian cells (Tao et al. 2017).

p97-mediated substrate  degradation also
associates with metabolism. Nguyen et al. revealed
that one subunit of glutamine synthetase
(GS) homodecamer can be ubiquitylated by
CRLA®BN then dissociated by the p97-Ufdl-
Npl4 complex, and subsequently degraded by the
proteasome in response to glutamine treatment
(Nguyen et al. 2017b). Furthermore, they showed
that p97 is also required for the small molecule-
induced turnover of all four known CRL4RBN
substrates, including Ikaros family zinc finger
proteins 1 (IKZF1) and 3 (IKZF3), casein kinase
la (CKla), and the translation termination factor
GSPT1 in the presence of the small molecule
inducers, thalidomide, lenalidomide, or
pomalidomide, in mammalian cells (Nguyen
et al. 2017b).

Moreover, p97 has been reported to play a role
in germline-specific sex determination in
C. elegans (Sasagawa et al. 2009, 2010).
Sasagawa et al. revealed that p97 is involved in
the switch from sperm to oocyte in the germline
of the worm hermaphrodite. They showcased that
the p97-Ufd1-Npl4 complex interacts with the
CUL?2 ubiquitin ligase via cofactor Npl4 binding
to the Elongin C subunit of the ubiquitin ligase.
More specifically, TRA-1A, the terminal effector
of the sex determination pathway, is regulated by
p97- and CRL2-mediated proteolysis (Sasagawa
et al. 2009, 2010).

Intriguingly, Yen et al. elaborated an alterna-
tive mechanism of SCF regulation in which cad-
mium stress induces selective recruitment of
Cdc48 to catalyze dissociation of the
autoubiquitylated F-box subunit Met30 from
SCEM*° ybiquitin ligase complex to inhibit sub-
strate ubiquitylation and trigger downstream
events in yeast (Yen et al. 2012).

5.8.5 p97 in Viral Protein-Induced

Cellular Protein Degradation

It is quite common for human immunodeficiency
virus (HIV) to hijack the cellular ubiquitin
machinery to degrade host proteins for their
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needs (Zheng and Shabek 2017). For instance,
HIV Vpu protein associates with the SCFP TP
ubiquitin ligase to promote ubiquitylation and
turnover of human CD4 protein (Margottin et al.
1998). Together with the Ufd1-Npl4 heterodimer,
p97 extracts ubiquitylated CD4 protein and
escorts it to the proteasome for degradation
(Binette et al. 2007; Magadan et al. 2010).

5.9 Perspective

Although p97 has been known to coordinate with
CRLs for protein turnover in many cases, several
important questions remain unanswered. In addi-
tion to the p97-Ufd1-Npl4 core complex, some
substrates require additional p97 cofactors for the
action (Alexandru et al. 2008; Tao et al. 2017),
but other substrates do not. For instance, UBXD7
interacts with most, if not all, cullins (Alexandru
et al. 2008); however, several substrates of CRLs
only need the p97-Ufd1-Npl4 complex for sub-
strate degradation (Raman et al. 2011; Li et al.
2014; Schweitzer et al. 2016; Zhang et al. 2015b;
Yilmaz et al. 2014). There is no evidence that any
other p97 cofactors are directly involved in these
processes. It appears that this selection is more
related to ubiquitin ligases than to substrates.
Therefore, the important question is how CRLs
recruit the p97 complex. UBXD7 has been shown
to interact with neddylated Cul2 and Cul4 using
its UIM domain (den Besten et al. 2012; Bandau
et al. 2012). If this is a general phenomenon, why
isn’t UBXD7 a general factor to assist all CRL
ubiquitin ligases to process their ubiquitylated
substrates? If UBXD7 is not a general factor,
how does UBXD7 determine its specificity?

Besides UBXD7 and the Ufdl-Npl4
heterodimer, several other p97 cofactors interact
with CRLs (Hu et al. 2017; Bennett et al. 2010).
How these p97 cofactors are involved in
CRL-mediated protein turnover is largely
unknown.

Yeast Cdc48 has been found to promote disso-
ciation of the F-box subunit, Met30, from the
SCEMe2Y ubiquitin ligase to suppress substrate
ubiquitylation (Yen et al. 2012). If p97 and its
yeast counterpart, Cdc48, coordinate with
ubiquitin ligases for substrate turnover, it is hard

to imagine that disassembling an active CRL
ubiquitin ligase is a common function of p97.
The question is whether p97 could unload
ubiquitin ligases from their substrates after
ubiquitylation is done, in order to recycle
ubiquitin ligases for further usage. This is
extremely important, if the cellular concentration
of a given ubiquitin ligase is much lower than
concentration of its substrate and if the substrate
proteolysis is a very quick action. Assembly of
more active ubiquitin ligases could be an answer
(Reitsma et al. 2017; Liu et al. 2018; Pierce et al.
2013) but might not be the only answer for the
UPS to deal with this kind of emergent situation.
In the future, it would be interesting to test
whether p97 and its cofactors recycle CRLs or
other ubiquitin ligases to promote protein
ubiquitylation and then degradation.

References

Alexandru G, Graumann J, Smith GT, Kolawa NJ, Fang R,
Deshaies RJ (2008) UBXD7 binds multiple ubiquitin
ligases and implicates p97 in HIFlalpha turnover. Cell
134(5):804-816

Allen MD, Buchberger A, Bycroft M (2006) The PUB
domain functions as a p97 binding module in human
peptide N-glycanase. J Biol Chem 281(35):
25502-25508

Baek GH, Kim I, Rao H (2011) The Cdc48 ATPase
modulates the interaction between two proteolytic
factors Ufd2 and Rad23. Proc Natl Acad Sci U S A
108(33):13558-13563

Bandau S, Knebel A, Gage ZO, Wood NT, Alexandru G
(2012) UBXN7 docks on neddylated cullin complexes
using its UIM motif and causes HIF1a accumulation.
BMC Biol 10:36

Banerjee S, Bartesaghi A, Merk A, Rao P, Bulfer SL,
Yan Y, Green N, Mroczkowski B, Neitz RJ, Wipf P,
Falconieri V, Deshaies RJ, Milne JL, Huryn D,
Arkin M, Subramaniam S (2016) 2.3 A resolution
cryo-EM structure of human p97 and mechanism of
allosteric inhibition. Science 351(6275):871-875

Barthelme D, Sauer RT (2016) Origin and functional
evolution of the Cdc48/p97/VCP AAA+ protein
unfolding and remodeling machine. J Mol Biol 428
(9 Pt B):1861-1869

Bennett EJ, Rush J, Gygi SP, Harper JW (2010) Dynamics
of cullin-RING ubiquitin ligase network revealed by
systematic  quantitative  proteomics. Cell 143
(6):951-965

Binette J, Dubé M, Mercier J, Halawani D, Latterich M,
Cohen EA (2007) Requirements for the selective deg-
radation of CD4 receptor molecules by the human



74

immunodeficiency virus type 1 Vpu protein in the
endoplasmic reticulum. Retrovirology 4:75

Bodnar NO, Rapoport TA (2017) Molecular mechanism of
substrate processing by the Cdc48 ATPase complex.
Cell 169(4):722-735

Bodnar NO, Kim KH, Ji Z, Wales TE, Svetlov V,
Nudler E, Engen JR, Walz T, Rapoport TA (2018)
Structure of the Cdc48 ATPase with its ubiquitin-
binding cofactor Ufd1-Npl4. Nat Struct Mol Biol 25
(7):616-622

Buchberger A, Schindelin H, Hinzelmann P (2015) Con-
trol of p97 function by cofactor binding. FEBS Lett
589(19 Pt A):2578-2589

Busino L, Donzelli M, Chiesa M, Guardavaccaro D,
Ganoth D, Dorrello NV, Hershko A, Pagano M,
Draetta GF (2003) Degradation of Cdc25A by beta-
TrCP during S phase and in response to DNA damage.
Nature 426(6962):87-91

Cai W, Yang H (2016) The structure and regulation of
Cullin 2 based E3 ubiquitin ligases and their biological
functions. Cell Div 11(7)

Cohen MM, Leboucher GP, Livnat-Levanon N, Glickman
MH, Weissman AM (2008) Ubiquitin-proteasome-
dependent degradation of a mitofusin, a critical regula-
tor of mitochondrial fusion. Mol Biol Cell 19
(6):2457-2464

Cooney I, Han H, Stewart MG, Carson RH, Hansen DT,
Iwasa JH, Price JC, Hill CP, Shen PS (2019) Structure
of the Cdc48 segregase in the act of unfolding an
authentic substrate. Science 365(6452):502-505

Cope GA, Deshaies RJ (2003) COP9 signalosome: a mul-
tifunctional regulator of SCF and other cullin-based
ubiquitin ligases. Cell 114(6):663-671

Cope GA, Deshaies RJ (2006) Targeted silencing of Jab1/
Csn5 in human cells downregulates SCF activity
through reduction of F-box protein levels. BMC
Biochem 7:1

den Besten W, Verma R, Kleiger G, Oania RS, Deshaies
RJ (2012) NEDDS8 links cullin-RING ubiquitin ligase
function to the p97 pathway. Nat Struct Mol Biol 19
(5):511-516

Deshaies RJ, Emberley ED, Saha A (2010) Control of
cullin-ring ubiquitin ligase activity by nedd8. Subcell
Biochem 54:41-56

Dove KK, Klevit RE (2017) RING-between-RING E3
ligases: emerging themes amid the variations. J Mol
Biol 429(22):3363-3375

Duda DM, Scott DC, Calabrese MF, Zimmerman ES,
Zheng N, Schulman BA (2011) Structural regulation
of cullin-RING ubiquitin ligase complexes. Curr Opin
Struct Biol 21(2):257-264

Elliott PR, Nielsen SV, Marco-Casanova P, Fiil BK,
Keusekotten K, Mailand N, Freund SM, Gyrd-Hansen-
M, Komander D (2014) Molecular basis and regulation
of OTULIN-LUBAC interaction. Mol Cell 54
(3):335-348

Fang S, Ferrone M, Yang C, Jensen JP, Tiwari S,
Weissman AM (2001) The tumor autocrine motility
factor receptor, gp78, is a ubiquitin protein ligase

W. Shi et al.

implicated in degradation from the endoplasmic retic-
ulum. Proc Natl Acad Sci U S A 98(25):14422-14427

Fritz S, Weinbach N, Westermann B (2003) Mdm30 is an
F-box protein required for maintenance of fusion-
competent mitochondria in yeast. Mol Biol Cell 14
(6):2303-2313

Gardner RG, Shearer AG, Hampton RY (2001) In vivo
action of the HRD ubiquitin ligase complex:
mechanisms of endoplasmic reticulum quality control
and sterol regulation. Mol Cell Biol 21(13):4276-4291

Genschik P, Sumara I, Lechner E (2013) The emerging
family of CULLIN3-RING ubiquitin ligases (CRL3s):
cellular functions and disease implications. EMBO J
32(17):2307-2320

Gong B, Chen F, Pan Y, Arrieta-Cruz I, Yoshida Y,
Haroutunian V, Pasinetti GM (2010) SCFFbx2-E3-
ligase-mediated degradation of BACEI attenuates
Alzheimer’s disease amyloidosis and improves synap-
tic function. Aging Cell 9(6):1018-1031

Greenblatt EJ, Olzmann JA, Kopito RR (2011) Derlin-1 is
arhomboid pseudoprotease required for the dislocation
of mutant a-1 antitrypsin from the endoplasmic reticu-
lum. Nat Struct Mol Biol 18(10):1147-1152

Hampton RY (2002) ER-associated degradation in protein
quality control and cellular regulation. Curr Opin Cell
Biol 14(4):476-482

Hinzelmann P, Schindelin H (2011) The structural and
functional basis of the p97/valosin-containing protein
(VCP)-interacting motif (VIM): mutually exclusive
binding of cofactors to the N-terminal domain of p97.
J Biol Chem 286(44):38679-38690

Hinzelmann P, Schindelin H (2017) The interplay of
cofactor interactions and post-translational
modifications in the regulation of the AAA+ ATPase
p97. Front Mol Biosci 4:21

Hinzelmann P, Buchberger A, Schindelin H (2011) Hier-
archical binding of cofactors to the AAA ATPase p97.
Structure 19(6):833-843

Harreman M, Taschner M, Sigurdsson S, Anindya R,
Reid J, Somesh B, Kong SE, Banks CA, Conaway
RC, Conaway JW, Svejstrup JQ (2009) Distinct
ubiquitin ligases act sequentially for RNA polymerase
II polyubiquitylation. Proc Natl Acad Sci U S A 106
(49):20705-20710

Havens CG, Walter JC (2011) Mechanism of CRL4
(Cdt2), a PCNA-dependent E3 ubiquitin ligase.
Genes Dev 25(15):1568-1582

He Q, Cheng P, He Q, Liu Y (2005) The COP9
signalosome regulates the Neurospora circadian clock
by controlling the stability of the SCFFWD-1 complex.
Genes Dev 19(13):1518-1531

He J, Zhu Q, Wani G, Sharma N, Wani AA (2016)
Valosin-containing protein (VCP)/p97 segregase
mediates proteolytic processing of Cockayne Syn-
drome Group B (CSB) in damaged chromatin. J Biol
Chem 291(14):7396-7408

He J, Zhu Q, Wani G, Wani AA (2017) UV-induced
proteolysis of RNA polymerase II is mediated by
VCP/p97 segregase and timely orchestration by



5 Coordinated Actions Between p97 and Cullin-RING Ubiquitin Ligases for Protein Degradation 75

Cockayne syndrome B protein.
(7):11004-11019

Heo JM, Livnat-Levanon N, Taylor EB, Jones KT,
Dephoure N, Ring J, Xie J, Brodsky JL, Madeo F,
Gygi SP, Ashrafi K, Glickman MH, Rutter J (2010)
A stress-responsive system for mitochondrial protein
degradation. Mol Cell 40(3):465-480

Higa LA, Banks D, Wu M, Kobayashi R, Sun H, Zhang H
(2006) L2DTL/CDT2 interacts with the CUL4/DDBI1
complex and PCNA and regulates CDT1 proteolysis in
response to DNA damage. Cell Cycle 5
(15):1675-1680

Hori T, Osaka F, Chiba T, Miyamoto C, Okabayashi K,
Shimbara N, Kato S, Tanaka K (1999) Covalent
modification of all members of human cullin
family proteins by NEDDS. Oncogene 18(48):
6829-6834

Hornbeck PV, Zhang B, Murray B, Kornhauser JM,
Latham V, Skrzypek E (2015) PhosphoSitePlus,
2014: mutations, PTMs and recalibrations. Nucleic
Acids Res 43(Database issue):D512-D520

Hu Y, O’Boyle K, Auer J, Raju S, You F, Wang P,
Fikrig E, Sutton RE (2017) Multiple UBXN family
members inhibit retrovirus and lentivirus production
and canonical NFkB signaling by stabilizing IxkBa.
PLoS Pathog 13(2):e1006187

Huang R, Ripstein ZA, Rubinstein JL, Kay LE (2019)
Cooperative subunit dynamics modulate p97 function.
Proc Natl Acad Sci U S A 116(1):158-167

Huibregtse JM, Scheffner M, Beaudenon S, Howley PM
(1995) A family of proteins structurally and function-
ally related to the E6-AP ubiquitin-protein ligase. Proc
Natl Acad Sci U S A 92(7):2563-2567

Inuzuka H, Shaik S, Onoyama I, Gao D, Tseng A, Maser
RS, Zhai B, Wan L, Gutierrez A, Lau AW, Xijao Y,
Christie AL, Aster J, Settleman J, Gygi SP, Kung AL,
Look T, Nakayama KI, DePinho RA, Wei W (2011)
SCF(FBW7) regulates cellular apoptosis by targeting
MCLI1 for ubiquitylation and destruction. Nature 471
(7336):104-109

Jin J, Shirogane T, Xu L, Nalepa G, Qin J, Elledge SJ,
Harper JW (2003) SCFbeta-TRCP links Chk1 signal-
ing to degradation of the Cdc25A protein phosphatase.
Genes Dev 17(24):3062-3074

Jin J, Cardozo T, Lovering RC, Elledge SJ, Pagano M,
Harper JW (2004) Systematic analysis and nomencla-
ture of mammalian F-box proteins. Genes Dev 18
(21):2573-2580

Jin J, Arias EE, Chen J, Harper JW, Walter JC (2006) A
family of diverse Cul4-Ddbl-interacting proteins
includes Cdt2, which is required for S phase destruc-
tion of the replication factor Cdtl. Mol Cell 23
(5):709-721

Jin J, Ang XL, Ye X, Livingstone M, Harper JW (2008)
Differential roles for checkpoint kinases in DNA
damage-dependent degradation of the Cdc25Aprotein
phosphatase. J Biol Chem 283(28):19322-19328

Joshi V, Upadhyay A, Kumar A, Mishra A (2017) Gp78
E3 ubiquitin ligase: essential functions and

Oncotarget 8

contributions in proteostasis. Front Cell Neurosci
11:259

Kamura T, Maenaka K, Kotoshiba S, Matsumoto M,
Kohda D, Conaway RC, Conaway JW, Nakayama KI
(2004) VHL-box and SOCS-box domains determine
binding specificity for Cul2-Rbx1 and Cul5-Rbx2
modules of ubiquitin ligases. Genes Dev 18
(24):3055-3065

Kern M, Fernandez-Sdiz V, Schifer Z, Buchberger A
(2009) UBXD1 binds p97 through two independent
binding sites. Biochem Biophys Res Commun 380
(2):303-307

Kim SJ, Kim EE (2014) Crystallization and preliminary
X-ray crystallographic analysis of the complex
between the N-D1 domain of VCP from Homo sapiens
and the N domain of OTUI from Saccharomyces
cerevisiae. Acta Crystallogr F Struct Biol Commun
70(Pt 8):1087-1089

Kim SJ, Cho J, Song EJ, Kim SJ, Kim HM, Lee KE, Suh
SW, Kim EE (2014) Structural basis for ovarian tumor
domain-containing protein 1 (OTU1) binding to p97/
valosin-containing protein (VCP). J Biol Chem 289
(18):12264-12274

Kloppsteck P, Ewens CA, Forster A, Zhang X, Freemont
PS (2012) Regulation of p97 in the ubiquitin-
proteasome system by the UBX protein-family.
Biochim Biophys Acta 1823(1):125-129

LalLonde DP, Bretscher A (2011) The UBX protein
SAKSI1 negatively regulates endoplasmic reticulum-
associated degradation and p97-dependent degrada-
tion. J Biol Chem 286(6):4892-4901

Lavoie C, Chevet E, Roy L, Tonks NK, Fazel A, Posner
BI, Paiement J, Bergeron JJ (2000) Tyrosine phosphor-
ylation of p97 regulates transitional endoplasmic retic-
ulum assembly in vitro. Proc Natl Acad Sci U S A 97
(25):13637-13642

Lee EK, Diehl JA (2014) SCFs in the new millennium.
Oncogene 33(16):2011-2018

Lee J, Zhou P (2007) DCAFs, the missing link of the
CUL4-DDB1 ubiquitin ligase. Mol Cell 26
(6):775-780

Li G, Zhao G, Schindelin H, Lennarz WJ (2008) Tyrosine
phosphorylation of ATPase p97 regulates its activity
during ERAD. Biochem Biophys Res Commun 375
(2):247-251

Li JM, Wu H, Zhang W, Blackburn MR, Jin J (2014) The
p97-UFD1L-NPL4  protein  complex mediates
cytokine-induced IkBa proteolysis. Mol Cell Biol 34
(3):335-347

LimJJ,Lee Y,Ly TT, Kang JY, Lee JG, AnJY, Youn HS,
Park KR, Kim TG, Yang JK, Jun Y, Eom SH (2016)
Structural insights into the interaction of p97
N-terminus domain and VBM in rhomboid protease,
RHBDLA4. Biochem J 473(18):2863-2880

Liu B, Zheng Y, Wang TD, Xu HZ, Xia L, Zhang J, Wu
YL, Chen GQ, Wang LS (2012) Proteomic identifica-
tion of common SCF ubiquitin ligase FBXO6-
interacting glycoproteins in three kinds of cells. J Pro-
teome Res 11(3):1773-1781



76

Liu S, Fu QS, Zhao J, Hu HY (2013) Structural and
mechanistic insights into the arginine/lysine-rich pep-
tide motifs that interact with P97/VCP. Biochim
Biophys Acta 1834(12):2672-2678

Liu X, Reitsma JM, Mamrosh JL, Zhang Y, Straube R,
Deshaies RJ (2018) Candl-mediated adaptive
exchange mechanism enables variation in F-box pro-
tein expression. Mol Cell 69(5):773-786

Lydeard JR, Schulman BA, Harper JW (2013) Building
and remodelling Cullin-RING E3 ubiquitin ligases.
EMBO Rep 14(12):1050-1061

Madsen L, Seeger M, Semple CA, Hartmann-Petersen R
(2009) New ATPase regulators--p97 goes to the PUB.
Int J Biochem Cell Biol 41(12):2380-2388

Magadan JG, Pérez-Victoria FJ, Sougrat R, Ye Y,
Strebel K, Bonifacino JS (2010) Multilayered mecha-
nism of CD4 downregulation by HIV-1 Vpu involving
distinct ER retention and ERAD targeting steps. PLoS
Pathog 6(4):e1000869

Margottin F, Bour SP, Durand H, Selig L, Benichou S,
Richard V, Thomas D, Strebel K, Benarous R (1998) A
novel human WD protein, h-beta TrCp, that interacts
with HIV-1 Vpu connects CD4 to the ER degradation
pathway through an F-box motif. Mol Cell 1
(4):565-574

Martensson CU, Priesnitz C, Song J, Ellenrieder L, Doan
KN, Boos F, Floerchinger A, Zufall N, Oeljeklaus S,
Warscheid B, Becker T (2019) Mitochondrial protein
translocation-associated degradation. Nature 569
(7758):679-683

McNeill H, Knebel A, Arthur JS, Cuenda A, Cohen P
(2004) A novel UBA and UBX domain protein that
binds polyubiquitin and VCP and is a substrate for
SAPKs. Biochem J 384(Pt 2):391-400

Melixetian M, Klein DK, Sgrensen CS, Helin K (2009)
NEK11 regulates CDC25A degradation and the
IR-induced G2/M checkpoint. Nat Cell Biol 11
(10):1247-1253

Meyer HH, Wang Y, Warren G (2002) Direct binding of
ubiquitin conjugates by the mammalian p97 adaptor
complexes, p47 and Ufdl-Npl4. EMBO J 21
(21):5645-5652

Meyer H, Bug M, Bremer S (2012) Emerging functions of
the VCP/p97 AAA-ATPase in the ubiquitin system.
Nat Cell Biol 14(2):117-123

Moir D, Stewart SE, Osmond BC, Botstein D (1982) Cold-
sensitive cell-division-cycle mutants of yeast: isola-
tion, properties, and pseudoreversion studies. Genetics
100:547-563

Morreale G, Conforti L, Coadwell J, Wilbrey AL,
Coleman MP (2009) Evolutionary divergence of
valosin-containing protein/cell division cycle protein
48 binding interactions among endoplasmic
reticulum-associated degradation proteins. FEBS J
276(5):1208-1220

Mullally JE, Chernova T, Wilkinson KD (2006) Doal is a
Cdc48 adapter that possesses a novel ubiquitin binding
domain. Mol Cell Biol 26(3):822-830

Nguyen HC, Wang W, Xiong Y (2017a) Cullin-RING E3
ubiquitin ligases: bridges to destruction. Subcell
Biochem 83:323-347

W. Shi et al.

Nguyen TV, LiJ, Lu CJ, Mamrosh JL, Lu G, Cathers BE,
Deshaies RJ (2017b) p97/VCP promotes degradation
of CRBN substrate glutamine synthetase and
neosubstrates. Proc Natl Acad Sci U S A 114(14):
3565-3571

Nishimasu R, Komori H, Higuchi Y, Nishimasu H,
Hiroaki H (2010) Crystal structure of a PFU-PUL
domain pair of Saccharomyces cerevisiae Doal/Ufd3.
Kobe J Med Sci 56(3):E125-E139

Okumura F, Joo-Okumura A, Nakatsukasa K, Kamura T
(2016) The role of cullin 5-containing ubiquitin
ligases. Cell Div 11(1)

Pao KC, Wood NT, Knebel A, Rafie K, Stanley M,
Mabbitt PD, Sundaramoorthy R, Hofmann K, van
Aalten DMF, Virdee S (2018) Activity-based E3 ligase
profiling uncovers an E3 ligase with esterification
activity. Nature 556(7701):381-385

Petroski MD, Deshaies RJ (2005) Function and regulation
of cullin-RING ubiquitin ligases. Nat Rev Mol Cell
Biol 6(1):9-20

Pierce NW, Lee JE, Liu X, Sweredoski MJ, Graham RL,
Larimore EA, Rome M, Zheng N, Clurman BE,
Hess S, Shan SO, Deshaies RJ (2013) Cand1 promotes
assembly of new SCF complexes through dynamic
exchange of F box proteins. Cell 153(1):206-215

Pleasure IT, Black MM, Keen JH (1993) Valosin-
containing protein, VCP, is a ubiquitous clathrin-
binding protein. Nature 365:459-462

Qiu L, Pashkova N, Walker JR, Winistorfer S, Allali-
Hassani A, Akutsu M, Piper R, Dhe-Paganon S
(2010) Structure and function of the PLAA/Ufd3-
p97/Cdc48 complex. J Biol Chem 285(1):365-372

Raman M, Havens CG, Walter JC, Harper JW (2011) A
genome-wide screen identifies p97 as an essential reg-
ulator of DNA damage-dependent CDT1 destruction.
Mol Cell 44(1):72-84

Rao MV, Williams DR, Cocklin S, Loll PJ (2017) Interac-
tion between the AAA* ATPase p97 and its cofactor
ataxin3 in health and disease: Nucleotide-induced con-
formational changes regulate cofactor binding. J Biol
Chem 292(45):18392-18407

Reitsma JM, Liu X, Reichermeier KM, Moradian A,
Sweredoski MJ, Hess S, Deshaies RJ (2017) Composi-
tion and regulation of the cellular repertoire of SCF
ubiquitin ligases. Cell 171(6):1326-1339

Riemer A, Dobrynin G, Dressler A, Bremer S, Soni A,
Tliakis G, Meyer H (2014) The p97-Ufd1-Npl4 ATPase
complex ensures robustness of the G2/M checkpoint
by facilitatingCDC25A degradation. Cell Cycle 13
(6):919-927

Saiga T, Fukuda T, Matsumoto M, Tada H, Okano HJ,
Okano H, Nakayama KI (2009) Fbxo45 forms a novel
ubiquitin ligase complex and is required for neuronal
development. Mol Cell Biol 29(13):3529-3543

Sa-Moura B, Funakoshi M, Tomko RJ Jr, Dohmen RJ,
Wu Z, Peng J, Hochstrasser M (2013) A conserved
protein with AN1 zinc finger and ubiquitin-like
domains modulates Cdc48 (p97) function in the
ubiquitin-proteasome pathway. J Biol Chem 288(47):
33682-33696



5 Coordinated Actions Between p97 and Cullin-RING Ubiquitin Ligases for Protein Degradation 77

Sansam CL, Shepard JL, Lai K, Ianari A, Danielian PS,
Amsterdam A, Hopkins N, Lees JA (2006) DTL/CDT?2
is essential for both CDT1 regulation and the early
G2/M checkpoint. Genes Dev 20(22):3117-3129

Sarikas A, Hartmann T, Pan ZQ (2011) The cullin protein
family. Genome Biol 12(4):220

Sasagawa Y, Otani M, Higashitani N, Higashitani A,
Sato K, Ogura T, Yamanaka K (2009) Caenorhabditis
elegans p97 controls germline-specific sex determina-
tion by controlling the TRA-1 level in a CUL-2-depen-
dent manner. J Cell Sci 122(Pt 20):3663-3672

Sasagawa Y, Yamanaka K, Saito-Sasagawa Y, Ogura T
(2010) Caenorhabditis elegans UBX cofactors for
CDC-48/p97 control spermatogenesis. Genes Cells 15
(12):1201-1215

Schaeffer V, Akutsu M, Olma MH, Gomes LC,
Kawasaki M, Dikic I (2014) Binding of OTULIN to
the PUB domain of HOIP controls NF-kB signaling.
Mol Cell 54(3):349-361

Schuberth C, Buchberger A (2008) UBX domain proteins:
major regulators of the AAA ATPase Cdc48/p97. Cell
Mol Life Sci 65(15):2360-2371

Schuberth C, Richly H, Rumpf S, Buchberger A (2004)
Shpl and Ubx2 are adaptors of Cdc48 involved in
ubiquitin-dependent protein degradation. EMBO Rep
5:818-824

Schweitzer K, Pralow A, Naumann M (2016) p97/VCP
promotes  Cullin-RING-ubiquitin-ligase/proteasome-
dependent degradation of IkBa and the preceding lib-
eration of RelA from ubiquitinated IxkBa. J Cell Mol
Med 20(1):58-70

Sonneville R, Moreno SP, Knebel A, Johnson C, Hastie
CJ, Gartner A, Gambus A, Labib K (2017) CUL-2MRR
! and UBXN-3 drive replisome disassembly during
DNA replication termination and mitosis. Nat Cell
Biol 19(5):468—479

Stach L, Freemont PS (2017) The AAA+ ATPase p97, a
cellular multitool. Biochem J 474(17):2953-2976

Stapf C, Cartwright E, Bycroft M, Hofmann K,
Buchberger A (2011) The general definition of the
p97/valosin-containing  protein  (VCP)-interacting
motif (VIM) delineates a new family of p97 cofactors.
J Biol Chem 286(44):38670-38678

Sun Y, Li H (2013) Functional characterization of
SAG/RBX2/ROC2/RNF7, an antioxidant protein and
an E3 ubiquitin ligase. Protein Cell 4(2):103-116

Suzuki T, Park H, Till EA, Lennarz WJ (2001) The PUB
domain: a putative protein-protein interaction domain
implicated in the ubiquitin-proteasome pathway.
Biochem Biophys Res Commun 287(5):1083-1087

Swatek KN, Komander D (2016) Ubiquitin modifications.
Cell Res 26(4):399-422

Tao S, Liu P, Luo G, Rojo de la Vega M, Chen H, Wu T,
Tillotson J, Chapman E, Zhang DD (2017) p97 nega-
tively regulates NRF2 by extracting ubiquitylated
NRF2 from the KEAP1-CUL3 E3 complex. Mol Cell
Biol 37(8). pii: €00660-16

Turakhiya A, Meyer SR, Marincola G, Béhm S, Vanselow
JT, Schlosser A, Hofmann K, Buchberger A (2018)
ZFANDI recruits p97 and the 26S proteasome to

promote the clearance of arsenite-induced stress
granules. Mol Cell 70(5):906-919

Twomey EC, Ji Z, Wales TE, Bodnar NO, Ficarro SB,
Marto JA, Engen JR, Rapoport TA (2019) Substrate
processing by the Cdc48 ATPase complex is initiated
by ubiquitin unfolding. Science 365(6452)

van den Boom J, Meyer H (2018) VCP/p97-mediated
unfolding as a principle in protein homeostasis and
signaling. Mol Cell 69(2):182-194

Verma R, Oania R, Fang R, Smith GT, Deshaies RJ (2011)
Cdc48/p97 mediates UV-dependent turnover of RNA
Pol II. Mol Cell 41(1):82-92

Weems JC, Slaughter BD, Unruh JR, Boeing S, Hall SM,
McLaird MB, Yasukawa T, Aso T, Svejstrup JQ,
Conaway JW, Conaway RC (2017) Cockayne syn-
drome B protein regulates recruitment of the Elongin
A ubiquitin ligase to sites of DNA damage. J Biol
Chem 292(16):6431-6437

Wei N, Deng XW (2003) The COP9 signalosome. Annu
Rev Cell Dev Biol 19:261-286

Wenzel DM, Lissounov A, Brzovic PS, Klevit RE (2011)
UBCHY reactivity profile reveals parkin and HHARI to
be RING/HECT hybrids. Nature 474(7349):105-108

Xu S, Peng G, Wang Y, Fang S, Karbowski M (2011) The
AAA-ATPase p97 is essential for outer mitochondrial
membrane protein turnover. Mol Biol Cell 22(3):
291-300

Yasukawa T, Kamura T, Kitajima S, Conaway RC,
Conaway JW, Aso T (2008) Mammalian Elongin A
complex mediates DNA-damage-induced
ubiquitylation and degradation of Rpbl. EMBO J 27
(24):3256-3266

Ye Y, Meyer HH, Rapoport TA (2001) The AAA ATPase
Cdc48/p97 and its partners transport proteins from the
ER into the cytosol. Nature 414:652-656

Yen JL, Flick K, Papagiannis CV, Mathur R, Tyrrell A,
Ouni I, Kaake RM, Huang L, Kaiser P (2012) Signal-
induced disassembly of the SCF ubiquitin ligase com-
plex by Cdc48/p97. Mol Cell 48(2):288-297

Yeung HO, Kloppsteck P, Niwa H, Isaacson RL,
Matthews S, Zhang X, Freemont PS (2008) Insights
into adaptor binding to the AAA protein p97. Biochem
Soc Trans 36(Pt 1):62-67

Yi L, Kaler SG (2018) Interaction between the AAA
ATPase p97/VCP and a concealed UBX domain in
the copper transporter ATP7A is associated with
motor neuron degeneration. J Biol Chem 293(20):
7606-7617

Yilmaz ZB, Kofahl B, Beaudette P, Baum K, Ipenberg I,
Weih F, Wolf J, Dittmar G, Scheidereit C (2014)
Quantitative dissection and modeling of the NF-xB
p100-p105 module reveals interdependent precursor
proteolysis. Cell Rep 9(5):1756-1769

Yoshida Y, Chiba T, Tokunaga F, Kawasaki H, Iwai K,
Suzuki T, Ito Y, Matsuoka K, Yoshida M, Tanaka K,
Tai T (2002) E3 ubiquitin ligase that recognizes sugar
chains. Nature 418(6896):438-442

Yoshida Y, Tokunaga F, Chiba T, Iwai K, Tanaka K, Tai T
(2003) Fbs2 is a new member of the E3 ubiquitin ligase
family that recognizes sugar chains. J Biol Chem 278
(44):43877-43884



78

Yoshida Y, Adachi E, Fukiya K, Iwai K, Tanaka K (2005)
Glycoprotein-specific ubiquitin ligases recognize
N-glycans in unfolded substrates. EMBO Rep 6
(3):239-244

Zhang L, Zhou F, Li Y, Drabsch Y, Zhang J, van Dam H,
ten Dijke P (2012) Fas-associated factor 1 is a scaf-
fold protein that promotes p-transducin repeat-
containing  protein(f-TrCP)-mediated  P-catenin
ubiquitination and degradation. J Biol Chem 287
(36):30701-30710

Zhang T, Xu Y, Liu Y, Ye Y (2015a) gp78 functions
downstream of Hrdl to promote degradation of
misfolded proteins of the endoplasmic reticulum. Mol
Biol Cell 26(24):4438-4450

W. Shi et al.

Zhang Z, Wang Y, Li C, Shi Z, Hao Q, Wang W, Song X,
Zhao Y, Jiao S, Zhou Z (2015b) The transitional endo-
plasmic reticulum ATPase p97 regulates the alternative
nuclear factor NF-«xB signaling via partial degradation
of the NF-xB subunit p100. J Biol Chem 290(32):
19558-19568

Zhao G, Zhou X, Wang L, Li G, Schindelin H, Lennarz
WIJ (2007) Studies on peptide:N-glycanase-p97 inter-
action suggest that p97 phosphorylation modulates
endoplasmic reticulum-associated degradation. Proc
Natl Acad Sci U S A 104(21):8785-8790

Zheng N, Shabek N (2017) Ubiquitin ligases: structure,
function, and regulation. Annu Rev Biochem 86:
129-157



t')

Check for
updates

Lin Fu, Chun-Ping Cui, and Linggiang Zhang

Abstract

Stem cells can remain quiescent, self-renewal,
and differentiate into many types of cells and
even cancer stem cells. The coordination of
these complex processes maintains the homeo-
stasis of the organism. Ubiquitination is an
important posttranslational modification process
that regulates protein stability and activity. The
ubiquitination levels of stem cell-associated
proteins are closely related with stem cell
characteristics. Cullin-RING Ligases (CRLs)
are the largest family of E3 ubiquitin ligases,
accounting for approximately 20% of proteins
degraded by proteasome. In this review, we
discuss the role of CRLs in stem cell homeosta-
sis, self-renewal, and differentiation and
expound their ubiquitination substrates. In addi-
tion, we also discuss the effect of CRLs on the
formation of cancer stem cells that may provide
promising therapy strategies for cancer.

Keywords
Stem cells - Self-renewal - Differentiation -
Ubiquitination - CRLs

L. Fu

Institute of Chronic Disease, Qingdao Municipal Hospital,

Qingdao University, Qingdao, China
C.-P. Cui - L. Zhang (P<)

State Key Laboratory of Proteomics, National Center for
Protein Sciences (Beijing), Beijing Institute of Lifeomics,

Beijing, China
e-mail: zhanglq@nic.bmi.ac.cn

© Springer Nature Singapore Pte Ltd. 2020

Abbreviations

ASB2 Ankyrin-repeat SOCS  box-
containing protein 2

BTB Broad-Complex, tramtrack, and
bric a brac

BTBD6A BTB/POZ domain-containing
protein 6
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CCA Cholangiocarcinoma
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6.1 Introduction

Stem cells are a class of pluripotent cells with
self-renewing ability. Under certain conditions,
stem cells can differentiate into multiple func-
tional cells (Fuchs and Chen 2013). Besides,
stem cells can differentiate into downstream cell
types upon appropriate environmental stimuli.
Stem cells can divide symmetrically or asymmet-
rically (Neumuller and Knoblich 2009). Symmet-
ric cell division ensures that all elements between
two identical stem cells are evenly distributed,
and usually only one daughter cell differentiation
occurs later. On the other hand, asymmetric cell
division leads to unequal division of stem cell
components, a process that involves the correct
localization of the mitotic spindle (Gonczy 2008).
Thus, one cell is still a stem cell and the other uses
a different cell fate. Upon asymmetric division, a
daughter cell may move from a relative position
to a niche, causing it to differentiate.

According to the developmental stage in
which stem cells are located, stem cells are
divided into embryonic stem cells (ES cells) and
adult stem cells (somatic stem cells) (Becker et al.
1963; Thomson et al. 1998). Stem cells help
maintain or repair tissues that are susceptible to
damage in adult organisms (Leblond and Walker
1956). It is important to maintain the number and
function of stem cells because its abnormalities
lead to many diseases ranging from birth defects
to cancer.

Although progenitor cells also have the ability
to self-renew, they are usually short-lived
(He et al. 2009). The ability of stem cells to
undergo long-term self-renewal is critical to the
entire organism. Somatic stem cells are found in a
special microenvironment called niche which
usually exhibits varying degrees of quiescence
due to specific tissue characteristics. For example,
HSCs are dormant, whereas MaSCs appear to be
cycling (Passegue and Wagers 2006) and ISCs
proliferate rapidly (Barker et al. 2007).
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Cancer stem cells (CSCs) are a minority popu-
lation of cells in tumors and usually have a low
rate of proliferation (Reiman et al. 2010). They
may be derived from stem cells, which acquire
cancer characteristics through genetic and epige-
netic changes. Alternatively, they may be derived
from transformed progenitor cells with self-
renewal capabilities (Takebe and Ivy 2010). Cur-
rent cancer treatments often fail to eliminate
advanced tumors, probably because they are not
effective against the CSCs population. There is
also a crosstalk between CSCs and niche. For
example, CSCs guide the formation of niche,
while niche controls the proliferation, differentia-
tion, and metastasis of CSCs (Nguyen et al.
2012). Stem cell induction can be achieved by
activating transcription factors involved in the
induction of reprogramming of iPSCs such as
Oct4, Sox2, Nanog, and KLF4 (Heddleston
et al. 2010).

Quiescence and self-renewal prevent stem cell
exhaustion, whereas differentiation can induce
different cell lineages. Improper control can lead
to stem cell disorder and even cancers (Warr et al.
2011). This regulation is achieved at two different
levels. First, in the stem cell niche, chemokines,
cytokines, growth factors, and other secretory
molecules constitute an extracellular network
that controls SC maintenance (Trumpp et al.
2010). Second, proteins and signaling pathways
involved in cell cycle, proliferation, growth, and
survival are essential in SC homeostasis (Warr
et al. 2011).

The ubiquitin system is crucial for stem cell
functions (Yau and Rape 2016). Ubiquitin is
covalently linked to the target protein by an
isopeptide bond between its C-terminal glycine
and mainly the lysine residue of the acceptor
substrates. Ubiquitin modification of proteins is
carried out by an enzyme cascade including the
ubiquitin-activating (E1), ubiquitin-conjugating
(E2), and ubiquitin-ligating (E3) enzymes
(Weissman 2001).

There are two main types of E3s in eukaryotes,
defined as the presence of either a HECT (homol-
ogous to E6AP C-terminus) or a RING (really
interesting new gene) domain. Most E3 ligases
share a characteristic RING domain that depends
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on a ubiquitin-charged E2 for catalysis
(Plechanovova et al. 2012; Saha et al. 2011).
Other sets of E3 ligases possess either a HECT
domain or HECT-like RBR (Ring-in-between-
Ring) domain, which carries an active cysteine
with ubiquitin before being transferred to the
substrates (Wenzel et al. 2011). The HECT family
is composed of large proteins, each of which
interacts directly with E2 enzymes and its specific
substrates.

Cullin-RING Ligases (CRLs) occupied the
majority in RING E3 ligases. All CRLs share
the similar core architecture with a curved cullin
protein acting as a molecular scaffold (He et al.
2006; Jin et al. 2004; Linossi and Nicholson
2012; Petroski and Deshaies 2005; Stogios et al.
2005). CRLs consist of eight cullins designated
CULI, CUL2, CUL3, CUL4A, CUL4B, CULS,
CUL7, and CUL9 (also known as PARC), which
serve as scaffolds (Zhao and Sun 2013). The
C-terminal part of cullins binds tightly to the
RING-H2 domain proteins RBX1 or RBX2
(also known as ROC1 and ROC2/SAG, respec-
tively) which transfer ubiquitin from the
ubiquitin-conjugated E2 to the substrates. Cullins
interact with their specific substrate adapter or
receptor proteins via N-terminal domains (Wang
et al. 2014b).

In this review, we analyze the role of CRLs in
embryonic stem cells and somatic stem cell and
discuss the underlying mechanisms that control
the balance between quiescence, self-renewal,
and differentiation. We also discuss how
dysregulation of CRL-mediated protein
ubiquitination leads to the development of cancer
stem cells.

6.2 CRL1 and Stem Cells

CRLI, also known as SCF complex (Skpl-
CULI1-F-box), is the most representative member
of CRLs (Cardozo and Pagano 2004). It consists
of three invariable components: Cullinl (CULI,
scaffold protein), RBX1, and Skpl (S-phase
kinase-associated protein 1, adaptor protein).
CULI1 consists of three repeats of a five-helix
motif at the N-terminus and a globular domain
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at the C-terminus. Skpl and RBX1 bind to the
N-terminus and the C-terminus of CULI, respec-
tively. Then, F-box receptor binds to Skpl via its
F-box motif and specifically recognizes substrates
through different substrate-interacting motifs
(SIMs) (Nakayama and Nakayama 2005). F-box
proteins are divided into three subfamilies:
FBXW proteins which contain WD40 repeats,
FBXL proteins which contain leucine-rich repeats
(LRR), and FBXO proteins which do not contain
the above two types of domains (Cardozo and
Pagano 2004). They are involved in cell cycle
regulation and stem cell self-renewal and differ-
entiation (Fig. 6.1).

6.2.1 FBW?7

F-box and WD repeat domain-containing protein
7 (FBW7), also known as FBXW7, SEL-10,
hCdc4, or hAgo, is one of the best characterized
F-box proteins. Germline deletion of FBW?7
causes embryonic lethality at around E10.5
which indicates its broad and essential functions
during development (Tetzlaff et al. 2004). As an
important adaptor of SCF complex, FBW7
mediates the ubiquitination of many key
regulators (Fig. 6.1).

6.2.1.1 FBW?7 in Embryonic Stem Cells
and Somatic Stem Cells

Unlike other defined transcription factors, c-Myc
is an unstable protein exhibiting a half-life of
about 20-30 min (Hann and Eisenman 1984).
Ubiquitin-proteasome system is responsible for
the degradation of many short-lived regulatory
proteins in vivo. Loss of c-Myc induces an irre-
versible transition toward differentiation (Reed
2003). FBW7 is also elevated in hESCs and is
required for their proliferation as well as for iPSC
reprogramming (Buckley et al. 2012). Thus,
FBW?7 plays important roles in the maintenance
of embryonic stem cells (Takeishi and Nakayama
2014).

SAG/RBX/ROC protein is an essential RING
component of SCF E3 ubiquitin ligase (Duan
et al. 1999). SAG inactivation causes neurofibro-
matosis type 1 (NF1) accumulation and Ras
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inhibition, which blocks embryonic stem cells
from undergoing endothelial differentiation and
inhibits angiogenesis and proliferation in
teratomas. NF1 is targeted for ubiquitination and
degradation by SAG-CUL1-FBW?7 E3 ligase and
establishes an ubiquitin-dependent regulatory
mechanism for the NFI1-Ras pathway during
embryogenesis (Tan et al. 2011).

FBW7 also acts as a key regulator of the main-
tenance and differentiation of neural stem cells in
the brain. FBW7 plays a central role in the degra-
dation of Notch family members (Matsumoto
et al. 2011). It controls neurogenesis by
antagonizing Notch and c-Jun N-terminal kinase
(JNK)/c-Jun signaling (Hoeck et al. 2010).

Notch is also important for directing lymphoid
lineage cell fate determination and has been
implicated in HSC self-renewal (Nie et al.
2008). Notch is expressed by HSCs, while its
ligand, Jagged, is expressed by the HSC niche,
and increased Jagged/Notch activation results in
increased HSC number and niche expansion
(Duncan et al. 2005). Therefore, FBW7 could
regulate HSC self-renewal through targeting
Notch for degradation.

In long-term HSCs, SCFBY7 can also
ubiquitinate c-Myc (Yada et al. 2004). Deletion
of FBW7 strongly causes an increase in the fre-
quency of actively cycling LSK (Lin~, Sca-17,
c-Kit") population, which ultimately leads to
exhaustion of HSCs (Matsuoka et al. 2008) that
can be rescued by simultaneous losing of a single
allele of the c-Myc (Reavie et al. 2010). As a
result, a considerable proportion of FBW7-
knockout mice developed anemia (Matsuoka
et al. 2008; Onoyama et al. 2007). Furthermore,
FBW7 '~ LSK cells downregulate genes
involved in HSC quiescence (Thompson et al.
2008).

SOX9 is an early development transcription
factor necessary for the maintenance of stem and
progenitor cell populations (Kadaja et al. 2014). It
can also be ubiquitinated and degraded by FBW7
E3 ubiquitin ligase (Hong et al. 2016).

In skin epithelia, the p63 isoform ANp63a
promotes proliferation of basal cells. SCF™2%V’
was proposed to target p63 for degradation during
keratinocyte differentiation (Galli et al. 2010).
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Fig. 6.1 CRLI1 complexes maintain stem cell quiescence,
self-renewal, differentiation, and reprogramming. E3
ligase-CRL1, also called SCF complex, can medicate the
ubiquitination and degradations of multiple proteins which

Thus, SCF*®"7 could regulate the proliferation of
epidermal stem cells. Further, downregulated

SCF™WY7  promotes the differentiation of
keratinocyte (Onoyama et al. 2011).
In addition, FBW7 plays key roles in

regulating lipogenesis, cell proliferation, and dif-
ferentiation in the liver. Moreover, FBW7 defi-
ciency skewed the differentiation of liver stem
cells toward the cholangiocyte lineage rather
than the hepatocyte lineage (Candi et al. 2006).

6.2.1.2 FBW?7 in Cancer Stem Cell
Because we have previously introduced FBW7
can target several oncoproteins for degradation
(Fig. 6.1), FBW7 is not surprising as a tumor
suppressor (Fig. 6.2). In fact, FBW7 is located
on chromosomal region 4q32, which is frequently
lost in tumors. Moreover, highest mutation
frequencies of FBW7 were found in tumors of
the bile duct (cholangiocarcinoma, 35%), blood
(T-cell acute lymphocytic leukemia, T-ALL
31%), endometrium (9%), colon (9%), and stom-
ach (6%) (Akhoondi et al. 2007; Lee et al. 20006;
Malyukova et al. 2007).

Ablation of FBW7 in the hematopoietic com-
partment results in T-ALL. In the hematopoietic
compartment, FBW7 mutant mouse can promote
the formation of cancer cells (King et al. 2013).

are important in stem cell quiescence(A), differentiation
(B), self-renewal(C), and reprogramming(D). Examples
of CRLI1 and their substrates discussed in this review are
shown in the figure

Besides, due to the stabilization of c-Myc, some
aged mice develop T-ALL (Onoyama et al.
2007). Interestingly, treating those mice with
c-Myc inhibitors, like a cell-permeable small mol-
ecule (JQI) that binds competitively to acetyl-
lysine recognition motifs, or bromodomains,
will lead to T-ALL remission (Filippakopoulos
et al. 2010).

FBW7 regulates cell cycle via degrading
cyclin E and Notch. Cyclin E is frequently
dysregulated in cancer and can drive cells from
the GO or G1 phase to the S phase (Spruck et al.
1999). Besides, the aberrant activation of Notch
promotes leukemia stem cell self-renewal
(Rathinam et al. 2008). It is possible that loss of
FBW7 promotes the development of T-ALL by
stabilizing c-Myc, cyclin E, and Notch (O’Neil
et al. 2007).

Loss of FBW?7 accelerates intestinal
tumorigenesis through promoting the accumula-
tion of p-catenin in adenomas. Intestinal
alterations and susceptibility to adenoma forma-
tion suggest that lack of FBW?7 leads to stem cell
crypt expansion (Babaei-Jadidi et al. 2011).

The mTOR is another downstream target
of FBW7. Treatment of colon cancer cells
with the mTOR inhibitor rapamycin suppresses
their migration and tumor sphere formation.
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Fig. 6.2 CRLI1 complexes exhibit paradoxical functions
in cancer stem cells. Cancer stem cells are thought to be
derived from normal stem cells. CRL1 plays different roles
in different kinds of cancers through ubiquitinate various
substrates. In this figure, green indicates CRL complexes
play roles in tumor suppression in the corresponding

Downregulated FBW7 expression promotes EMT
through increasing expression of mesenchymal
stem cell markers, SOX2, OCT4, and NANOG,
leading to invasive phenotype, greater tumor-
initiating potential, and non-adherent growth abil-
ity (Wang et al. 2013).

Loss of FBW7 is also associated with stem-
like competence in cholangiocarcinoma (CCA),
and rapamycin treatment of CCA cells suppresses
invasion, metastatic potential, and tumor sphere
formation (Yang et al. 2015).

Compared with T-ALL, FBW7 plays an
important role in the development and the pro-
gression of CML (Fig. 6.2). FBW7 is critical in
the maintenance of LICs in CML. Although
c-Myc can promote tumor progression,
overexpressed oncogenic c-Myc inhibits tumor
growth by inducing p53-dependent apoptosis.
Deletion of FBW7 increases c-Myc expression
in LICs; decreases colony formation potential;
eliminates leukemic cell infiltration in peripheral
blood, the spleen, the liver, and the lungs; and
leads to induction of apoptosis in a
p53-dependent manner. Thus, the ablation of
FBW?7 leads to the apoptosis in LICs and eventu-
ally inhibits the progression of CML (Reavie
et al. 2013). Moreover, knockdown of FBW7
causes LICs to differentiate and enter the cell
cycle becoming sensitized to imatinib and

CCA, colon can
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gastric cancer, prostate cancer
medulloblastoma
pancreatic carcinoma

NPC, prostate cancer

tumors. Red represents CRL complexes play roles in pro-
moting cancer in the relevant tumors. 7-ALL t-cell acute
lymphocytic leukemia, CML chronic myelogenous leuke-
mia, CCA cholangiocarcinoma, NPC nasopharyngeal
carcinoma

cytosine arabinoside drug treatments (Takeishi
et al. 2013).

6.2.2 B-TrCP

p-TrCP, also known as FWDI, is a versatile
F-box protein in the SCF E3 ligase complex,
with multiple substrates as degradation targets,
such as Wnt, REST, and Klf4 (Fig. 6.1).

6.2.2.1 Wnt

Intestinal stem cells can replenish every cell type
in this rapidly cycling tissue. Alterations in these
stem cell functions might lead to the expansion of
the stem-like cells, adenomas, and even cancer.
Besides, Wnt signaling can regulate the self-
renewal of crypt base columnar cells (Clevers
et al. 2014).

In the absence of Wnt, p-catenin is
phosphorylated, which mediates the recognition
of it by the SCF* T for ubiquitination and degra-
dation (Aberle et al. 1997; Hart et al. 1999). Wnt
signals could inhibit the phosphorylation of
B-catenin and finally drive a transcriptional pro-
gram that promotes self-renewal (Hernandez et al.
2012). Mutations in -TrCP lead to -catenin stabi-
lization and nuclear translocation, which subse-
quently leads to colon cancer (Ilyas et al. 1997).
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6.2.2.2 REST

REST is expressed in non-neuronal cells and
stem/progenitor neural cells, in which it inhibits
neuronal differentiation by blocking the expres-
sion of neuron-specific genes (Ballas et al. 2005;
Ooi and Wood 2007). The transition from embry-
onic stem cell to NSCs requires the proteasome-
mediated degradation of REST. SCF" ™™ can
target REST for proteasomal degradation
(Westbrook et al. 2008). Knockdown pB-TrCP
inhibits the differentiation of ESCs into neuronal.
Consistently, the level of -TrCP is upregulated
during neuronal differentiation.

6.2.2.3 Kifa

Ubiquitinated Klf4 conjugates are observed at a
high level in proliferating cells as compared with
serum-starved cells (Chen et al. 2005). Kif4
expression is downregulated in response to
TGF-p signaling (Hu and Wan 2011). KIf4 phos-
phorylation by ERKI1 recruits p-TrCP to its
N-terminal region for protein degradation (Kim
et al. 2012). Thus, treatment with inhibitors of E3
ligases of B-TrCP might enhance self-renewal
capacity and enable KIf4 to reprogram embryonic
fibroblasts more efficiently.

6.2.2.4 Paradoxical Functions of 3-TrCP
in CSC
On one hand, B-TrCP can degrade p-catenin and
thus inhibits Wnt signaling pathway, which is
critical for cancer stem cell proliferation (Jiang
and Struhl 1998). The genetic alterations of
B-TrCP and the accumulation of p-catenin have
also been confirmed in studies of gastric cancer
and prostate cancer (Gerstein et al. 2002). REST
is found to be overexpressed in human MB which
arises from undifferentiated NSCs present in the
cerebellum (Majumder 2006). GLI1 promotes the
generation of many kinds of cancer stem cells.
The protein stability of GLI1 is also regulated by
E3 ubiquitin ligases SCF* TP (Jiang 2006).
Therefore, upregulation of B-TrCP may be a
promising approach to the treatment of these
diseases (Fig. 6.2).

On the other hand, -TrCP can also accelerate
the turnover of IkBa, activate the NF-xB pathway
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in pancreatic carcinoma cells, and enhance the
chemoresistance of cancer cells (Fig. 6.2)
(Muerkoster et al. 2005).

6.2.3  Skp2

Skp2 (S-phase kinase-associated protein 2, also
known as FBXL1) is another well-studied F-box
protein. It can recognize substrates via the LRR
motif. Skp2 targets various proteins such as
c-Myc, MEF, Xicl, p27, and Akt (Fig. 6.1).

6.2.3.1 c-Myc

Skp2 is the first identified E3 ligase for c-Myc in
yeast cells. Skp2-mediated ubiquitination of
c-Myc has been shown to regulate c-Myc tran-
scriptional activity. In turn, Skp2-induced activa-
tion of several promoters requires c-Myc. The
interaction between Skp2 and c-Myc leads to
diminished c-Myc protein levels. In particular,
Skp2-mediated c-Myc turnover is observed at
the G1 to S-phase transition during the activation
of resting lymphocytes. Apart from the Skp2 pro-
motion of c-Myc degradation, Skp2 is also
involved in regulating c-Myc’s cellular function
by enhancing c-Myc-induced S-phase entry (Kim
et al. 2003).

6.2.3.2 MEF

Myeloid Elf-1-Like Factor (MEF) (also known as
ELF4) is an ETS-related transcription factor with
strong transcriptional activating activity that
affects hematopoietic stem cell behavior and is
required for normal NK cell and NK T-cell devel-
opment. MEF is a short-lived protein whose
expression level also peaks during late Gl
phase. Overexpression of MEF drives cells
through the G1/S transition, thereby promoting
cell proliferation. Skp2 targets MEF for
ubiquitination and proteolysis. In this way, Skp2
regulates HSC proliferation (Liu et al. 2006).

6.2.3.3 Xicl

Xenopus cyclin-dependent kinase inhibitor
(Xicl) is essential for primary neurogenesis at
an early stage and before these cells exit the cell
cycle (Vernon et al. 2003). Skp2 degrades Xicl in
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embryos, and this contributes to the ability of
Skp2 to regulate neurogenesis. As a result, Skp2
plays important roles in differentiation of these
neuronal cells (Boix-Perales et al. 2007).

6.2.34 p27

Skp2 knockout mice are viable and show a
reduced growth rate and increased apoptosis
(Nakayama et al. 2000). G1/S cyclin-dependent
kinase inhibitor p27 is a tumor suppressor. Skp2
regulates apoptosis, cell cycle progression, and
proliferation through promoting targeting p27
for ubiquitination and degradation (Nakayama
et al. 2004). Depletion of Skp2 in LT-HSCs
promotes proliferation (Rodriguez et al. 2011).
In the Skp2-null cells, the expression levels of
p27 are normal, but cyclin D1 is upregulated.
Intriguingly, cyclin D1 isn’t a target of Skp2.

6.2.3.5 Akt

The dysregulation of cell-cycle and aerobic gly-
colysis are important mechanisms for the self-
renewal and proliferation of CSCs. Skp2 mediates
the nonproteolytic K63-linked ubiquitination of
Akt and promotes Akt-mediated glycolysis and
tumorigenesis (Chan et al. 2012).

6.2.3.6 Skp2 in Cancer Stem Cells

It is not surprising that overexpression of Skp2
correlates with poor prognosis of nasopharyngeal
carcinoma (NPC) and prostate cancer (Chan et al.
2013). Knockdown or pharmacological inhibition
of Skp2 dramatically reduces the ALDH" CSC
population and downregulates the sphere forma-
tion capability of NPC CSCs (Wang et al. 2014a).
In prostate cancer, a small molecule inhibitor of
Skp2 reduces prostate CSC population through
pS53-independent cellular senescence and inhibi-
tion of aerobic glycolysis. Moreover, Skp2
inhibitors sensitize prostate cancer cells to doxo-
rubicin and cyclophosphamide drug therapy
(Fig. 6.2) (Chan et al. 2013).

In addition to these three well-studied F-box
proteins, there are other proteins that play roles in
stem cell regulation (Fig. 6.1). Fbxol5 may
reduce the exposure of ESCs to ROS (Donato
et al. 2017). The TDH-GCNS5SL1-Fbxo15-KBP
axis limits mitochondrial biogenesis in mouse
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ESCs. Therefore, SCF'BXO15 was also used as a
marker for iPSCs (Donato et al. 2017). KDM2B
(also known as FBXL10) is reported to control
hematopoietic stem cell self-renewal, somatic cell
reprogramming and senescence, and
tumorigenesis (Ueda et al. 2015).

6.3 CRL2/5 and Stem Cell

ECS complex is another major type of RING
finger E3 ligases, including three invariable
subunits: Elongin B/C (adaptor protein),
Cullin2/5 (scaffold protein), and Rbx1/2 (RING
finger protein, interacting with E2). It has a vari-
able substrate recognition element that binds to
Elongin B/C via BC-box domain. There are two
main groups in the BC-box proteins, von Hippel-
Lindau (VHL-box) proteins and suppressors of
cytokine signaling-box (SOCS box) proteins
(Kamura et al. 2004).

6.3.1 VHL-box and CRL2

The VHL-box proteins include VHL, LRR-1, and
FEMI1B (Pozzebon et al. 2013). VHL was first
reported as a tumor suppressor that is inactivated
in the familial kidney cancer syndrome VHL dis-
ease (Latif et al. 1993). About 57% of sporadic
clear cell cancers of the kidney contain
VHL-inactivating mutations, and 98% lose het-
erozygosity at the VHL locus (Gnarra et al. 1994).

Just like progenitor cells in the hypoxic envi-
ronment of bone marrow, stem cells are relatively
deficient in oxygen, thereby protecting long-term
HSCs from damage by ROS. Under hypoxic
conditions, HIFla transcription factor stabilizes
stem cell quiescence and promotes cell survival
under hypoxic conditions (Fig. 6.3).

Depletion of VHL stabilizes HIFla protein
and leads to HSC quiescence, which is deter-
mined by an increase in the number of LSK
cells in GO phase and a decrease in peripheral
blood differentiation status (Takubo et al. 2010).
When HSCs differentiate, they leave the HSCs
niche, and then HIF1« is degraded by VHL. As a
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Fig. 6.3 CRL2/5 complexes control stem cell differentia-
tion in multiple ways. CRL2 and CRLS5 have similar
structures. They adopt different BC-box proteins to facili-
tate the ubiquitination of substrates. As is shown in figure,
CRL2 and CRLS are involved in the differentiations of

result, differentiation of cells in the peripheral
blood is attenuated.

Furthermore, a hypoxic environment and sta-
ble HIF1a expression expand the subpopulation
of cancer cells positive for CSC markers. Besides,
hypoxia indirectly leads to chemotherapy resis-
tance (Maugeri-Sacca et al. 2011). Therefore,
introducing VHL into cancer cells may be an
effective approach to reduce therapeutic
resistance.

The sonic hedgehog (Shh) signaling pathway
plays a crucial role in cell proliferation and differ-
entiation via Patchedl (Ptcl), a 12-transmembrane
receptor protein. The C-terminal cytoplasmic tail of
Ptcl can be cleaved to release the seventh intracel-
lular domain (ICD7). Ptcl ICD7 interacted with
most components of the CUL2-based E3 ligase
complex, including Elongin B/C, ZYGI11B, and
CUL2 itself. CUL2 knockdown inhibits the
Shh-induced osteoblast stem cell differentiation
(Yamaki et al. 2016).

Decapentaplegic (Dpp) is essential for the
maintenance of germline stem cells (GSCs) in
the Drosophila ovary (Xie and Spradling 1998).
Depletion of CUL2 in somatic cells results in
upregulation of Dpp signal and production of
additional accumulation of extra GSC-like cells
in the ovarian primordial germ chamber. Ectopic

ESCs

both embryonic stem cells and adult stem cells. HSCs
hematopoietic stem cells, OSCs osteoblast stem cells,
GSCs germline stem cells, MSCs muscle stem cells,
ESCs embryonic stem cells

expression of CUL2 also regulates Dpp and thus
controls the differentiation of GSCs to cystoblasts
(CBs) (Ayyub et al. 2015).

6.3.2 SOCS Box and CRL5
SOCS box protein can be subdivided into four
classes, SOCS, WSB, SSB, and ASB, which,
respectively, contain SH2 domain, WD-40
repeats, SPRY domain, and Ankyrin repeats
N-terminal to the SOCS box (Hilton et al.
1998). They degrade many components of cyto-
kine signaling and negatively regulate cell prolif-
eration (Fig. 6.3) (Kamura et al. 2004).
Ankyrin-repeat SOCS box-containing protein
2 (ASB2) targets the actin-binding proteins
filamin A and B (FLNA and FLNB) for
proteasomal degradation. Reducing ASB2 in leu-
kemia cells delays retinoic acid-induced differen-
tiation and filamin degradation. Conversely,
ASB2 expression induces filamin degradation.
ASB2 may regulate hematopoietic cell differenti-
ation by modulating cell proliferation and actin
remodeling through targeting filamins for degra-
dation (Heuze et al. 2008). During induced dif-
ferentiation of C2C12 cells, knockdown of ASB2
delays FLNB degradation as well as myoblast
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Fig. 6.4 CRL3 complexes
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fusion and expression of muscle contractile
proteins (Bello et al. 2009).

The ID proteins (ID1 to ID4) are known to
mediate differentiation and cell cycle control,
thereby affecting cellular functions such as metas-
tasis, angiogenesis, apoptosis, and maintenance
of trophoblast stem cells (TBSCs) (Zebedee and
Hara 2001).The ubiquitin ligase Ankyrin-repeat,
SOCS box-containing 4 (ASB4) is abundantly
expressed in the developing placenta and is highly
upregulated during the differentiation of embry-
onic stem cells into endothelial cell lineages
(Ferguson et al. 2007). ASB4 promotes embryonic
stem cell differentiation into vascular lineages by
degrading ID2 (Townley-Tilson et al. 2014).

6.4 CRL3 and Stem Cell

CUL3 interacts with BTB (broad-complex,
tramtrack, and bric a brac) proteins, which act as
both substrate adaptors and receptors. The BTB
domain is also known as the POZ domain (poxvi-
rus and zinc finger) (Staller et al. 2003). The BTB
domain mediates CUL3 binding, and an adjacent
protein-interaction domain recruits substrate for
ubiquitination (Zhuang et al. 2009). The BTB
protein family are mainly composed of five
subfamilies, including proteins with the BTB
domain alone, the BTB domain with one or
more zinc fingers (BTB-ZF), the BTB domain

with one or more kelch repeats (BTB-Kelch),
the BTB domain with the pipsqueak domain
(BTB-PSQ), and the BTB domain with another
functional domain (Chaharbakhshi and Jemc
2016). CUL3 knockout mice are lethality at
E7.5 (Singer et al. 1999). CRL3 exhibit multiple
functions  in self-renewal, osteogenesis,
neurogenesis, myogenesis, adipogenesis, and
cancer stem cell development (Fig. 6.4).

6.4.1 Multiple Roles of KLHL12
A genetic screen first linked kelch-like family
member 12 (KLHL12) complex with secretion
of collagen, an essential component for stem
cell niche (Jin et al. 2012). CUL3*HM12 mono-
ubiquitinates the COPII vesicle protein SEC31,
which forms a sufficiently large COPII vesicle
and envelops the secreted collagen molecules
into the extracellular space (Jin et al. 2012).

DSH can block the p-catenin destruction com-
plex. In addition, the canonical Wnt pathway can
stimulate osteogenesis and inhibit adipogenesis
(James 2013). CUL3X™2 targets DSH for deg-
radation and inhibits Wnt signaling, which
indicates a potential role in stem cell regulation
(Angers et al. 2006).

D4R belongs to the G protein-coupled
receptors and positively regulates osteogenesis
(Lee et al. 2015). CUL3®'2 promotes
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ubiquitination of the D4R and negatively
regulates osteogenesis (Skieterska et al. 2016).

6.4.2 Multiple Roles of SPOP

Speckle type BTB/POZ protein (SPOP), also
known as BTBD32, is one of the genes with the
highest mutation frequency in prostate cancer.
The mutation rate is 10—15%. The SPOP mutant
prostate cancer has a higher degree of malignancy
and a worse prognosis (Wang et al. 2019).

NANOG, an ESC transcription factor,
maintains the self-renewal and pluripotency of
ESCs (Chambers et al. 2003). NANOG is highly
expressed in various cancers and plays a pleiotro-
pic role in the tumorigenesis cascade, such as
CSC population modulation (Chen et al. 2016).
NANOG can be ubiquitinated by the RbxI-
CUL3-SPOP E3 ubiquitin ligase complex,
which inhibits the self-renewal and tumorigenic
ability of prostate cancer stem cells (Wang et al.
2019).

IHH signaling is required for chondrocyte and
osteoblast differentiation. CRL3%"°" degrades the
downstream transcription repressor GLI3R and
thus promotes IHH signaling (Cai and Liu 2016).

RA controls differentiation of stem cells
through RARs and transcriptional coactivators
like the p160 family member SRC-3 (Ferry et al.
2011). SRC-3 is recruited to target promoters
together with RARs but is subsequently
phosphorylated and degraded by CUL3%FOF
(Li et al. 2011a).

6.4.3 BTB Proteins in Neurogenesis

Neural crest cells are capable of differentiating to
produce a variety of specialized cell types such as
chondrocytes, melanocytes, and glial cells
(Betancur et al. 2010; Simoes-Costa and Bronner
2015). Kelch repeat and BTB domain-containing
8 (KBTBDS) is an essential regulator of human
and Xenopus tropicalis neural crest specification.
CUL3*BT®P8 monoubiquitinates NOLC1 and its

89

paralogue TCOF1, which drives formation of a
TCOF1-NOLC1 platform that connects RNA
polymerase I with ribosome modification
enzymes and remodels the translational program
of differentiating cells in favor of neural crest
(Dixon et al. 2006).

During development, neurons need to migrate
to specific locations in the embryonic cerebral
cortex and then establish dendritic spine
connections. Rho GTPases can provide driving
forces for cell migration (Ridley 2006).
CUL3BACURD complexes were originally discov-
ered in Drosophila which mediate the degrada-
tion of RhoA and controlled actin cytoskeleton
structure and cell movement (Chen et al. 2009).

RND2 and RND3 also belong to Rho GTPase
families. BACURD1 and BACURD?2 reorganize
the actin cytoskeleton via RND2 and RND3, to
coordinate early steps in cortical neurogenesis
which is critical for cortical neuron development
(Gladwyn-Ng et al. 2016). Further, BACURD?2 is
identified as an interaction partner of RND2
(Gladwyn-Ng et al. 2015).

Notch signaling pathway consists of four
receptors: Notchl-Notch4 (Takebe et al. 2015).

Potassium channel tetramerization domain-
containing 10 (KCDTI10, also known as
HBARUCD3) interacts with Notchl and

ubiquitinates and degrades Notchl (Ren et al.
2014). KCTD10 may play roles in the develop-
ment of neuroepithelium of neural tube and dorsal
root ganglion (Sun et al. 2007).

Mutations of KLHL 16 cause massive disorga-
nization of the intermediate filaments (Cleveland
et al. 2009). CUL3XM™20 can target RHOGEF
for ubiquitination and degradation and then facil-
itate neurite outgrowth (Lin et al. 2011).

Promyelocytic leukemia zinc finger (PLZF,
also known as ZBTB16, ZNF145) is a negative
regulator of differentiation. BTBD6A targets
PLZF for ubiquitination and degradation and
then re-localizes PLZF from the nucleus to the
cytoplasm in zebra fish (Sobieszczuk et al. 2010).
Interestingly, the highly conserved PLZF is
involved in many differentiation processes (Liu
et al. 2016). It still needs further investigation.
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6.4.4 BTB Proteins in Myogenesis
Mutations in KBTBDS5, KBTBD10, as well as
KBTBD13 are associated with nemaline myopa-
thy (Sambuughin et al. 2012). Mutation in
KLHLY causes distal myopathy (Cirak et al.
2010).

KBTBDS5 promotes the ubiquitination and
degradation of DP1 (Gong et al. 2015). The tran-
scription factor E2F1 forms a heterodimer com-
plex with DP1 and regulates the expression of
essential cell division genes involved in G1-S
transition (Rowland and Bernards 2006).
CRL3¥BTBDS  targets DP1  for degradation,
thereby inhibiting E2F1-DP1-driven transcrip-
tion, which 1is essential for skeletal muscle
myogenesis (Gong et al. 2015). Besides, in
C2C12 myoblasts, knockdown KBTBDI10
inhibits myotube formation (du Puy et al. 2012).
Moreover, KLHL9 can target Aurora B for
ubiquitination and degradation (Sumara et al.
2007). Because Aurora B can regulate the assem-
bly and disassembly of type III intermediate
filaments, including vimentin and desmin, defi-
ciency of KLHL9 destroys skeletal muscle
functions (Gupta and Beggs 2014).

6.4.5 BTB Proteins in Other Stem Cell
Regulation
Potassium channel tetramerization domain-

containing protein 2 (KCTD2) interacts with
c-Myc and  promotes c-Myc  protein
ubiquitination and degradation. Besides, KCTD2
expression is markedly decreased in patient-
derived glioma stem cells. As a result, KCTD2
depletion acquires glioma stem cell features and
affects gliomagenesis by destabilizing c-Myc
(Kim et al. 2017).

C/EBPa is considered as a primary transcrip-
tion factor that mediates adipogenesis. Its activity
is delayed by CHOP (also called growth arrest-
DNA damage-induced 153, GADD153), a domi-
nant negative form of C/EBP family members
(Li et al. 2006). KLHL19 targets CHOP for
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degradation, thereby
(Huang et al. 2012).

initiating adipogenesis

6.5 CRL4 and Stem Cell

CULA4 proteins interact with the E2 enzyme via
the RING finger protein Rbx 1 at their C-terminus.
Similar to CULI1, at their N-terminus, they
employ DDB1 (DNA damage-binding protein
1), as an adaptor protein, which in turn recruits
different substrate receptor proteins known as
DDB1- and CUL4-associated factors (DCAFs)
(Jackson and Xiong 2009). These DCAFs have
been suggested to determine the substrate speci-
ficity in different CUL4-DDB1-based E3 ligase
complexes (Lee and Zhou 2007). Most DCAFs
have a WD40-repeat domain and mediate the
binding of DCAF to DDB1 through a conserved
“WDXR” or “DXR” structural region.

6.5.1 DDB1

Germline CUL4A-deleted mice are viable and
display no gross abnormality (Liu et al. 2009),
possibly due to redundancy with CULA4B,
whereas DDB1 deletion is embryonic lethal, and
embryos are not seen past E12.5 (Cang et al.
2006).

DDBI1 plays a critical role in ESC self-
renewal, and silencing of DDB1 leads ESCs to
differentiate (Buckley et al. 2012). Silencing of
DDBI results in a significant reduction in the
expression level of the pluripotency marker gene
Oct3/4, coupled with morphological
abnormalities in ESCs (Buckley et al. 2012). In
a similar manner, the E3 ligase CUL4APPB!
supports the self-renewal of hematopoietic
precursors. Hematopoietic stem cells highly
express DDB1 which monitors stem cell divisions
by ubiquitination and proteasomal degradation of
p53 (Fig. 6.5) (Gao et al. 2015). Specific deletion
of DDBI in the brain results in elimination of
neuronal progenitor cells, hemorrhages in the
brain, and neonatal lethality (Cang et al. 2006).
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Fig. 6.5 CRL4 complexes
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6.5.2 CRL4 in Spermatogonial Stem

Cells

Mammalian spermatogenesis is a complex and
highly regulated process. The pluripotent sper-
matogonial stem cells proliferate through mitotic
cell divisions, differentiate into primary
spermatocytes, and then undergo two meiotic
divisions to produce haploid round spermatids,
which subsequently differentiate into highly
specialized spermatozoa through spermiogenesis
(de Kretser et al. 1998). CUL4A and CUL4B
have been shown to play distinct and essential
roles during spermatogenesis (Kopanja et al.
2011; Lin et al. 2016; Yin et al. 2011, 2016).
These two proteins display complementary
expression patterns in adult mouse testis, where
CUL4A is mainly present in meiosis-stage
spermatocytes, while CUL4B is predominantly
expressed in Sertoli cells, spermatogonia, and
spermatids (Kopanja et al. 2011; Yin et al.
2011). Disruption of CUL4A caused male infer-
tility because of the defective meiotic progression
(Kopanja et al. 2011; Yin et al. 2011), whereas
the male infertility phenotype resulted from
CUL4B deletion due to abnormal postmeiotic
sperm development (Lin et al. 2016; Yin et al.
2016).

In addition, DDB1- and CUL4-associated fac-
tor 17 (DCAF17) show high expression in testis.
There exists a gradual increase in DCAF17
mRNA levels with the age. Deletion of
DCAF17 does not have any effect on female
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fertility but causes spermatogenesis defects and
male infertility in mice (Ali et al. 2018). Disrup-
tion of DCAF17 causes asymmetric acrosome
capping, impaired nuclear compaction, and
abnormal round spermatid to elongated spermatid
transition. Therefore, DCAF17 is essential for
spermiogenesis.

6.5.3 CRL4 in Neural Stem Cells
CULAA expression is upregulated during neural
stem cell differentiation, and CUL4A
overexpression can increase Sox2 ubiquitination
level and promote its degradation (Cui et al.
2018). The sex-determining region Y-box
2 (Sox2) is a key factor for maintaining
NPC and ESC pluripotency (Graham et al.
2003). The DCAF family member constitutive
photomorphogenic 1 (COP1) can directly interact
with Sox2 and form a ligase complex
CULA4ACOPIPETL 5 bromote the differentiation
of neural stem cells by increasing the
ubiquitination of Sox2 (Cui et al. 2018). The
deubiquitinase = OTUD7B  (OTU  domain-
containing protein 7B) antagonizes this effect
and maintains the stemness of NPCs through
deubiquitinating Sox2 (Cui et al. 2018).
Peroxiredoxin III (PrxIII) is a reactive oxygen
species (ROS) scavenger. High endogenous ROS
levels are required for NSC proliferation. CUL4B
targets PrxIIl for degradation (Li et al. 2011b).
DDB1 and ROCI1 in the DDB1-CUL4B-ROC1
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complex are also indispensable for the proteolysis
of PrxIIl. In addition, the degradation of PrxIII is
independent of CUL4A. In CULA4B-silenced
cells, there exists a significant decrease in cellular
ROS production, which is associated with
increased resistance to hypoxia-induced apopto-
sis (Lee and Zhou 2007). Therefore, CUL4B
promotes NSC proliferation (Fig. 6.5).

6.54 CUL4 and Therapeutic

Approaches

Thalidomide interferes with limb development.
Thalidomide and its derivatives lenalidomide
and pomalidomide (together known as Immuno-
modulatory Drugs: IMiDs) emerged as effective
treatments  for multiple myeloma and
5q-dysplasia. CRBN (cereblon) is a substrate rec-
ognition component of a DCX (DDB1-CUL4-X-
box) E3 protein ligase complex that mediates the
ubiquitination and subsequent proteasomal deg-
radation of target protein MEIS2. IMiDs block
endogenous substrates MEIS2 from binding to
CRLARBN E3 ubiquitin ligase and promote the
ubiquitination of Ikaros/Aiolos (Ito et al. 2010).
By interacting with both the CUL4-cereblon
complexes, IMiDs can induce degradations that
are beneficial for leukemia treatment (Fischer
et al. 2014; Kronke et al. 2014; Lu et al. 2014).
Similar to thalidomide, antitumor sulfonamides
induce ubiquitination and proteasomal degrada-
tion of the splice regulator RBM39 through
recruit CUL4-DCAF15 (Han et al. 2017). By
elucidating the role of ubiquitination in stem
cells and early human development, new and
safe treatments will be developed to correct
many of the genetic diseases that result from
germline mutations.

6.6 Conclusions and Perspectives

Cullin-RING E3 ligases, like other E3s, can reg-
ulate different biological processes proteolyti-
cally or non-proteolytically. It is not surprising
that CRLs have emerged as an important regula-
tor of proteins which are critical for stem cell
niche or transcriptional controls. Here, we

L. Fu et al.

summarize the roles of various CRLs in stem
cell pluripotency, reprogramming, self-renewal,
and differentiations. In addition, the deregulations
of these CRLs are highly associated with devel-
opmental diseases and cancers. It provides us
many candidate biomarkers and promising thera-
peutic targets. Moreover, stem cells are essential
and limited, and many diseases can be treated by
generating more effective iPSCs. Through
analyzing the regulations of CRLs in certain
known key transcriptional factors, we may extend
the clinical applications of iPSCs. On the other
hand, CRLs that can improve the efficiency of
cellular reprogramming may also be potential
targets. However, since only a very small portion
of CRLs are well characterized in stem cell regu-
latory system, more work is needed. Identifying
the roles and substrates of other functional CRLs
will help us better understand the characteristics
of stem cell and further gain more therapeutic
approaches.
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Abstract

Cullin-RING ubiquitin ligases (CRLs) are effi-
cient and diverse toolsets of the cells to regu-
late almost every biological process. However,
these characteristics have also been usurped by
many viruses to optimize for their replication.
CRLs are often at the forefront of the arms
races in the coevolution of viruses and hosts.
Here we review the modes of actions and func-
tional consequences of viral manipulations of
host cell CRLs. We also discuss the therapeutic
applications to target these viral manipulations
for treating viral infections.
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HBV Hepatitis B virus

HIV Human immunodeficiency virus

KSHV  Kaposi’s sarcoma-associated
herpesvirus

RSV Respiratory syncytial virus

SCF SKP1-Cullin1-Fbox E3 ligase

SR Substrate receptor

Viruses rely on the host cell machinery to infect
and replicate. It is remarkable that viruses can use
their small repertoire of proteins to control the host
cells and redirect almost every cellular apparatus
toward massive production of viral particles. The
protein degradation machinery is not spared by the
virus. In fact, viruses heavily manipulate the
ubiquitin proteasome system to optimize for viral
replication (Hershko and Ciechanover 1998;
Schwartz and Ciechanover 1999). Cullin-RING
ubiquitin ligases, the largest family of eukaryote
ubiquitin ligases, are hijacked by viruses that are
very different taxonomically to evade different
human defense mechanisms (Mahon et al. 2014,
Barry and Fruh 2006). For example, paramyxovi-
rus, which belongs to the Paramyxoviridae, and
Hepatitis B virus (HBV), which belongs to the
Hepadnaviridae, both use a small protein
(V protein for paramyxovirus and HBx for
HBV) to hijack the Cul4-DDB1 (CRL4) E3 ligase
to target multiple host proteins for ubiquitination
and degradation (Li et al. 2006; Decorsiere et al.
2016). As another example of the widespread viral
hijacking of Cullin-RING, HIV use multiple
accessory proteins, Vpu, Vpr, Vif, and Vpx (Vpx
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is HIV-2 specific), to hijack multiple Cull-, Cul4-,
and Cul5-based CRLs (Sauter and Kirchhoff
2018; Malim and Bieniasz 2012). These viral
proteins usually function as adaptors between the
CRLs and the protein targets, which are often
involved in host antiviral responses. The acces-
sory proteins possess multiple protein binding
sites that can interact with both the CRL substrate
receptor and the target proteins, thereby recruiting
the target proteins to the CRLs for ubiquitination
and subsequent degradation.

Evidence is accumulating to support that a
large number of proteins are affected by the
viral hijacking. For example, a recent study
showed that hundreds of proteins might be
downregulated by HIV Vpr, including proteins
from a variety of function categories such as
RNA-binding proteins and DNA-binding
proteins (Greenwood et al. 2019). Our own
study quantitated the proteome of HIV-1-infected
primary CD4+ T cells and uncovered protein
level changes of hundreds of human proteins.
Importantly, these protein changes are not
associated with mRNA level changes determined
by RNA-seq in the same study, supporting wide-
spread alterations of protein stability by the viral
proteins (Liu et al. 2019). It is expected that
proteins targeted by the virus-hijacked ubiquitin
ligases would be ubiquitinated and degraded,
explaining the downregulated protein levels. But
what is the mechanism of the upregulation of
protein levels? An analysis of a published list of
physiological substrates of CRLS5 E3s shows that
most of them are upregulated by HIV infection
(Liu et al. 2019). This phenomenon is likely
explained by HIV Vif’s hijacking of CRLS,
which competes away the physiological
substrates from the E3s. The breadth and com-
plexity of the cellular proteins destabilized/
stabilized by viral hijacking of the host ubiquitin
ligases highlight the importance of this hijacking
to the viral replication and pathogenesis. The
importance of the viral hijacking is also reflected
in the positive selection of the amino acid
sequences involved in the binding sites between
the viral protein and the host target proteins
(Daugherty and Malik 2012). Positive selection
in amino acid sequences is a hallmark of the
evolutionary arms race between a host protein
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and its viral antagonist protein, providing strong
evidence that the interaction is critical to the sur-
vival of both the virus and the host during the
coevolution of the two parties (Daugherty and
Malik 2012).

The widespread viral hijacking of CRLs is not
accidental. Ubiquitination-mediated protein deg-
radation is involved in almost every biological
process, regulating important protein turnover
that often controls the progression and magnitude
of the process in a rapid fashion (Deshaies and
Joazeiro 2009; Zheng and Shabek 2017). The
target proteins can be massively degraded within
a few hours, which are critical for viruses to evade
the cellular defense system to expedite their rep-
lication (Weekes et al. 2014; Matheson et al.
2015). In addition to speed, the catalytic nature
of ubiquitination and proteasomal degradation
ensures that regulation of the ubiquitin ligases
can have a magnifying effect due to the low
reaction stoichiometry, i.e., one ligase molecule
can ubiquitinate many substrate molecules
(Harper and Tan 2012). When hijacked by a
virus, this stoichiometry ratio can maximize the
impact of the hijacked ligase. A third attribute of
CRLs is that they are highly modular, thereby
making it straightforward for the viral protein to
exploit or interfere (Deshaies and Joazeiro 2009;
Zheng and Shabek 2017). Usually, substrate
specificity of CRLs are solely determined by indi-
vidual substrate receptor (SR) proteins. In addi-
tion, the catalytic mechanism of the
ubiquitination reaction is through induced prox-
imity (Deshaies and Joazeiro 2009). These
properties facilitate viral hijacking by simply
introducing new protein-protein interaction
between SR and a host defense protein. The
viral protein can bind both the SR and the host
defense protein and functions as a linker between
the two (Mahon et al. 2014). The formation of this
complex is sufficient to enable the ubiquitination
of the host defense protein. The high modularity
and proximity-based catalysis of CRLs provide
great versatility to evolve new functionality in
host evolution, which likely account for the
great diversity of the current CRL family
members. However, this property has also been
taken advantaged by a variety of viruses to work
against the hosts. On the other hand, the
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widespread viral hijacking of CRLs and the
importance of the hijacking to viral replication
indicate that targeting these hijacking events
might provide opportunities to discover effective
antiviral drugs (Huang and Dixit 2016; Votteler
and Schubert 2008).

In addition to viral hijacking of the CRL
ligases, viral proteins can affect ligase activities
in many other ways. For example, they can affect
phosphorylation of the substrate proteins to pro-
mote their ubiquitination, as in the case of KSHV
V-cyclin’s phosphorylation of p27, which leads
to p27 ubiquitination by CRL1-SKP2 ligase and
subsequent degradation (Ashizawa et al. 2012;
Ellis et al. 1999; Liu et al. 2007). As another
sample, Epstein-Barr virus (EBV) encodes a pro-
tease named BPLF1, which can function as a
deneddylase to remove Nedd8 protein from
Cullins and inhibit CRL activity (Gastaldello
et al. 2010). Below, we will discuss in detail a
number of examples of viral manipulations of the
different family of CRLs and the therapeutic
implications of these molecular events. We will
emphasize on HIV-1 given its many well-studied
examples of hijacking multiple CRLs.

7.1 Cullin 1-RING Ubiquitin Ligases

(CRL1)

CRL1 E3 ligases are the prototype of the whole
CRL family. The invariable components of
CRL1 E3s are Cullin 1, Rbxl (also named
Rocl), and the adaptor protein SKP1. SKP1
recognizes different SRs through binding to the
highly conserved F-box domain of the SRs
(Zheng and Shabek 2017; Bai et al. 1996;
Skowyra et al. 1997; Feldman et al. 1997). There-
fore, CRL1s have traditionally been termed as
SCF E3 ligases (Skp1-Cullin1-F-box). There are
about 70 F-box proteins in the human genome,
targeting a large number of proteins in the cells
given that each F-box can target multiple proteins
for ubiquitination (Jin et al. 2004). The functions
of different CRL1s are widely involved in cell
cycle regulation; cell growth; cell death, develop-
ment, and differentiation etc (Skaar et al. 2013).
The diversity of the CRLI family also makes

them facile targets to be hijacked by many
viruses, including herpesvirus, rotavirus, HIV-1,
Hepatitis E virus, etc. (Ashizawa et al. 2012; Liu
et al. 2007; Rodrigues et al. 2009; Graff et al.
2009; Surjit et al. 2012; Collins and Collins
2014). We will describe several well-studied
examples below (Fig. 7.1).

HIV-1 Vpu had been well known to promote
virus release from infected cells. However, it took
a 20-year long research to unveil the underlying
mechanism. A human membrane protein named
tetherin was identified to be an HIV restriction
factor that is counteracted by Vpu (Neil et al.
2008; Van Damme et al. 2008). Tetherin, as its
name indicates, can function as a tether between
nascent virions and infected cells, as well as
between nascent virions, the net effect of which
is to block the release of the nascent virions.
Tetherin accomplishes this interesting function
through its two membrane anchoring domains,
one at its N-terminus and one at the C-terminus
(Perez-Caballero 2009). The expression level of
tetherin is induced by interferon (Neil et al. 2008;
Van Damme et al. 2008). Therefore, it is an
effector of the interferon-mediated antiviral
response, and it was later shown to be a general
mechanism for defense against many different
viruses (Evans et al. 2010). Vpu is also a trans-
membrane protein that interacts with tetherin
through its transmembrane domain (Vigan and
Neil 2010). In addition, the intracellular domain
of Vpu interacts with the F-box protein f-TrCP,
which is the SR for the E3 SCF* TP (Margottin

Cullin1

Fig. 7.1 Examples of viral hijacking of CRL1. HIV-1
Vpu protein recruits CD4 or tetherin or PSGL-1 to
SCF-B-TrCP E3 ligases for ubiquitination
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et al. 1998). This interaction links tetherin to an
E3 ligase, which results in its ubiquitination and
degradation from the cell surface due to
ubiquitination-induced endosomal degradation
(Roy et al. 2014). Vpu is not present in the
incoming viruses and is only produced late in
the HIV-1 life cycle, which suits the timing to
antagonize tetherin and promote virus release
(Neil et al. 2008).

Another target of SCFPTP_vpu E3 ligase is
the CD4 molecule on the surface of T cells. Dis-
tinct from antagonism of tetherin, Vpu targets
CD4 molecule using its intracellular domain,
and the degradation of CD4 after ubiquitination
is through the proteasomal pathway (Roy et al.
2014; Dube et al. 2010). The physiological sig-
nificance of Vpu-induced CD4 degradation is
thought to avoid the re-adsorption of the nascent
virions on the surface due to the contact of
envelop protein and CD4. But the exact signifi-
cance of this degradation remains to be
demonstrated since CD4 is also the receptor for
HIV, which complicates genetic studies to con-
firm the function of the degradation (Dube et al.
2010; Chaudhuri et al. 2007).

A comprehensive study to quantitatively mea-
sure membrane protein abundance during HIV
infection in CD4+ T cells has revealed more
potential targets of Vpu (Matheson et al. 2015).
By comparing the differences in proteomic
changes in infections with wild-type HIV or
Vpu-deficient HIV, this study identified over
100 potential protein targets of Vpu-mediated
degradation. From this list, Matheson et al.
found an amino acid transporter protein named
SNATI1, which was subsequently shown to be
ubiquitinated by SCF*™™P-Vpu and degraded
by the endosomal pathway, rather than the
proteasomal pathway (Matheson et al. 2015).
Why does Vpu target SNATI, given that this
protein does not seem to affect HIV-1 infection
in vitro? The authors of the study found that
SNATI is required for T cell activation, which
might be linked to the establishment of latent
reservoir of the viruses (Sugden and Cohen
2015). But the exact mechanistic explanation of
the Vpu-SNATI antagonism requires further
study.
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Our group recently identified another HIV
restriction factor and target of SCF* ™“*_-Vpu E3
ligase: PSGL-1, from a genome-wide proteomic
profiling in human primary CD4+ T cells during
HIV-1 infection (Liu et al. 2019). PSGL-1 is sig-
nificantly downregulated during HIV-1 infection
in Vpu-dependent fashion. PSGL-1 is a trans-
membrane protein and exerts anti-HIV-1 function
mainly by associating with the nascent virions and
potently inhibiting their infectivity. Vpu can par-
tially relieve the restriction by inducing the
ubiquitination and proteasomal degradation of
PSGL-1 via SCF"™F2  Interestingly, only
B-TrCP2, but not B-TrCP1, is responsible for the
ubiquitination, which is different from the cases of
CD4 and tetherin where both B-TrCP1 and
B-TrCP2 can mediate Vpu-dependent CD4 and
tetherin ubiquitination (Liu et al. 2019). Also dif-
ferent from tetherin, PSGL-1 is specifically
expressed in T cells and monocytes and is induced
by interferon vy, but not interferon o.. Importantly,
PSGL-1 is a key mediator of interferon y’s anti-
HIV effects in human CD4+ T cells (Liu et al.
2019). Therefore, Vpu’s hijacking of SCFPT""2
is key to resist interferon y’s anti-HIV effects.

Remarkably, Vpu, a small transmembrane pro-
tein with a size smaller than 10 kilodalton, can
perform such a diversity of functions to recruit
very different ~membrane proteins  for
ubiquitination (Sauter and Kirchhoff 2018). This
is a great example demonstrating the versatility
and modularity CRLs and the diverse functions of
viral hijacking of CRLs in viral replication.

7.2  Cullin 2-RING Ubiquitin Ligases

(CRL2)

Cullin 2- and Cullin 5-based CRLs share the same
adaptor module: a protein complex consisting of a
pair of small proteins—elongin B and elongin C
(EloB/EloC). However, the substrate receptor of
CRL2s and CRLS5s has so-called VHL box and
SOCS box sequence motifs, respectively, that
differentiate between Cullin 2 and Cullin 5, con-
ferring specificity to these two CRL families
(Sarikas et al. 2011). CRL2 prototype is the
Cul2-Rbx1-EloB/EloC-VHL E3 ligase that
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targets the hypoxia-induced factor loo (HIF-1ar),
which is a key transcription factor in regulation of
cellular response to hypoxia (Ke and Costa 2006).
VHL binds to EloB/EloC using its so-called BC
box motif, which can also recognize Cul2. VHL
can also bind to HIF-la and promote the
ubiquitination and degradation of HIF-1a under
normal oxygen conditions. HIF-la binding to
VHL is dependent on the hydroxylation of two
proline residues of HIF-la, but the hydroxyl
groups are removed under hypoxia conditions;
therefore HIF-1a degradation is abolished, and
HIF-1a is released into the nucleus to promote
the transcription of hypoxia response genes
(Kaelin 2002). Mutations in VHL can lead to
von Hipple-Lindau  disease, which is
characterized by visceral cysts and benign tumors
with potential for malignant transformation
(Kaelin 2002).

Respiratory syncytial virus (RSV) is a com-
mon respiratory virus that causes cold-like
symptoms especially in children below age of
2 years old. It has been reported that the nonstruc-
tural protein NS1 of RSV can hijack CRL2 to
target human STAT?2 for ubiquitination and deg-
radation (Elliott et al. 2007). STAT2, together
with STAT1 and IRF-9, form a key transcription
factor mediating the signaling transduction of
type I interferon pathway, which is a master reg-
ulator of the antiviral innate immune responses
(Schneider et al. 2014). By degrading STAT?2,
RSV shuts down the whole type I interferon
responses to evade from the human innate
defense system. The NS1 protein binds to elongin
C and Cul2 to form the CRL2-NS1 E3 ligase to
recruit STAT2 for ubiquitination (Elliott et al.
2007) (Fig. 7.2). Inhibition of the functions of
STATI or STAT?2 proteins has been a well-used
strategy for viral evasion of the interferon-
mediated antiviral responses. For example, HCV
nonstructural protein SA (NS5A) can inhibit
STAT1 phosphorylation, which is required for
the interaction between STAT1 and STAT2 and
subsequent transcription activation (Lan et al.
2007). Influenza virus can also use its NS1 pro-
tein to inhibit the phosphorylation of STATI as
well as STAT?2 to block both the type I and type II
interferon pathway (Jia et al. 2010). In contrast,
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Fig. 7.2 An example of viral hijacking of CRL2. RSV
NS1 protein recruits host cell STAT2 protein to CRL2
ligase for ubiquitination

RSV’s degradation of STAT2 would be a thor-
ough strategy to block the interferon pathway
since it is permanent removal of the protein.
Very interestingly, it has also been reported that
RSV can stabilize the protein level of HIF-1a,
which was attributed to the release of nitric
oxide (Kilani et al. 2004). RSV’s hijack of
Cul2-EloB/EloC complex might be another
contributing factor to the stabilization, since the
hijack might exclude HIF-1a from ubiquitination
and subsequent proteasomal degradation.

7.3  Cullin 3-RING Ubiquitin Ligases

(CRL3)

CRL3s usually use one single protein, a member
of the so-called BTB family proteins, to perform
the functions of adaptor and substrate receptor,
which is unique among CRLs (Zhuang et al.
2009). Human BTB family has close to
200 members, and they usually share a BTB
domain that binds to Cul3 and a protein-protein
interaction domain such as Kelch-like domain or
MATH domain that binds to ubiquitination
substrates (Stogios et al. 2005). There are rela-
tively fewer known examples of CRL3s involved
in viral infection.

One of the examples is that rotavirus uses its
nonstructural protein NSP1 to recruit Cul3-Rbx1
to target B-TrCP for ubiquitination and degrada-
tion (Fig. 7.3) (Lutz et al. 2016; Davis and Patton
2017). As mentioned above, 3-TrCP is the SR for
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Fig. 7.3 An example of viral hijacking of CRL3: Rotavi-
rus NS1 protein recruits host cell f-TrCP protein to CRL3
ligase for ubiquitination

CRLI, and one of its ubiquitination targets is IkB
(Frescas and Pagano 2008). Ubiquitination of IxB
is required for the activation of the NF-xB path-
way, a key pathway for stimulating cytokine and
interferon production to elicit host defenses
(Chen 2005). Therefore, rotavirus NSP1’s
ubiquitination and consequent degradation of
B-TrCP lead to inactivation of NF-kB to suppress
host antiviral responses. Interestingly, in this
case, there is no requirement for a BTB protein
since Cul3 mutations that abolish BTB binding
still can mediate this interaction. NSP1 binds
Cul3 directly to recruit f-TrCP for ubiquitination
(Davis and Patton 2017). Another interesting
aspect of this targeting is that the ubiquitination
is not only dependent on Cul3 but also dependent
on Cull, demonstrating a cross talk between dif-
ferent CRL families (Davis et al. 2017). A third
unique aspect of NSP1 as an E3 ligase is that the
viral protein itself possesses a RING domain so it
can function as an E3 ligase on its own (Davis and
Patton 2017). NSP1 from simian and murine rota-
virus strains can directly bind IRF3, a key tran-
scription factor for innate immune responses, and
promote IRF3 ubiquitination and degradation
independent of Cul3 (Sen et al. 2009) . The func-
tional diversity of NSP1 as an E3 ligase highlights
the versatility of viral hijacking of the ubiquitin-
proteasome pathway.

Another example of viral hijacking of CRL3 is
illustrated by human papilloma virus (HPV), one
of the most common sexually transmitted viruses
that can cause warts and precancerous lesions in
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persistently infected patients. Among the
150 types of HPV, about a dozen types are known
to be associated with different human cancers
(Nowinska et al. 2017). HPV encodes E6 and
E7 proteins that are potent agents capable of
transforming cells into immortalized cells. Their
transformation abilities are associated with their
hijacking of the human E3 ligases to degrade two
key tumor suppressors: pS3 and RB, respectively
(Ajay et al. 2012). E6 associates with the HECT-
type E3 ligase E6AP to recruit p53 for
ubiquitination, whereas E7 of the HPV type
16 has been known to associate with Cul2-EloB/
EloC E3 ligase to target RB for ubiquitination and
proteasomal degradation (Yim and Park 2005).
More recent protein-protein interaction profiling
studies have revealed that E7 proteins from many
different HPV types are associated with Cul3
instead of Cul2 (White et al. 2012). It is
hypothesized that CRL3s might be involved in
RB degradation in those HPV types. E7 proteins
from different HPV types hijack different CRLs,
again underscoring the versatility of the hijacking
mechanisms.

7.4  Cullin 4-RING Ubiquitin Ligases

(CRL4)

CRL4s employ a large, 125-kilodalton protein-
DDBI as the adaptor, which recruits a family of
so called DCAF (DDB1-Cul4 -associated factors)
proteins as substrate receptors (Zheng and Shabek
2017). CRLA4s are widely hijacked by different viral
proteins to promote viral infections. Viral proteins
can either bind to DDBI1 and directly recruit their
target proteins or interact with DCAF proteins to
change their substrate specificity. Simian virus
5, belonging to the paramyxovirus family, encodes
a V protein to bind to DDB1 and recruit human
STAT]1 protein for ubiquitination and proteasomal
degradation (Li et al. 2006). This hijacking leads to
the dampening of the interferon responses to viral
infection. Similarly, hepatitis B virus encodes a
small protein called HBx to bind to DDB1 and
recruit a DNA-binding protein complex Smc5-
Smc6 for ubiquitination and degradation
(Fig. 7.4) (Decorsiere et al. 2016; Murphy et al.
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Fig. 7.4 Examples of viral
hijacking of CRL4. HIV-2
or SIV Vpx protein recruits
host cell SAMHDI protein
to CRLA4 ligase for
ubiquitination. HBV HBx
protein recruits host cell
Smc5-Smc6 proteins to
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2016). HBx has long been known to be important
for the transcription of HBV genome, but the mech-
anism was elusive. It had also been known that
HBx associates with CRL4 complex, but the sub-
strate protein was unknown until 2016. In that year,
two papers reported the identification of Smc5-
Smc6 complex as a target of HBx using
immunoprecipitation-coupled mass spectrometry
and showed that HBx overcomes Smc5-Smc6 inhi-
bition of HBV transcription (Decorsiere et al. 2016;
Murphy et al. 2016).

Another way for the viral protein to hijack
CRLA4 is to bind to one of the DCAFs and change
its substrate specificity. A well-known example is
the association between HIV-1 accessory protein
Vpr and DCAFI (also called VprBP). The func-
tion of Vpr in HIV-1 replication has been enig-
matic, but its association with CRL4-DCAF1
provided a clue. Another well-known phenome-
non of Vpr is that it can induce cell cycle arrest at
the G2/M phase (He et al. 1995). A recent
proteomic profiling has revealed that hundreds
of proteins are downregulated by Vpr, directly
or indirectly (Greenwood et al. 2019). A number
of these proteins have been validated to contrib-
ute to the cell cycle arrest induced by Vpr,
supporting the promiscuous substrate recruitment
of Vpr. However, the functional significance of
the cell cycle arrest induced by Vpr is still not
clear. In comparison, a Vpr homolog protein
called Vpx, which is encoded by Simian immu-
nodeficiency virus (SIV) and HIV-2 but not
HIV-1, has yielded its secret. Vpx, like Vpr,
hijacks CRLs but they target a very different set
of targets. One of the targets is SAMHDI, a
dNTP hydrolase that is highly expressed in

myeloid cells and resting CD4+ T cells (Laguette
et al. 2011; Hrecka et al. 2011). SAMHDI1 has
been shown to potently inhibit lentivirus reverse
transcription by reducing the concentration of
dNTPs, the building blocks of lentiviral DNA
(Lahouassa et al. 2012). Vpx recruits CRLA4-
VprBP to ubiquitinate SAMHDI to alleviate this
inhibition (Fig. 7.4) (Laguette et al. 2011; Hrecka
et al. 2011; Ahn et al. 2012). It is interesting that
HIV-1 does not have such a counteracting mech-
anism. It is speculated that HIV-1 thus avoids
infection of myeloid cells such as dendritic cells
to evade detection by these cells (Lim and
Emerman 2011). The high homology of Vpr and
Vpx showcases how evolution can reprogram a
viral protein to target different substrate proteins
for ubiquitination.

7.5  Cullin 5-RING Ubiquitin Ligases

(CRL5)

As described above, CRLS5 and CRL2 share the
adaptor protein complex, EloB/EloC. Different
from CRL2, CRLS5 employs the so-called SOCS
box protein as SR to recruit substrate proteins. In
addition, CRL5 is unique among all CRLs by
preferentially using Rbx2 (Roc2/Sag) rather than
Rbx1(Rocl) as the catalytic module.

HIV-1 Vif protein hijacks CRL5 to target an
HIV  restriction factor APOBEC3G for
ubiquitination and degradation (Fig. 7.5), which
is the first example of HIV-1 accessory protein
targeting a restriction factor to an E3 (Yu et al.
2003). APOBEC3G was identified from a com-
parison of the cDNAs of two closely related cell
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Fig.7.5 An example of viral hijacking of CRLS. HIV Vif
protein, with the host cell cofactor CBFp, recruits host
cell APOBEC3G (A3G) protein to CRLS5 ligase for
ubiquitination

lines, one susceptible to both Vif-deficient and
wild-type HIV-1 and the other only susceptible
to the wild-type virus. APOBEC3G, originally
named CEMI15, is specifically expressed in the
cell line that is resistant to Vif-deficient virus
(Sheehy et al. 2002). APOBEC3G is a
DNA-editing enzyme that associates with the
HIV-1 reverse transcriptase to be packaged into
nascent virions (Malim and Bieniasz 2012). Dur-
ing the next round of infection, APOBEC3G will
extensively mutate the newly synthesized viral
DNA to block viral infection (Zhang et al. 2003;
Lecossier et al. 2003; Mangeat et al. 2003; Harris
et al. 2003). Biochemical work has identified that
Vif hijacks CRLS to recruit APOBEC3G for
ubiquitination and proteasomal degradation
(Yu et al. 2003). Interestingly, later work uncov-
ered another cofactor CBFf that is required for
Vif’s hijacking of CRLS5 (Jager et al. 2012; Zhang
et al. 2011). Structural studies have revealed that
Vif impressively organizes the formation of this
E3 ligase complex by simultaneously interacting
with four proteins: Cul5, EloC, CBFp, and
APOBEC3G (Guo et al. 2014). Interestingly,
CBFp’s physiological function is to bind to the
transcription factor RUNX to facilitate the tran-
scription of target genes of RUNX (Kim et al.
2013). Vif’s hijacking of CBFp excludes RUNX
from binding to CBFP and inhibits RUNX-
mediated gene transcription, which further
benefits the viral replication since many of these
target genes are involved in immune responses
(Kim et al. 2013). Therefore, this hijacking has
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dual advantages for the virus. More recently,
proteomic profiling has identified another regula-
tor of the CRLS5 ligases. ARIH2, a RING-
Between-RING (RBR) E3 ligase, has been
found to be required for the efficient
ubiquitination by CRLS5 ligases, including
Vif-mediated ubiquitination of APOBEC3.
ARIH2 promotes the initial ubiquitination of the
substrate, which facilitates the following
ubiquitination chain elongation mediated by
CRL5s (Huttenhain et al. 2019). ARIH2 is yet
another Vif cofactor in promoting APOBEC3
ubiquitination. This intricate structural organiza-
tion by Vif underlines the amazing capability of
viral proteins to evolve complex functions within
a compact genome.

7.6  Therapeutic Targeting

of the Viral Hijacking of CRLs

Many lines of functional evidence suggest that we
might be able to develop new antiviral therapies
by blocking the viral hijacking of CRLs. Evolu-
tion history has also proven that these hijacking
events are vital to the replication of the viruses.
Targeting the ubiquitin ligases for drug develop-
ment has not been as straightforward as targeting
other enzymes, since E3 ligases do not have natu-
ral binding sites for small molecules. Instead, E3
ligases function mostly through protein-protein
interaction, which is traditionally thought to be
challenging to target. Nevertheless, there are
more and more examples to show that protein-
protein interaction might not be as “undruggable”
as previously thought. Vif-APOBEC3G, the first
pair of HIV accessory protein and its cognizant
restriction factor, has been intensively targeted for
drug screening, and several studies have identified
specific inhibitors. RN-18 was the first reported
Vif inhibitor that was identified from a cell-based
screen to search for small molecules that stabilizes
APOBEC3G in the presence of Vif (Nathans et al.
2008). RN-18 downregulated Vif protein level
and increased APOBEC3G protein level. Several
RN-18 analogs were developed to optimize its
potency and water solubility (Zhou et al. 2017;
Bennett et al. 2018). Recently, the same group
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have identified a single mutation on Vif that
confers resistance to these inhibitors, further prov-
ing that the inhibitors indeed target Vif in a spe-
cific manner (Sharkey et al. 2019). A different
class of Vif inhibitor were identified using a simi-
lar method, but these compounds more likely tar-
get APOBEC3G based on binding assay (Cen
et al. 2010). VEC-5, a compound discovered
based on structural model of the Vif-EloB/EloC
complex, has been shown to stabilize
APOBEC3G (Zuo et al. 2012). More recently, a
compound named N.41 was identified from a
screen using a FRET-based biochemical assay to
search for inhibitor of Vif-APOBEC3G interac-
tion (Pery et al. 2015). N.41 has been shown to
possess strong anti-HIV activity in PBMCs in an
APOBEC3G-dependent fashion. In general, the
multiple protein-protein interfaces in the complex
of CRLS5-Vif-CBFB-APOBEC3G provide many
potential small-molecule target sites, some of
which could be very unpredictable. Additional
potential allosteric binding sites in the complex
could also be targeted by small molecules. These
published Vif inhibitors provided proofs of con-
cept for therapeutic targeting of viral hijacking of
CRL E3 ligases. Future development of therapeu-
tics targeting the viral hijacking of E3 ligases
should present many new opportunities to treat a
variety of pathogenic viruses.

7.7 Perspectives on Future

Research

For the past two decades, research on virus-host
interaction has revealed remarkable roles of the
CRLs E3 ligases in viral infection and pathogen-
esis. These results were built on the advancement
of our understanding of the functions and
mechanisms of the ubiquitin-proteasome pathway
in general but also significantly enrich and inform
about the pathway. Currently knowledge on this
topic is only the tip of the iceberg as recent
systematic approaches such as mass spectrometry
profiling and genome-wide functional genomic
screening are suggesting a much larger number
of genes involved in the interaction between
viruses and hosts (McDougall et al. 2018; Shah
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et al. 2015). These systematic approaches would
continue to reveal new genes, protein complexes,
and signaling networks regulating protein degra-
dation in the contexts of viral infections and
immune responses. From the application point
of view, following the great stride in targeting
the CRLs for cancer drug development such as
the PROTAC approach, targeting the CRLs for
antiviral drug development is expected to reap the
benefit of a better mechanistic understanding of
the functions and mechanisms of CRLs in viral
infections.
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Abstract

F-box proteins function as substrate adaptors
for the S-phase kinase-associated protein
1 (SKP1)-cullin 1 (CULI1)-F-box protein
(SCF) ubiquitin ligase complexes, which
mediate the proteasomal degradation of a
diverse range of regulatory proteins. 20 years
since the F-box protein family has been dis-
covered, our understanding of substrate-
recognition regulation and the roles F-box
proteins play in cellular processes has
continued to expand. Here, we provide an
introduction to the discovery and classification
of F-box proteins, the overall structural assem-
bly of SCF complexes, the varied mechanisms
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8.1 Discovery and Classification

of F-box Proteins

The region of homology that would eventually
became known as the F-box domain was first
observed in cyclin F. Encoded by the CCNF
gene, cyclin F was discovered by serendipity
during a study on the polycystic kidney disease
(PCKD) gene locus (Kraus et al. 1994). Cyclin F
was later found to suppress the yeast Cdc4 mutant
(Cdc4™") that exhibited arrest at the G1/S transi-
tion and degradation deficiency of Sicl, the inhib-
itor of Cdk1-ClIb (B-type cyclins) complexes (Bai
et al. 1994). The effort to find other suppressors of
Cdc4™"" resulted in the discovery of SKP1, whose
inactivation promoted cell cycle arrest both in G1
and G2 phases. These cell cycle arrests also
appeared to correspond to stabilization of CDK
regulators, and thus, SKP1 was shown to be nec-
essary for ubiquitin-mediated degradation of
these proteins (Bai et al. 1996). Binding between
SKP1 and cyclin F, as well as other proteins,
occurred via a conserved 40-amino acid domain.
Since this domain was originally seen in cyclin F,
it was named the F-box domain, marking the birth
of the F-box protein family (Bai et al. 1994,
1996). A year later, it was found that SKPI,
CULLIN1, and Cdc4 assembled to form an E3
ligase protein complex required to ubiquitylate
Sicl, which became known as the SKPI1-
CULLIN1-F-box (SCF) ubiquitin  ligase
(Feldman et al. 1997).

In mammals, naming of F-box proteins (FBPs)
has been based on the structural class of their
substrate-binding domains (SBDs) (Winston
et al. 1999; Cenciarelli et al. 1999). Mammalian
FBPs are, in general, classified into three
subgroups: FBWs, FBLs, and FBXs, comprised
of 17, 22, and 39 members, respectively. FBWs
are named as such due to the presence of WD40
repeat domains (“FB” for F-box and “W” for
WDA40 repeat domain) in their structures. A
B-propeller arrangement found in many protein-
protein interactions characterizes FBWs’ SBDs
(Smith et al. 1999). FBLs are distinguished by

their leucine-rich repeats (LRRs), hence the “L”;
here, the SBD is an arc-shaped a-f-repeat struc-
ture, also found in many other protein-binding
schemes (Kobe and Kajava 2001; Enkhbayar
et al. 2003). The third class consists of FBPs
that contain neither WD40 repeats nor LRRs,
but other protein-binding moieties such as CH
(calponin homology), cyclin box, TDL (Traf
domain-like), CASH (carbohydrate-interacting),
Sec7, proline-rich domains, or zinc-finger
domains (Yoshida et al. 2002). This variation in
protein-binding moieties indicates that, apart
from phosphorylation and glycosylation, FBPs
regulation might occur via a spectrum of post-
translational modifications, including methyla-
tion, ribosylation, farnesylation, and acetylation,
implicating involvement in a variety of organ-
specific functions.

8.2  Structure and Assembly

F-box proteins assemble with SKP1, CULLINI,
and RBX1 to form the Cullin-RING ligase
1 (CRL1) complex, also known as the SCF
(SKP1-CULLIN1-F-box) E3 ubiquitin ligase
(Fig. 8.1). SKP1, CULLINI, and RBX1 weigh
18.7, 89.7, and 12.3 kilodaltons, respectively,
while the F-box protein can have a mass ranging
from 47 to over 110 kilodaltons (Zheng et al.
2002a). RBX1 contains the RING domain, via
which it interacts with the C-terminus of

Substrate

F-box
protein

CULLIN1

Fig. 8.1 Schematic view of the SCF complex
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CULLINI to collectively form a catalytic core
complex that recruits an E2 enzyme. SKP1 acts
as an adapter that bridges the N-terminus of
CULLIN1 and the FBP, which is the substrate-
recognition subunit (Bai et al. 1996).

The four subunits (RBX1, CULLIN1, SKP1,
and FBP) are held together via CULLIN1’s scaf-
folding function. CULLIN1 consists of an
N-terminal helical region (NTD) that is
415 amino acids long and a C-terminal globular
o/p domain (CTD). Three Cullin repeats—that is,
a five-helix structural motif arranged in a regu-
larly repeated manner, culminating in an
arc-shaped  architecture  stretching  ~100
angstroms—make up the NTD. Interaction with
the SKP1-F-box module occurs at the N-terminus
of the first repeat. The CULLIN1 CTD, on the
other hand, assembles in a globular manner
surrounding the RBX1 protein. This is achieved
through the formation of five intermolecular
B-strands, of which the second strand is the
N-terminus of RBX1. The Rbx RING domain is
embedded into a ~30 angstrom-wide groove,
formed from the remainder of the CULLINI
CTD. Remarkably, the structural rigidity of the
CULLINI1 scaffold is necessary for the SCF func-
tion, as shown by loss of catalytic activity when
the NTD and CTD of CULLIN1 were linked by a
flexible linker (Zheng et al. 2002a).

The N-terminus of the first Cullin repeat of
CULLIN1 interacts with both SKP1 and the
F-box motif. The interface of this binding consists
of highly conserved amino acid residues, present
in the orthologues of both CULLIN1 (Met 43, Tyr
46, Thr 47, Tyr 50, Tyr 139, Arg 142) and SKP1
(Asn 49 and 108, Tyr 109). RBX1 interacts with
CULLIN1 through a conserved 16-residue
B-strand and its RING domain, which are both
inserted into a V-shaped groove on CULLINI.

As is also the case for other Cullin-RING
ligases, SCF complexes are regulated by
neddylation, whereby the ubiquitin-like protein
NEDDS is conjugated to the Cullin protein
through a cascade of El, E2, and E3 enzymes
similar to that of ubiquitination (Huang et al.
2004). Notably, Cullins recruit a NEDD8 E2
enzyme (Ubcl2) that functions as its own
NEDD8 E3-ligase. Cullin neddylation is
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regulated by the multi-subunit complex COP9
signalosome which hydrolyzes the NEDD8 moi-
ety from cullins (Lyapina et al. 2001). Collec-
tively, this system creates a balance between
neddylation/deneddylation, thereby regulating
CRL activity and assembly. NEDDS8 conjugation
to cullins induces flexibility in the RING finger
subunit, which brings the E2 enzyme closer to the
substrate and triggers ubiquitination (Duda et al.
2008). Cullin neddylation also regulates binding
of the Cullin-associated and neddylation-
dissociated 1 (CANDI1) protein, which binds
only unneddylated Cullins and potentiates
exchange of F-box proteins in SCFs or substrate
adaptors in other CRLs (Zheng et al. 2002b;
Pierce et al. 2013).

8.3  Mechanism of Phospho-
Dependent Substrate

Recognition

F-box proteins recruit their substrates in response
to a range of stimuli (Fig. 8.2). As such, the
activity of specific SCF complexes is stringently
regulated. The best-characterized model of sub-
strate  binding by FBPs is the canonical
phosphodegron model, in which the FBP
recognizes short, defined amino acid sequences.
For instance, B-TrCP1 and p-TrCP2 (also known
as FBXWI1 and FBXW11, respectively) bind a
Asp-pSer-Gly-X-X-pSer motif (X and pSer
representing any amino acid and phosphorylated
serine, respectively), while FBXW7 interacts
with the consensus sequence pThr-Pro-Pro-X-
pSer (pThr denoting phosphorylated threonine)
(Lau and Fukushima 2012; Frescas and Pagano
2008) (Fig. 8.2).

In the FBW-subfamily proteins, substrate
binding occurs at the WD40 domain (Hao et al.
2007). FBXW7 binding to CYCLIN El at its
WDA40 B-propeller assembly is partially stabilized
by interactions involving residues outside the
degron as well as those between phosphorylated
residues. A left-handed polyproline helix from the
three residues preceding the CYCLIN E1 degron
guides it on top of the WD40 propeller blades,
while the three residues between pThr380 and
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Fig. 8.2 Mechanisms of substrate recognition by F-box proteins

pSer384 form contacts to FBXW?7 via backbone
hydrogen bonding and side chain interactions
through another left-handed polyproline helix.
Phosphodegron recognition is conserved among
different substrates: CYCLIN E1, NOTCHI,
¢c-MYC, and c-JUN share similar phosphodegron
as well as binding characteristics—the motif
containing the 375th to 379th residues on
CYCLIN El, which is buried deeply in a hydro-
phobic cage on FBXW?7, is maintained in
c-MYC, NOTCHI, and c-JUN. It is thought that
these conserved residues form van der Waals
interactions with FBXW7. In a similar manner,
B-TrCP utilizes the top of its WD40 domain to
recognize f-catenin (Wu et al. 2003).
Phosphorylation of simple phosphodegrons
can be carried out by a single kinase; in a similar

manner, degrons containing multiple phosphory-
lation sites are controlled by multiple kinases. For
instance, glycogen synthase kinase 3 (GSK3) and
cyclin-dependent kinase 2 (CDK2) are responsi-
ble for the phosphorylation of different residues
on the CYCLIN EI degron, while in the case of
the c-JUN degron, a prior phosphorylation by
another kinase is required for GSK3-mediated
phosphorylation of the degron (Welcker et al.
2003; Wei et al. 2005). Priming phosphorylation,
a phosphorylation event near but not at the
degron, is epitomized by pf-TrCP-mediated degra-
dation of f-catenin. In the case of f-catenin,
CKla first phosphorylates Ser45, before GSK3
phosphorylates Thr41, Ser37, and Ser33. Ser45 is
not recognized by B-TrCP; however, its phos-
phorylation by CKla is required for subsequent
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phosphorylation of residues within the degron
(Liu et al. 2002).

A second mode of substrate recognition, of
which SKP2 is an archetype, presents a deviation
from canonical phosphorylation-dependent bind-
ing of substrate. In an example of cofactor-depen-
dent substrate recognition, SKP2 binds p27
following Thr187 phosphorylation by a CDK,
potentiating its ubiquitination and degradation.
This ubiquitination event requires CSK1 (CDK
regulatory subunit 1), which binds both p27 and
SKP2, as it was found initially that in vitro recon-
stitution of the reaction without CKS1 displayed
poor activity. Crystal structure of the SKP2-
CKS1-p27 complex further revealed that CKS1,
but not SKP2, binds the phospho-threonine
187 on p27%P!, establishing CKS1’s integral
role in SKP2-mediated binding and degradation
of p27. The noncovalent interaction between
CKS1 and SKP2 is evolutionarily conserved,
which was explained by the high sequence
homology between CKS1 isoforms from humans
and other species (Hao et al. 2005; Ganoth et al.
2001).

A benefit to phosphorylation being a prerequi-
site for SCF-mediated degradation is that sub-
strate recognition can be fine-tuned via
adjustment of kinase activity in relation to a regu-
latory pathway. Degradation of the yeast CDK
inhibitor and Cdc4 substrate Sicl, for instance,
is required for G1-S transition; Cdc4 requires
CDK-dependent phosphorylation of at least six
out of nine amino acids on the Sicl degron for it
be recognized. As CDK activity increases during
G1 phase of the cell cycle, Sicl recognition by
SCF“*“* and subsequent proteasomal degradation
is increased, allowing S-phase entry (Feldman
et al. 1997).

8.4  Mechanism of Substrate
Recognition Independent
of Phosphorylation

8.4.1 Recognition of Unmodified

Degrons

Although degron phosphorylation potentiates
rapid and selective regulation of substrates by
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SCF complexes, studies have also shown FBPs’
ability to recognize degrons that have not been
phosphorylated. For instance, the cyclin-
homology domain on cyclin F recognizes an
Arg-X-(Ile/Leu) motif in its substrates, in a com-
parable manner to how other cyclins recognize
substrates for phosphorylation by CDKs. This
mechanism of recognition is identical between
different substrates of CYCLIN F, including
CP110 and RRM2 (D’Angiolella et al. 2010,
2012). Since the Arg-X-Ile/Leu degron is not
modifiable, substrates with this motif are
degraded continuously if other regulatory
mechanisms are not in place. As a result,
oscillations in CYCLIN F levels throughout the
cell cycle would account for timely degradation
of its targets.

Control of F-box Protein-
Substrate Recognition via
Physical Obstruction

8.4.2

Physical access to the degron can be controlled by
phosphorylation of the substrate at sites other
than the degron, where the phosphorylation
initiates a conformational change that opens up
the degron for FBP recognition. Regulation of
CYCLIN F-dependent RRM?2 ubiquitination
epitomizes this regulatory mechanism. Access to
the Arg-X-Ile degron of RRM2 is blocked in the
absence of CDK-mediated phosphorylation at
Thr33, a residue outside of the degron. Hence,
increased CDK activity in G2 phase of the cell
cycle triggers RRM2 degradation as it is no lon-
ger needed to produce deoxyribonucleotides
needed for the synthesis of DNA in S-phase
(D’ Angiolella et al. 2012).

Substrate recruitment by F-box proteins is not
confined to recognition of short, defined amino
acid sequences. A number of reports have shown
FBP-substrate interactions on the basis of
conserved domain structures. For instance,
FBXL3 recognizes the substrates cryptochromes
1 and 2 (CRY1 and CRY2) through extended
contacts between its LRRs and the CRY protein
surface. The FBXL3 C-terminus is buried into a
conserved pocket in CRY1. In the absence of
FBXL3 binding, this pocket is filled with the
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endogenous metabolite flavin adenine dinucleo-
tide (FAD). Hence, FAD functions as a competi-
tive antagonist to regulate FBXL3-CRY1
interaction, thereby presenting a novel mode of
regulating substrate binding (Busino et al. 2007,
Godinho et al. 2007; Siepka et al. 2007; Xing
et al. 2013).

8.4.3 F-box Protein Control via
Posttranslational Modifications

Other than Phosphorylation

Covalent modifications other than phosphoryla-
tion also trigger recognition by FBPs. Some
substrates of FBXO2 and FBXO6, such as
pre-integrin B1 and a-chain of T-cell receptor,
respectively, are glycosylated (Yoshida et al.
2002). This interaction occurs via F-box-
associated (FBA) domains. FBXO2- and
FBXO6-mediated recognition of glycosylated
substrates is consistent with their role in endo-
plasmic reticulum-associated degradation of
incorrectly folded proteins, since proteins are fre-
quently glycosylated when folding in the
ER. Binding to glycosylated degrons appears
not to be mutually exclusive to other modes of
substrate recognition. FBXO6 also targets check-
point kinase 1 (CHK1) for degradation, which has
not been reported to be glycosylated (Zhang et al.
2009).

FBP-dependent protein degradation may also
be regulated by means of acetylation and
deacetylation. PRMTI1, for instance, is
polyubiquitinated by FBXL17 via recognition of
an IKxxxIK motif that spans its 199th to 205th
amino acid residues. Interestingly, recognition of
this motif is contingent upon deacetylation of
K200 and acetylation of K205. Endogenously,
degradation of PRMT1 is thus promoted via a
concerted mechanism involving the deacetylase
SIRT1 and acetyltransferase p300. SIRT1 first
deacetylates both K200 and K205, following
which p300 selectively acetylates K205, resulting
in an acetyldegron recognized for polyubiqui-
tination by FBXL17 (Lai et al. 2017).

Methylation is another posttranslational means
by which FBP-substrate recognition can be
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regulated. The transcription factor FOXOI is
ubiquitinated by the FBP Skp2, which results in
its degradation by the proteasome (Huang et al.
2005). In this process, methylation of FOXO1 by
the histone methyltransferase G9a promotes bind-
ing with Skp2 and consequently Skp2-mediated
ubiquitination and degradation (Chae et al. 2019).

PTMs usually, but not always, promote sub-
strate recognition by FBPs. An unmodified
degron on CDT?2 is recognized by FBXO11; con-
sequently, CDK-dependent phosphorylation of
this degron prevents binding of FBXO11 (Rossi
et al. 2013; Abbas et al. 2013). In a similar man-
ner, phosphorylation of p85B also prevents its
binding by FBXL2. In these cases, phosphatases,
as opposed to kinases, potentiate substrate recog-
nition, as shown in the case of p85B with the
tyrosine phosphatase PTPL1 (Kuchay et al.
2013).

PTM control of proteolysis is not exclusive to
the substrate. The E3 ligase -TrCP has been found
to be modulated by ADP-ribosylation. Specifi-
cally, mono-ADP-ribosylation of p-TrCP by the
ADP-ribosyltransferase = PARP11  results in
B-TrCP-dependent ubiquitination and degradation
of IFNo/f receptor subunit 1 (IFNARI1),
highlighting a potential target to increase the effi-
cacy of interferon antiviral therapy (Guo et al.
2019).

PTMs also mediate FBP localization, which
consequently mediate another layer of FBP regu-
lation. FBXL20, for instance, undergoes
isoprenylation at its Cys-Ala-Ala-X (CAAX)
motif, which directs it to the membrane; CAAX-
mediated membrane insertion of FBXL20 is
required for RIM1 degradation (Yao et al. 2007).
Likewise,  geranylgeranylated  (and  thus
membrane-bound) FBXL?2 is required for HCV
replication, via NS5A-dependent degradation of
IP3R3 (Kuchay et al. 2018). In Legionella
pneumophila, the F-box containing protein AnkB
anchors to the Legionella-containing vacuole
membrane, via host farnesyltransferase-mediated
CAAX farnesylation. This localized FBP subse-
quently exploits the ubiquitin proteasome pathway
of the protozoan and mammalian hosts, allowing
for  propagation and  proliferation  of
L. pneumophila cells (Price et al. 2010).
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8.4.4 Localization-Dependent

Substrate Recognition

As discussed in the previous section,
FBP-mediate substrate recognition may also be
regulated via intracellular localization of both the
substrate and the E3 ubiquitin ligase. In the case
of RRM2, CYCLIN F is a nuclear protein,
whereas RRM2 is cytoplasmic. Thus, RRM2
nuclear import is required for its CYCLIN
F-dependent degradation (D’Angiolella et al.
2012). The same applies to other substrates of
CYCLIN F. CP110 regulates centrosome dupli-
cation and as such requires centrosome-localized
CYCLIN F for its degradation (D’Angiolella
et al. 2010).

FBP localization regulation is not an absolute
posttranslational affair. In the case of FBXW7,
localization control begins with alternative splic-
ing. Three isoforms of FBXW7, named «, §, and
vy, are produced from mRNAs with distinguish-
able 5’ exons. These isoforms are translated into
proteins that localize into different subcellular
compartments; the a, B, and y isoforms localize
to the nucleus, cytoplasm, and nucleolus, respec-
tively (Welcker et al. 2004). Moreover, expres-
sion of each specific isoform differs across tissue
types and is regulated in accordance to the cell
cycle as well as p53 activity (Matsumoto et al.
2006). FBXW7a is expressed in most tissue
samples, whereas FBXW7 is found only in the
brain and testes and FBXW7y only in cardiac and
striated muscle. FBXW7a mRNA was found to
be high during GO phase but is rapidly depleted as
cells enter the cell cycle (Matsumoto et al. 2006).
FBXW7p upregulation was detected upon
X-irradiation; this event was however not
observed in p53-deficient mice. These reports
indicate yet another mode of spatial and temporal
regulation of F-box protein activity.

8.4.5 Modulation of SCF Activity via

Proteostasis of F-box Proteins

SCF activity is also modulated by expression
levels of the FBPs. Cyclin F, for instance, is
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controlled during the cell cycle transcriptionally
and via B-TrCP- and casein kinase II-dependent
degradation (Mavrommati et al. 2018). FBXL7
levels are regulated via FBXL18-mediated
polyubiquitination, and FBXO5 (also known as
EMI1—early mitotic inhibitor 1) is regulated via
degradation by SCE* ™ throughout the cell
cycle (Liu et al. 2015; Margottin-Goguet et al.
2003; Guardavaccaro et al. 2003). Likewise, the
SCESKPZCESD complex is regulated by APC/C
(Cdhl)-mediated degradation of SKP2 (Bashir
et al. 2004; Wei et al. 2004).

FBP proteostasis may also be maintained by
SCF auto-ubiquitination of FBPs. Evidence has
emerged demonstrating SCF-mediated autocata-
lytic ubiquitination of SKPIl-unbound F-box
proteins and subsequent proteasomal degrada-
tion, as shown in a model based on yeast Met30
where FBP auto-ubiquitination by the CULLIN1-
RBX1 complex functions independently of SKP1
(Mathur et al. 2015).

8.4.6 Ligand-Dependent Substrate

Recognition

FBP degradation is not always tied to the cell
cycle. FBXL5-mediated degradation of iron reg-
ulatory protein 2 (IRP2) occurs under high iron
and oxygen levels; in turn, IRP2 acts upon iron-
responsive mRINAs and mediates their translation
and stability (Chollangi et al. 2012). This regu-
latory mechanism operates through the hemery-
thrin domain of FBXL5, which binds two iron
ions (Shu et al. 2012). As such, this domain loses
stability in iron-depleted conditions, resulting in
unfolding and subsequent degradation by HERC2
(Moroishi et al. 2014). Taken together, regulation
of SCF ubiquitin ligases via FBP levels occurs in
spatial, temporal, and stimuli-dependent manners.

Iron-dependent regulation of FBXLS5 also
highlights a mode of regulation in response to
noncovalent signals. This mechanism was first
elucidated via studies of the plant hormones
auxin and jasmonate. The auxin and jasmonate
receptors (TIR and COIl, respectively) are FBPs
that degrade the AUX-IAA and JAZ families of
transcription repressors (Tan et al. 2007; Sheard
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et al. 2010). These hormones function as “molecu-
lar glue”—in that, they stabilize binding between
the FBP and its substrate by filling the gap between
the substrate and FBP. Furthermore, both TIR1
and COLI1 employ a small-molecule cofactor in
their structures: inositol hexakisphosphate and ino-
sitol pentakisphosphate, respectively. In the case of
COL1, particularly, inositol pentakisphosphate
plays a role in promoting interaction with an essen-
tial carboxyl group on jasmonate, suggesting simi-
lar interplay involving inositol hexakisphosphate
(Sheard et al. 2010).

Taken together, mechanisms of substrate rec-
ognition by F-box proteins are becoming more
and more diversified. Although SCF E3 ligases
are the best characterized ubiquitin ligase com-
plex, there remain modes of substrate recruitment
yet to be elucidated, especially those that deviate
from the phosphodegron model. Nevertheless,
our understanding of substrate-ligase pairing
continues to expand, bringing novel possibilities
for SCF-targeted therapies.

Overall Function
and Significance of SCF Ligases
in Disease

8.5

The diversity of protein-binding motifs present in
the F-box protein family members implicates
interactions with a variety of different substrates
and involvement in a wide range of tissue-specific
functions. Since the start of the FBP field, it has
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been well-documented that FBP-dependent
ubiquitination events play a role in a plethora of
pathologies, which include sleep and mood
disorders, diabetes, Parkinson’s disease, and bac-
terial and viral infections. Nevertheless, due to the
SCF complex’s lasting association with the cell
cycle and cell proliferation, studies of FBPs in the
context of disease have mainly focused on cancer.
In particular, extensive characterization of SKP2,
FBXW7, and B-TrCP have allowed for insights
into how disturbances of FBP function mediate
neoplastic malignancies (Table 8.1).

SKP2 promotes S-phase entry by targeting the
CDK inhibitor p27 for proteasomal-dependent
degradation. This function renders SKP2 an epit-
ome of an oncogenic FBP. In the context of
cancer, overexpression of SKP2 is associated
with poor prognosis in a variety of cancers; this
role in tumorigenesis has been confirmed via
studies in mouse models (Lin et al. 2010; Zhao
et al. 2013; Wang et al. 2009). Inactivation of
SKP2 induces p53-independent cellular senes-
cence and suppresses tumorigenesis, and SKP2
has been shown to be required for survival of cells
with aberrant Rb expression. Lastly, SKP2-
mediated degradation of growth suppressors
such as p27, p21 and p57 provides a rationale
for its role as an oncoprotein (Frescas and Pagano
2008).

On the other hand, FBXW7 loss-of-function,
but not overexpression, has been found in cancer,
thereby implicating its antitumor function
(Welcker and Clurman 2008). Frequently

Table 8.1 Mechanisms of F-box protein function disruption in human diseases

Mechanisms of F-box protein function disruption in disease

Mode of interference

Overexpression of F-box protein or amplification of FBP
function

Deleted F-box protein

Mutation in F-box protein-substrate-recognition domain
Mutation in substrate degron

Microbial F-box protein

Hijack of endogenous F-box protein by microbial protein

Inhibition of endogenous F-box protein function by
microbial protein

Consequence
Increased degradation of substrate

Stabilization of substrate

Stabilization of substrate

Stabilization of substrate

Degradation of substrate via exogenous FBP-mediated
ubiquitylation

F-box protein retargeted for degradation of an alternative
host substrate

Stabilization of substrate
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mutated and deleted in tumors, FBXW7 is
estimated to be deregulated in 17 types of
human cancers. Although mutations in FBXW7
are most often found in T-cell acute lymphoblas-
tic leukemia (T-ALL; 31%), they are also found
in solid tumors of the breast, intestine, and bone
(Akhoondi et al. 2007). FBXW7’s function as a
tumor suppressor has been shown in mouse
models, where conditional deletion of Fbxw7
results in hematological malignancies, namely,
thymic lymphoma and T-ALL (Maser et al.
2007). Since FBXW7 normally functions to
degrade growth-promoting factors (MYC, JUN,
CYCLIN E, NOTCH), its deletion triggers cell
cycle entry and p53-dependent apoptosis,
resulting in premature loss of hematopoietic
stem cells (Onoyama et al. 2007; Thompson
et al. 2007). As such, FBXW7 and p53 form a
synergism to prevent tumor formation. Further-
more, loss of FBXW?7 function, in some cases,
potentiates chemotherapeutic resistance likely
due to upregulation of MCL1 (myeloid cell leu-
kemia sequence 1), an antiapoptotic factor and
FBXW?7 substrate (Inuzuka et al. 2011; Wertz
et al. 2011).

Mutations in F-box proteins that hamper func-
tion of their respective SCF complex tend to
affect the FBP-substrate interaction. The majority
of such mutations in FBXW?7 are missense
mutations in residues essential for substrate bind-
ing, which interfere with its normal functioning;
in fact, mutations of the two Arg residues of
FBXW?7 that come into direct contact with the
substrate phosphodegron make up 43% of onco-
genic FBXW7 mutations (Akhoondi et al. 2007).
Mutations of substrates also affect the protein-
substrate interface. The MYC phosphodegron,
for instance, is often mutated in Burkitt’s lym-
phoma, while mutations in NOTCH that disrupt
its interaction with FBXW7 are frequently found
in T-ALL (Gregory and Hann 2000; Weng et al.
2004).

Nevertheless, the effects of these mutations
can be context-dependent, due to the variety of
substrates of these FBPs as well as the contextual
roles of each respective substrate. For instance,
despite functioning as a tumor suppressor in
many cancers, FBXW?7 also facilitates a
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pro-survival mechanism in multiple myeloma
via the degradation of NF-kB2 (p100); but this
role appears to be B-cell specific (Busino et al.
2012).

In another example, the P-TrCP substrate
DEPTOR (DEP-domain-containing mammalian
target of rapamycin (mTOR)-interacting protein)
has both tumor suppressing and promoting roles,
the former via inhibiting mTOR, protein synthe-
sis, and cell proliferation and the latter largely
through maintaining PI3K-AKT activation
(Duan et al. 2011; Gao et al. 2011; Zhao et al.
2011).

Apart from their roles in cancer, the functions
of F-box proteins in other disease contexts are an
emerging area of research. Sleep and mood
disorders have been associated with B-TrCP- and
FBXL3-mediated regulation of circadian rhythm,
which operate by way of degrading the BMAL-
CLOCK regulators PER1, PER2, CRY1, and
CRY2 (Busino et al. 2007; Takahashi et al.
2008; Keers et al. 2012). FBPs are also hijacked
in viral infections. For instance, the HIV protein
U (Vpu) retargets B-TrCP for ubiquitination of
CD4 and BST2 (bone marrow stromal antigen
2), which potentiates viral release and dispersion
from the cell (Akari et al. 2001; Bour et al. 2001).
In a similar manner, FBXL2 interacts with the
HCYV protein NS5A and is required for replication
of HCV virions (Kuchay et al. 2018). A number
of viruses and bacteria also encode their own
FBPs that function in conjunction with the
remaining SCF components from the host. The
Agrobacterium FBP VirF, for instance, utilizes
the host plant’s Skpl-Cull-Rbx1 complex to
mediate degradation of host proteins VIP1 and
VirE2 (Tzfira et al. 2004). Similarly, the
Polerovirus FBP PO degrades the Arabidopsis
RNA-slicer AGO1, which impairs host cells’
posttranscriptional gene silencing (Bortolamiol
et al. 2007).

Lastly, FBXO7 has been found to mediate
ubiquitination and degradation of MFNI1 in a
PINK1-dependent manner and participate in
mitochondrial recruitment of PARKIN and
mitophagy, providing a rationale for the
mutations in FBXO7 found in Parkinson’s dis-
ease (Burchell et al. 2013). This indicates
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potential extensions of our understanding of FBP
implications in other diseases in the coming
future, as the field migrates away from cancer
biology.

8.6 Brief Conclusion

As the F-box protein field continues to expand
20 years after its initial emergence, so too does
our appreciation of SCF ligase functional variety.
Although the phosphodegron model remains the
most ubiquitous mode of FBP-substrate pairing,
others have emerged and diversified our under-
standing of FBP function. Characterization of
novel substrates enriches the known biochemical
and biological roles of FBPs and overall
highlights the broad activity scope of E3 ligases.
Last but not least, extensive characterization of
SCF E3 ligases has provided insights applicable
toward developing clinical therapies that target
this system.
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Abstract

SKP1-cullin-1-F-box-protein (SCF) E3
ubiquitin ligase complex is responsible for
the degradation of proteins in a strictly
regulated manner, through which it exerts piv-
otal roles in regulating various key cellular
processes including cell cycle and division,
apoptosis, and differentiation. The substrate
specificity of the SCF complex largely
depends on the distinct F-box proteins, which
function in either tumor promotion or suppres-
sion or in a context-dependent manner.
Among the 69 F-box proteins identified in
human genome, FBW7, SKP2, and -TRCP
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have been extensively investigated among var-
ious types of cancer in respective of their roles
in cancer development, progression, and
metastasis. Moreover, several specific
inhibitors have been developed to target
those E3 ligases, and their efficiency in tumors
has been determined. In this review, we pro-
vide a summary of the roles of SCF E3 ligases
in cancer development, as well as the potential
application of miRNA or specific inhibitors for
cancer therapy.

Keywords

SCF E3 ligase - SKP2 - FBW7 - B-TRCP -
Cancer

Abbreviation

1,2,3,4,6-Penta-O-galloyl-beta-D-
glucose pentagalloylglucose

5gg

AIB1 Amplified in breast cancer 1

APC Adenomatous polyposis coli

APC/ Anaphase-promoting complex/

Cednt cyclosome Cdhl complex

ATRA All-trans retinoic acid

BLM Bloom

C/EBPS CCAAT enhancer binding protein &

CANDI1 Cullin-associated Nedd8-dissociated
protein 1

CDC25A  Cell division cycle 25 homologue A

CDH1 E-cadherin
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CLL
CML
CPD
CRL
CSN
CTD
D-box
DD
DEPTOR

EBP2
EGCG
ER
FBW7

FBXO1
FDA
FOXOl1
FOXP3
HCC
HECT

HESS

HSC
IxB
KLF5
LRR
miRNA
MMTV
NLS
NPM
NSCLC
ORCl1
p21/CIP

p27/KIP
p57/KIP2

PDCD4
PGCla

PHB2
PIN 1
PS1
PSA
RB1

Chronic lymphocytic leukemia
Chronic myeloid leukemia
Cdc4 phosphodegron
Cullin-RING ubiquitin ligase
COP?9 signalosome complex
Carboxy-terminal domain
Destruction box
Dimerization domain
DEP domain-containing
interacting protein
EBNA1-binding protein 2
Epigallocatechin-3-gallate
Estrogen receptor

F-box and WD repeat
containing 7

F-box only 1, also known as cyclin F
Food and Drug Administration
Forkhead box Ol

Forkhead box P3

Hepatocellular carcinoma
Homologous to E6-associated pro-
tein C-terminus

Hes family bHLH transcription fac-
tor 5

Hematopoietic stem cells

Inhibitor of nuclear factor-xB
Kriippel-like factor 5

Leucine-rich repeat

MicroRNA

Mouse mammary tumor virus
Nuclear localization signal
Nucleophosmin

Non-small cell lung cancer

Origin recognition complex 1
Cyclin-dependent kinase inhibitor
1A, CDKNI1A

Cyclin-dependent kinase inhibitor
1B, CDKNI1B

Cyclin-dependent kinase inhibitor
1C, CDKNIC

Programmed cell death protein
Peroxisome  proliferator-activated
receptor gamma coactivator lo
Prohibitin 2, also known as REA
Peptidylprolyl cis/trans isomerases
Presenilin 1

Prostate-specific antigen
Retinoblastoma 1

mTOR-

domain-
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RBL2 Retinoblastoma-like protein

RBX1 RING box 1, also known as regula-
tor of cullins-1 or ROC1

Rictor Rapamycin-insensitive companion
of mTOR

RING Really interesting new gene

SCC Squamous cell cancer

SCF SKP1-cullin-1-F-box-protein

SKP1 S-phase kinase-associated protein 1

SKP2 S-phase kinase-associated protein
2, also known as FBXL1

SLP-1 Stomatin-like protein 1

SREBP1  Sterol regulatory element-binding
transcription factor 1

T-ALL T-cell acute lymphoblastic leukemia

TGIF1 5'-TG-3'-interacting factor 1

Tobl Transducer of ERBB2

Topo Il DNA topoisomerase 2-alpha

UBA E1 ubiquitin-activating enzyme

UBC E2 ubiquitin-conjugating enzyme

UPS Ubiquitin-proteasome system

VEGFR2 Vascular endothelial growth factor
receptor 2

WHB Winged-helix B

YAPI1 Yes-associated protein 1

p-TRCP Beta-transducin  repeat-containing
protein

9.1 Introduction

The ubiquitin-proteasome system (UPS) is
responsible for the targeted degradation of partic-
ular proteins in a tightly regulated way, which
requires the E1/E2/E3 enzymatic cascade to
label the specific substrates with ubiquitin chain
and subsequently destructed by the 26S
proteasome (Bedford et al. 2011). The El
ubiquitin-activating enzyme (UBA) activates
ubiquitin, a 76-amino acid protein which is
broadly expressed among all eukaryotic cells,
and then the activated ubiquitin is transferred
onto the E2 ubiquitin-conjugating enzyme
(UBC). The specific transferring of ubiquitin
onto the substrates requires the E3 ubiquitin
ligase, which either functions as receptors of
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ubiquitin and then directly transfers ubiquitin
onto substrates (such as homologous to
E6-associated protein C-terminus, HECT E3
ligases) (Bernassola et al. 2008) or as scaffolding
proteins that bridge E2-Ub and substrates (such as
U-box domain (Cyr et al. 2002) and really inter-
esting new gene, RING (Deshaies and Joazeiro
2009)). The SKP1-cullin-1-F-box-protein (SCF)
type of E3 ubiquitin ligase complexes belong to
the largest RING finger E3 ligase family, cullin-
RING ubiquitin ligase (CRL), and dictates the
degradation of proteins in respect to distinct intra-
cellular functions, including cell cycle progres-
sion, signal transduction, and transcription
(Wang et al. 2014a).

CRL is inhibited by the assembly inhibitor
CANDI1 (cullin-associated Nedd8-dissociated
protein 1) (Liu et al. 2002; Zheng et al. 2002),
and this inhibitory effect can be released by the
conjunction of NEDD8 (Duda et al. 2008), a
ubiquitin-like protein, on the conserved lysine
residue(s) in the WHB (winged-helix B)
subdomain of cullins, resulting in the activation
of CRL for subsequent ubiquitination cascade
(Morimoto et al. 2003; Hori et al. 1999). The
NEDDS molecule can be dissociated from cullins
by the deneddylase, CSN (COP9 signalosome
complex) (Cavadini et al. 2016).

In the SCF multi-subunit ubiquitin ligase
complexes, cullin-1 functions as a rigid scaffold

A B
D) PN Cullin1
RBX1
SKP 1
(|
£
= RBX1
>
O
FBXW
 SKP1  Fbox FBXL
-0
FBXO

Fig. 9.1 A schematic diagram of SCF E3 ligase complex
and its subunits. SKP/ S-phase kinase-associated protein
1, RBXI RING box 1, Ub ubiquitin, CTD carboxy-

Binding partner

POZ domain I

Binding partner
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protein to interact with SKP1 (S-phase kinase-
associated protein 1) and the RBX1 (RING box
1, also known as regulator of cullins-1 or ROC1)
subunits through its N- and C-terminus, respec-
tively (Cardozo and Pagano 2004). SKP1 is an
adaptor protein for bridging the F-box protein and
cullin-1, while RBX1 is essential for recruiting
ubquitin-E2 enzyme and subsequently transfer-
ring ubiquitin onto the substrates which is specif-
ically recognized by F-box protein (Cardozo and
Pagano 2004) (Fig. 9.1).

In the human genome, there are a total of
69 putative F-box proteins. Each of them contains
at least two main functional domains, an F-box
domain and a variable carboxy-terminal domain
(CTD). The homologous F-box domain, first
identified in FBXO1 (F-box only 1, also known
as cyclin F), is essential for the direct docking onto
SKP1 (Bai et al. 1996). According to the different
substrate recognizing domains in their carboxy-
terminal, F-box proteins can be further
subclassified into three different subfamilies,
namely, FBXW subfamily, FBXL subfamily, and
FBXO subfamily. The FBXW subfamily
comprises ten F-box members that contain a
WD40 repeat domain, the 22 FBXL subfamily
members contain leucine-rich repeat (LRR)
domain, and the other FBXO proteins contain
various domains (such as kelch repeats or
proline-rich motifs) that are not fully characterized.

CAND1, RBX1

Cullin repeats domain
SKP 1

Cullinl F-box protein

Binding partner

Cullinl1

|

terminal domain, POZ poxvirus and zinc finger, RING
really interesting new gene, WD WD40 domain, LRR
leucine-rich repeat
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The best characterized F-box proteins in
human cancers are SKP2 (S-phase kinase-
associated protein 2), FBW7 (F-box and WD
repeat domain-containing 7), and f-TRCP (beta-
transducin repeat-containing protein), among
which SKP2 functions as an oncogene, FBW7
as a tumor suppressor, and -TRCP as an onco-
gene or tumor suppressor in a context-dependent
manner.

9.2 FBW?7 as a Target for Cancer
Therapy
9.2.1 FBW?7 Is a Haplo-insufficient

Tumor Suppressor

FBW7 has been extensively investigated during
the past decades and regarded as a tumor suppres-
sor in various human cancers (Welcker and
Clurman 2008). FBW7 locates on chromosome
4q32, a region that is highly mutated in cancers,
and encodes three different FBW7 isoforms
(FBW7a, B, and y) via alternative splicing with
differences only in their first exons. The unique
N-terminus enables different subcellular distribu-
tion of these FBW7 isoforms, among which
FBW7a localizes to the nucleoplasm in human
tissues and cells, FBW7p mainly in the cyto-
plasm, and FBW7y in the nucleolus (Matsumoto
et al. 2006).

FBW7 contains a dimerization domain (DD),
an F-box domain, and seven tandem WD40
repeats, in which the DD domain is essential for
FBW7 homo-dimerization, the F-box domain for
SKP1 docking, and the WD40 repeats for specific
substrate recognition (Hao et al. 2007; Orlicky
et al. 2003). FBW7 recognizes its substrates
through a putative phospho-motif (I/L-I/L/P-T/
S-X-X-S/T/E, where X represents any amino
acid), which is typically termed as Cdc4
phosphodegron (CPD) and can  be
phosphorylated by GSK and other kinases (Nash
et al. 2001). The well-known substrates of FBW7
include many oncogenic proteins, such as cyclin
E (Koepp et al. 2001; Tetzlaff et al. 2004;
Strohmaier et al. 2001), c-Myc (Yada et al.
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2004), c-Jun (Nateri et al. 2004; Wei et al.
2005), NOTCH 1 (Tetzlaff et al. 2004), MCL1
(Inuzuka et al. 2011; Wertz et al. 2011), mTOR
(Mao et al. 2008), Aurora A (Finkin et al. 2008),
Aurora B (Teng et al. 2012), and others (Fig. 9.2).

The first notion to show that FBW7 might be a
tumor suppressor came from the fact that its
oncogenic substrate cyclin E is activated in vari-
ous cancers (Koepp et al. 2001). After identifica-
tion of the loss-of-function FBW7 gene mutations
in breast and endometrial cancers (Strohmaier
etal. 2001; Moberg et al. 2001), extensive studies
had focused on pinpointing the mutations in
FBW7 gene in a wide spectrum of human cancers.
From a comprehensive screen study, approxi-
mately 6% of all primary human cancers harbor
FBW7 mutations, and nearly half of these are
missense mutations at three arginine residues
within the WD40 repeats (R465, R479, and
R505), whereas other mutations usually result in
premature termination of FBW?7 translation
(Akhoondi et al. 2007). FBW7 missense
mutations have been found predominantly in
T-ALL (T-cell acute lymphoblastic leukemia,
approximately 31%) and cholangiocarcinoma
(35%), followed by primary endometrial cancer
(9%), colorectal cancer (9%), and stomach cancer
(6%) (Akhoondi et al. 2007; Maser et al. 2007).

Apart from those mutations of FBW7 in the
abovementioned cancer, the deregulation of
FBW?7 protein expression has also been reported
in various cancers, such as breast cancer and
T-ALL (Koepp et al. 2001; Maser et al. 2007).
Downregulation of FBW7p has also been found
in gliomas and is considered as a prognostic
marker for glioblastoma patients, possibly due to
the mutation in p53 (Hagedorn et al. 2007; Gu
et al. 2007), because FBW7f is a direct transcrip-
tional target of pS3 (Mao et al. 2004; Kimura et al.
2003). However, it remains elusive why there is
absence of increased tumorigenesis in mice with-
out FBW7p (Matsumoto et al. 2011). Moreover,
decreased FBW7 protein level is also related to
the advanced stage, metastasis, and prognosis in
breast cancer (Akhoondi et al. 2010), gastric can-
cer (Yokobori et al. 2009), and prostate cancer
(Koh et al. 2006).
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p53 HESS PIN1 EBP2 Numb4 Rictor SLP-1
C/EBPS  miRNAs % i 3 NPM BLM
rra.-;- p ’i % ?&‘;. @
W’ i et =
k FB 7
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NOTCH Cell cycle Cell Signaling Metabolism Others
signaling proliferation transduction

Fig. 9.2 A schematic diagram for SCF"®™” E3 ligase
complex and its upstream regulators and substrates.
SKPI S-phase kinase-associated protein 1, RBX!/ RING
box 1, Ub ubiquitin, CPD Cdc4 phosphodegron, C/EBP
CCAAT enhancer binding protein, HES5 hes family
bHLH transcription factor 5, PIN I peptidylprolyl cis/trans
isomerases, EBP2 EBNAI-binding protein 2, Rictor
rapamycin-insensitive companion of mTOR, SLP-]

Mice with ablation of double Fbw?7 alleles die
at embryonic day 10.5 due to defects in
hematopoietic and vascular development, which
can be attributed to the inefficient degradation of
its substrates NOTCH1 and NOTCH4 (Nateri
et al. 2004; Tsunematsu et al. 2004). Fbw7"~
mice are viable and fertile, but they are suscepti-
ble to radiation-induced tumorigenesis, approxi-
mately 70% of irradiated Fbw7" /Tp53*~ mice
develop lymphomas, and some mice also display
multiple tumors in epithelial tissues such as the
lung, liver, and ovary (Mao et al. 2004). In order
to decipher the role of FBW7 in tumorigenesis,
mice with tissue-specific deletion of FBW7 have
been developed in various tissues, including the
bone marrow, T-cell lineage, intestine, liver,
breast, and brain. These studies suggest that the

stomatin-like protein 1, NPM nucleophosmin, BLM
bloom, PS1 presenilin 1, MCLI induced myeloid leukemia
cell differentiation protein, PGCI peroxisome proliferator-
activated receptor gamma coactivator la, SERBPI
SERPINE1 mRNA-binding protein 1, KLF5 Kriippel-
like factor 5, TGIF1 5'-TG-3'-interacting factor 1, AIBI
amplified in breast cancer 1 protein

FBW7 tumor suppressor might function in a
haplo-insufficient manner (Onoyama et al. 2007;
Thompson et al. 2008; Matsuoka et al. 2008).

FBW?7 in T-Cell Acute
Lymphoblastic Leukemia

9.2.2

FBW7 mutations and decreased expression have
been found in T-ALL (Maser et al. 2007),
suggesting a predominant tumor suppressor role
in leukemia. In mice, ablation of double alleles of
Fbw7 in the bone marrow causes premature
depletion of hematopoietic stem cells (HSC) due
to accumulation of c-Myc and NOTCHI1, as well
as activation of p53-dependent apoptosis
(Thompson et al. 2008; Matsuoka et al. 2008).
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In contrast, mice harboring a heterozygous muta-
tion R468C (Fbw7™*3<"* which is equivalent of
R465C in human) have normal HSC function but
higher leukemia-initiating potential through
accumulating c-Myc (King et al. 2013). T-cell
lineage-specific Fhbw7 "~ leads to thymic lym-
phoma, partly due to excessive accumulation of
c-Myc (Onoyama et al. 2007). In order to escape
from cell death in the setting of high c-Jun and
c-Myc levels, FBW7-deficient T-ALL
accumulates more MCLI1, a pro-survival BCL2
family member, which renders those FBW7-defi-
cient cancers sensitive to sorafenib, but resistant
to the ABT-737 (Inuzuka et al. 2011).

In T-ALL, FBW7 plays a tumor suppressor
role largely depending on the degradation of key
proteins in NOTCH pathway. Apart from
NOTCH itself, presenilin 1 (PS1), a component
of y-secretase proteolytic complex that activates
NOTCH, is also a substrate of FBW7 (Wu et al.
1998; Li et al. 2002). Moreover, another well-
studied substrate of FBW7, c-Myc, is also a direct
target gene of NOTCH pathway in several types
of human cancers, including T-ALL (Haque et al.
2017; Herranz et al. 2014; Weng et al. 2006),
mammary cancer (Klinakis et al. 2006), and
others. Another target gene of the NOTCH path-
way, HESS (hes family bHLH transcription factor
5), directly represses transcription of FBW7f,
forming a positive feedback regulatory loop
(Sancho et al. 2013). Moreover, Numb4, a
membrane-bound protein that associates with
NOTCHI1, promotes FBW7 activation and
subsequent degradation of NOTCH (Jiang et al.
2012a). All those studies suggest that targeting
FBW7 should be a promising strategy for treating
T-ALL patients.

9.2.3 FBW?7 in Gastrointestinal

Cancer

FBW?7 has been identified as the fourth most
frequently mutated gene of human colorectal
carcinomas and has been described as a poor
prognosis marker in human colorectal carcinoma
(Rajagopalan et al. 2004; Wood et al. 2007).
FBW7 mutations and deregulated expression of
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FBW7 protein have also been reported in stomach
cancer (Maser et al. 2007) and gastric cancer
(Yokobori et al. 2009), and the FBW7 genotype
and expression pattern have a prognosis role in
gastrointestinal cancer. In mice, intestine-specific
ablation of Fbw7 alone is insufficient to cause
intestinal cancer, but it does increase the intestinal
tumorigenesis in mice with mutation in adenoma-
tous polyposis coli (Apc™™* mice), which is trig-
gered by aberrant Wnt signaling in part due to
accumulated NOTCHI1 and c-Jun (Sancho et al.
2010; Babaei-Jadidi et al. 2011).

Compared with heterozygous null mutation
(Fbw7*"~/Apc??™%), mice with a heterozygous
mutation of R482Q (Fbw7R*3?%*/Apc!3227
which is equivalent of R479Q in human) acceler-
ate intestinal tumorigenesis, possibly due to the
accumulation of KLF5 (Kriippel-like factor 5)
and TGIF1 (5'-TG-3'-interacting factor 1)
(Davis et al. 2014). This phenomenon also
suggests that the R482Q mutant has a dominant-
negative effect to block the dimerization of wild-
type FBW7 homo-dimer, and FBW7 functions as
a haploid-insufficient tumor suppressor. As a
canonic substrate of FBW7, c-Myc is frequently
misregulated in colorectal cancer (Muzny et al.
2012), attributed to either FBW7 deficiency or
higher expression of USP28, the deubiquitinase
that antagonizes FBW7-mediated c-Myc
ubiquitination. On the other hand, USP28 is also
a c-Myc target gene, which forms a positive feed-
back to facilitate high c-Myc level in those tumors
(Diefenbacher et al. 2014). Moreover, in gastric
cancer, miRNA-25 is highly expressed, binds to
the 3’ UTR of FBW7 mRNA, and represses
FBW7 expression (Gong et al. 2015).

9.24 FBW?7 in Hepatocellular

Carcinoma (HCCQ)

Apart from the abovementioned oncogenes, other
substrates of FBW7 include SREBP1 (sterol reg-
ulatory element-binding transcription factor 1)
(Sundgqyvist et al. 2005) and PGCla (peroxisome
proliferator-activated receptor gamma coactivator
la) (Olson et al. 2008), both of which are key
factors in the regulation of metabolism of glucose
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and lipid in the liver. It has been reported that
FBW7 expression is decreased in hepatocellular
carcinoma (HCC) (Tu et al. 2012; Imura et al.
2014), partly through upregulating c-Myc,
cyclin E, and YAP1 (yes-associated protein 1) to
facilitate liver tumorigenesis (Tu et al. 2012,
2014).

The mice with one allele deletion of Fbw7 and
P53 (p53*"Fbw7*") develop HCC (Mao et al.
2004), and liver-specific ablation of Fbw?7 results
in hamartomas (Onoyama et al. 2011), indicating
a key role of FBW7 in the development of liver
cancer in vivo. For the detail mechanism, Topo
Il (DNA topoisomerase 2-alpha) (Chen et al.
2011a) and AIB1 (amplified in breast cancer 1)
(Liu et al. 2012) have been reported as FBW7
substrates that are involved in HCC. Besides, in
HCC, miRNA-27b, miRNA-115-3P, and
miRNA-770 are highly expressed, which repress
FBW?7 expression (Gong et al. 2015; Sun et al.
2016; Tang et al. 2016; Wu et al. 2016).

9.2.4.1 Upstream Regulators of FBW7
FBW7a is transcriptionally regulated by C/EBPS
(CCAAT enhancer binding protein d). Con-
versely, FBW7a also targets C/EBPS for degra-
dation in a GSK-3p-dependent manner, thus
forming a negative feedback loop (Balamurugan
et al. 2013). Moreover, FBW7f is a bona fide
transcriptional target of p53 (Mao et al. 2004;
Kimura et al. 2003), and the first exon 1b, but
not exon la or lc, of FBW7 contains a putative
p53 binding site with p53-dependent transcrip-
tional activity (Kimura et al. 2003). Besides, the
transcription of FBW7f can be directly repressed
by HESS, a downstream factor in NOTCH signal-
ing (Sancho et al. 2013). This regulation, together
with a FBW7p-dependent NOTCH degradation,
functions in a feedback control of NOTCH sig-
naling. On the posttranslational level, FBW?7 can
be negatively regulated by the PINI1
(peptidylprolyl cis/trans isomerases) in a
phosphorylation-dependent manner (Min et al.
2012). Specifically, Pinl recognizes
phosphorylated FBW7 and promotes its self-
ubiquitination and destruction by disrupting
FBW?7 dimerization (Min et al. 2012).

129

Moreover, FBW7 expression can be repressed
by miRNA (microRNA), including miR-27a
(Spruck 2011; Lerner et al. 2011), miR-223
(Xu et al. 2010a; Kurashige et al. 2012), miR-25
(Gong et al. 2015; Lu et al. 2012), miR-27b (Sun
et al. 2016), miR-24 (Zhao et al. 2016), miR-32
(Xia et al. 2017; Hua et al. 2016), miR-92a (Jiang
et al. 2017), miR-129-5p (Hasler et al. 2012),
miR-155-3p (Tang et al. 2016), miR-367
(Xu et al. 2017), and miR-770 (Wu et al. 2016).
Their role in gastric cancer (Gong et al. 2015),
tongue squamous cell carcinoma (Zhao et al.
2016), esophageal squamous cell carcinoma
(Kurashige et al. 2012), breast cancer (Xia et al.
2017), non-small cell lung cancer (NSCLC)
(Xu et al. 2017), HCC (Sun et al. 2016; Tang
et al. 2016; Wu et al. 2016), osteosarcoma
(Jiang et al. 2017), and multiple myeloma (Hua
et al. 2016) has been evidenced.

Furthermore, FBW7 can be trapped by a decoy
pseudo-substrate EBP2 (EBNA1-binding protein
2) that leads to nuclear translocation of FBW7 so
as to block its E3 ligase function (Welcker et al.
2011). Apart from those factors that regulate
FBW?7 abundance and activation, other protein
partners, such as Rictor (rapamycin-insensitive
companion of mTOR) (Guo et al. 2012), SLP-1
(stomatin-like protein 1) (Zhang et al. 2012),
NPM (nucleophosmin) (Bonetti et al. 2008), and
BLM (bloom) (Chandra et al. 2013), directly bind
to FBW7 to facilitate substrate ubiquitination.
Besides these mechanisms, Numb4 was reported
to promote FBW7 assembly and activation (Jiang
et al. 2012a) (Fig. 9.2).
9.2.4.2 Targeting FBW7 for Cancer
Therapy
As mentioned above, Pinl is a key regulator for
FBW7 protein stability, and deletion of Pin1 leads
to elevated FBW7, which facilitates MCL1 deg-
radation, sensitizing cancer cells to chemotherapy
Taxol (Min et al. 2012). Thus, inhibitor of Pinl
should have potential in targeting FBW7 for can-
cer treatment. Similarly, other reagents or drugs
that antagonize miRNA (such as miR-27a,
miR-223, and miR-25) should also be useful in
cancers with FBW7 deficiency. For example,
genistein, a natural dietary agent that can inhibit
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miR-223 expression and subsequently induce
FBW7, promotes apoptosis of pancreatic cancer
cells (Ma et al. 2013).

9.2.5 SKP2 as a Target for Cancer
Therapy
9.2.5.1 SKP2 Is an Oncogene

SKP2, also known as FBXL1 (F-box and leucine-
rich repeat protein 1), is a member of the FBXL
subfamily of F-box proteins and plays a pivotal
role in cell cycle progression and proliferation.
Structurally, SKP2 consists of an F-box domain,
ten tandem LRRs, a D-box (destruction BOX,
RxxLx(,_5)N/E/D, where X represents any amino
acid), and an NLS (nuclear localization signal).

The oncogenic role of SKP2 has been reported
in various types of cancers, including lymphomas
(Adamson et al. 2001), skin cancer (Qu et al.
2014), lung cancer (Yokoi et al. 2002; Zhu et al.
2004), HCC (Lu et al. 2009), oral squamous cell
cancer (SCC) (Kudo et al. 2001; Tosco et al.
2011), laryngeal cancer (Dong et al. 2003), sali-
vary gland mucoepidermoid carcinoma (Handra-
Luca et al. 2006), pancreatic cancer (Einama et al.
2006), breast cancer (Voduc et al. 2008; Radke
et al. 2005; Sonoda et al. 2006; Chan et al. 2013),
prostate cancer (Lin et al. 2010; Nguyen et al.
2011; Wang et al. 2012), gastric cancer (Masuda
et al. 2002), and nasopharyngeal carcinoma
(Wang et al. 2014b).

Mice with double allele ablation of SKP2 have
smaller littermates (Nakayama et al. 2000), are
resistant to one allele deletion of Pten (Pterf'/ M),
induced development of adrenal or prostate tumor,
as well as Arf”’" induced development of
sarcomas and lymphomas, through triggering
immature cell senescence (Lin et al. 2010). Abla-
tion of Skp2 not only abolishes spontaneous pitui-
tary tumorigenesis in retinoblastoma 1 (RB1)
deficient (Rb1+/ ~) mice (Wang et al. 2010) but
also blocks tumorigenesis induced by pituitary-
specific double depletion of tumor suppressor
RBI and p53 (Skp2~'~ Pomc“"Rb1"™"**Trp53'*
lovy "However, Skp2 deficiency is insufficient to
block pituitary tumor in mice without Rb and p27
(Skp2™"~PomcC™Cdknlb™"") (Zhao et al. 2013).
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Skp2 deficiency delays breast cancer formation in
MMTV-Neu mice (Chan et al. 2012), and SKP2
serves as a marker for poor prognosis in Her2-
positive breast cancer though regulating AKT1
ubiquitination and activation (Chan et al. 2012).
Moreover, ablation of SKP2 leads to resistance to
DMBA-TPA-induced skin tumorigenesis, which
cannot be overturned by deleting p27 (Sistrunk
et al. 2013), and the epidermis has elevated apo-
ptosis possibly due to an accumulation of p300
(Sistrunk et al. 2013). SKP2 deficiency also
increases HSC populations and rescues one allele
PTEN loss (PTEN+/ ~)-induced defect in long-term
reconstitution ability of HSCs, through inducing
cyclin D1 expression (Wang et al. 2011). Taken
together, these lines of evidence support the notion
that SKP2 is a bona fide proto-oncoprotein.

SKP2 has a wide spectrum of substrates in
respect to various intracellular functions, includ-
ing p21/CIP (cyclin-dependent kinase inhibitor
1A, CDKNI1A) (Yu et al. 1998), p27/KIP
(cyclin-dependent  kinase  inhibitor 1B,
CDKNI1B) (Tsvetkov et al. 1999; Kossatz et al.
2004), p57/KIP2 (cyclin-dependent kinase inhib-
itor 1C, CDKNI1C) (Kamura et al. 2003), p130
(retinoblastoma-like protein, RBL2) (Tedesco
et al. 2002), CDH1 (E-cadherin) (Inuzuka et al.
2012), FOXOl(forkhead box O1) (Huang et al.
2005), MYC (von der Lehr et al. 2003; Kim et al.
2003), E2F (Marti et al. 1999), Tobl (transducer
of ERBB2) (Hiramatsu et al. 2006), TAL1 (Nie
et al. 2008), and PHB2 (prohibitin 2, also known
as REA) (Umanskaya et al. 2007), ORCI1 (origin
recognition complex 1) (Mendez et al. 2002), and
CDT1 (Nishitani et al. 2006) (Fig. 9.3).

9.2.5.2 SKP2 in Leukemia

SKP2 expression is an independent prognostic
factor for AML (Min et al. 2004) and lymphoma
(Seki et al. 2010; Uddin et al. 2008; Latres et al.
2001), whereas CKS1 binds SKP2 to facilitate the
degradation of p27 in multiple myelomas
(Shaughnessy 2005; Zhan et al. 2007). Further-
more, transgenic mice that expressed SKP2
together with activated N-Ras in the T-lymphoid
lineage accelerate the development of T-cell
lymphomas (Latres et al. 2001). In addition,
BCR-ABL fusion oncogene, the most common
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Fig. 9.3 A schematic diagram for the upstream regulators
and substrates of the SCFS¥F? E3 ligase complex. IGF
insulin-like growth factor, CDHI E-cadherin, USPI3
ubiquitin  carboxyl-terminal hydrolase 13, FOXOI
forkhead box O1, FOXO3 forkhead box O3, FOXP3
forkhead box P3, SIRT3 regulatory protein SIR2 homo-
logue 3, CKS1 cyclin-dependent kinase regulatory subunit
1, p21 cyclin-dependent kinase inhibitor 1A, CDKNIA,

genetic abnormality found in chronic myeloid
leukemia (CML), upregulates SKP2 expression
(Andreu et al. 2005) via the PI3K/AKT/Sp1 path-
way (Chen et al. 2009), so as to promote p27
degradation and cell proliferation. Besides,
MYC and SKP2 mRNA levels are correlated in
human CML samples. Mechanistically, MYC
binds to the E-box in SKP2 promoter to induce
SKP2 transcription in human myeloid leukemia
cells (Bretones et al. 2011).

Bortezomib, also known as Velcade, is the first
proteasome inhibitor approved by the Food and
Drug Administration (FDA) for treating multiple
myeloma (Cavo 2006), but the development of
resistance limits its long-term use, which is partly

p27 cyclin-dependent kinase inhibitor 1B, CDKNIB, 57
cyclin-dependent kinase inhibitor 1C, CDKNIC, pl30
retinoblastoma-like protein, RBL2, Tobl transducer of
ERBB2, TALI T-cell acute lymphocytic leukemia protein
1, PHB2 prohibitin 2, also known as REA, ORCI origin
recognition complex 1, BRCA2 breast cancer type 2 sus-
ceptibility protein

due to SKP2 (Driscoll and Malek 2015;
Iskandarani et al. 2016). Through disrupting the
incorporation of Skp2 into the SCF**F? complex,
a specific inhibitor DT204 enhances bortezomib-
induced apoptosis and inhibits myeloma
tumorigenesis in vivo (Malek et al. 2017). In
contrast to other cancer types, p27 is highly
expressed in chronic lymphocytic leukemia
(CLL), which is partly due to low c-Myc and its
transcription target SKP2 (Caraballo et al. 2014).

9.2.5.3 SKP2 in Prostate Cancer
In human prostate cancer, SKP2 level is a predic-
tor of tumor aggressiveness and survival, and its
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protein expression is dramatically increased and
positively correlated with malignancy, tumor
aggressiveness, and serum prostate-specific anti-
gen (PSA) level (Yang et al. 2002; Ben-Izhak
et al. 2003). Mice overexpressing Skp2 in the
prostate gland develop hyperplasia, dysplasia,
and low-grade carcinoma due to decreased p27
and hyper-proliferation (Shim et al. 2003). In
contrast, SKP2 deficiency restricts prostate cancer
development through triggering immature senes-
cence, depending on Atf4, p27, and p21 (Lin et al.
2010). In prostate cancer, a complex regulatory
circuit exists between SKP2 and PI3K/PTEN/
AKT pathway, which participates in carcinogen-
esis (Wang et al. 2006). First, SKP2 activity is
regulated by AKT-dependent phosphorylation
(Gao et al. 2009; Lin et al. 2009), which blocks
its degradation by APC/C““™  (anaphase-
promoting complex/cyclosome Cdhl complex)
(Wei et al. 2004). Conversely, SKP2 regulates
AKT ubiquitination and dictates AKT activation
and glycolysis within tumor (Chan et al. 2012).
Besides, SKP2 promotes the degradation of
FOXO1 depending on the phosphorylation by
AKT, thereby protecting cells from apoptosis
(Huang et al. 2005). Intriguingly, the regulation
of p27 by the PI3K/PTEN/AKT signaling
depends on SKP2 in PC3 and DU145 prostate
cancer cell lines, but not in LNCaP and PC346
(van Duijn and Trapman 2006), suggesting that
additional regulating mechanism exists in those
prostate cancer cell lines.

Moreover, the level of SKP2 is inversely
correlated to BRCA?2 in human prostate cancer
(Arbini et al. 2011), and SKP2 controls the deg-
radation of BRCA?2, facilitating cancer metastasis
(Moro et al. 2006). Other substrates, such as
c-Myc, also participate in the development of
prostate cancer (Rebello et al. 2017). It is possible
that SKP2 cooperates with c-Myc to induce RhoA
transcription independently of its E3 ligase activ-
ity (Chan et al. 2010). In addition, the expression
level of SKP2 can be repressed by androgen,
leading to accumulation of p27 (Lu et al. 2002;
Jiang et al. 2012b; Chuu et al. 2011), while andro-
gen receptor (AR) participates in controlling the
stability of SKP2 (Wang et al. 2008). However, it
has been also reported that androgen depletion
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causes senescence through downregulating
SKP2 (Pernicova et al. 2011). Thus, further
in-depth investigation is needed to decipher the
detail molecular mechanism in respect to the
interrelationship between SKP2 and androgen/
AR and their roles in prostate tumorigenesis.

9.2.5.4 SKP2 in Breast Cancer

High SKP2 and low p27 expression has been
reported in high-grade, ER-negative breast
carcinomas (Zheng et al. 2005) and is correlated
with AKT elevation (Gao et al. 2009) and Cdh1l
downregulation (Fujita et al. 2008). The latter is
consistent with the finding that SKP2 is a bona
fide substrate of Cdhl (Wei et al. 2004). SKP2
expression can be induced by IGF, which confers
resistance to the growth inhibitory action of
trastuzumab in breast cancer (Lu et al. 2004).
Besides, high SKP2 also predicts for poor prog-
nosis (Voduc et al. 2008) and poor response to
chemotherapy (Davidovich et al. 2008) in breast
cancer. A cytosolic SKP2 isoform, SKP2B, is
also overexpressed in breast cancer, and
overexpressing SKP2B leads to faster growth of
xenograft breast tumor (Radke et al. 2005). Trans-
genic mice overexpressing SKP2B develop mam-
mary tumors, partly due to reduced prohibitin
(PHB2), which is an inhibitor of the estrogen
receptor (ER) (Umanskaya et al. 2007). Through
degrading PHB2, SKP2B also leads to p53 inac-
tivation to impact tumorigenesis (Chander et al.
2010).

SKP2 also promotes proliferation of normal
breast cell, while ablation of SKP2 restricts the
growth of breast cancer cells (Fujita et al. 2008).
Furthermore, SKP2 inhibits apoptosis through
forming a complex with p300, which blocks
p300-mediated acetylation and activation of p53
(Kitagawa et al. 2008). Consistently, depletion of
SKP2 leads to higher level of apoptosis and
sensitizes breast tumor cells to epirubicin (Sun
et al. 2007). Furthermore, SKP2 facilitates cell
migration, invasion, and breast cancer metastasis
by inducing RhoA GTPase transcription (Chan
et al. 2010). Mechanistically, SKP2 interacts
with c-Myc to recruit Mizl and p300 onto the
RhoA promoter, which is independent of SKP2
E3 ligase activity. Ablation of SKP2 profoundly
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restricted metastasis of breast cancer to the lung
(Chan et al. 2010). In human breast cancer, SKP2
transcription can be repressed by FoxP3
(forkhead box P3) (Zuo et al. 2007a), and dele-
tion, mutations, and downregulation of FoxP3
have been commonly found in human breast can-
cer (Zuo et al. 2007b).

By targeting SKP2, several natural compounds
have been reported to be efficient in inhibiting
breast cancer cell proliferation. ATRA (all-trans
retinoic acid) promotes SKP2 degradation, which
leads to cell cycle arrest of breast cancer cell lines
(Dow et al. 2001). EGCG (epigallocatechin-3-
gallate), a main component in green tea, synergis-
tically enhanced the growth inhibitory effect of
tamoxifen and paclitaxel, through decreasing
SKP2 expression and accumulating p27 (Huang
et al. 2008). Gallic acid decreases SKP2 expres-
sion and SKP/p27 association, leading to p27
accumulation and cell cycle arrest in G2/M
phase (Hsu et al. 2011). Pentagalloylglucose,
quercetin, curcumin, and lycopene decrease
SKP2 expression, leading to cell cycle arrest
partly due to FOXO1 accumulation (Roy et al.
2007).

9.2.5.5 Upstream Regulators of SKP2
c-Myc has been reported as a bona fide transcrip-
tion factor for SKP2 (Bretones et al. 2011), and
SKP2 also targets c-Myc for ubiquitination and
degradation (von der Lehr et al. 2003; Kim et al.
2003), thus forming a feedback loop to restrict the
functions of both SKP2 and c-Myc. Similarly, by
binding to a functional E2F response element
within the promoter of SKP2, E2F is a transcrip-
tion factor for SKP2 (Zhang and Wang 2006) and
also a substrate of SKP2 (Marti et al. 1999),
forming another layer of feedback loop for
SKP2 regulation. Moreover, SKP2 transcription
can be promoted by IGF1 (Lu et al. 2004) and
Sp1 (Chen et al. 2009) and repressed by androgen
(Jiang et al. 2012b) and transcriptional repressor
FoxP3 (Zuo et al. 2007a).

At posttranslational level, SKP2 can be
phosphorylated by oncogenic AKT1 (Gao et al.
2009; Lin et al. 2009), which facilitates its cyto-
solic translocation and escapes from APC/Cdhl-
mediated degradation (Gao et al. 2009; Wei et al.
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2004). SIRT3 and p300 function oppositely on
regulating the acetylation, translocation, and sta-
bility of SKP2, where SIRT3 enhances its stabil-
ity and p300 promotes its degradation (Inuzuka
et al. 2012). Besides these regulatory
mechanisms, D-box-dependent degradation of
SKP2 by APC/C™ can be blocked by AR
(Wang et al. 2008) and antagonized by
deubiquitinase USP13 (Chen et al. 2011b).
Through inhibiting mTOR, rapamycin decreases
SKP2 expression and promotes SKP2 degrada-
tion, suggesting a key role of mTOR in SKP2
regulation (Shapira et al. 20006).

9.2.5.6 Targeting SKP2 for Cancer
Therapy

Given the pivotal role of SKP2 in tumorigenesis,
targeting SKP2 could be promising for the treat-
ment of various cancers with deregulation of
SKP2. To date, several selective small molecule
inhibitors for SKP2 have been developed by
targeting the binding interface between SKP2
and its substrate p27 or between SKP2 and
SKPI1. These inhibitors include compound
A/CpdA (Chen et al. 2008) and its analogue
(Shouksmith et al. 2015), SMIP0001 and
SMIP0004 (small molecule inhibitors of p27
depletion) (Rico-Bautista et al. 2010), compound
1/SKPin Cl1 (Wu et al. 2012), compound
25/SZL-P1-41 and its derivatives (Chan et al.
2013), NSC689857 and NSC681152
(Ungermannova et al. 2013), and DT204 (Malek
et al. 2017) (Fig. 9.4).

Mechanistically, CpdA has been identified by
a high-throughput screening, and it interferes the
incorporation of SKP2 into SCF°**? ligase, lead-
ing to substrate accumulation and G1/S cell cycle
arrest (Chen et al. 2008). Based on the structure of
CpdA, several derivatives with potential in
blocking SKP2-mediated p27 degradation have
been synthesized (Shouksmith et al. 2015). How-
ever, their efficiency in vivo needs to be
investigated in the future. SMIPO001 and
SMIP0004 were identified in a cell-based high-
throughput screening by measuring endogenous
p27 protein level (Rico-Bautista et al. 2010). Both
compounds lead to G1 delay and inhibition of
colony growth, through reducing SKP2 and
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Fig. 9.4 Specific inhibitors for SKP2. Compound A,
Compound 3a, SMIP0001, SMIP0004, and DT-204 were
screened from a cell-based assay for accumulating p27.
SKPin Cl1, C2, C16, C20 were identified from an in silico
high-throughput screening targeted to the binding inter-
face between SKP2 and p27. Compound 25, 25#5, and

stabilizing p27 and p21 (Rico-Bautista et al.
2010). However, their role may not be strictly
dependent on p27 and requires further studies.
SKPin Cl1, together with C2, C16, and C20,
have been identified through an in silico high-
throughput screening targeted to the binding
interface between SKP2 and p27 (Wu et al.
2012). They selectively inhibit SKP2-mediated
p27 degradation and lead to cell cycle arrest in
the G1 or G2/M phases (Wu et al. 2012). Com-
pound 25 and its analogues (25#5 and 25#9) have
been identified through an in silico high-
throughput screening based on the Skp2-Skpl
interface in SCF°*P? complex (Chan et al.
2013). Those compounds selectively inhibit
SKP2 E3 ligase activity and suppress tumor

Compound 25#9
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25#9 were identified through an in silico high-throughput
screening  for interrupting  Skp2-Skpl interface.
NSC689857 and NSC681152 were identified through a
high-throughput AlphaScreen assay based on the interface
between SKP2 and Cksl

growth in vitro and in vivo (Chan et al. 2013).
NSC689857 and NSC681152 have been
identified in a high-throughput AlphaScreen
assay by targeting SKP2-Cksl interface, and
those compounds are efficient in interrupting
protein-protein interaction between SKP2 and
Cksl, leading to  p27  accumulation
(Ungermannova et al. 2013), and their roles
in vivo need more investigations.

Apart from those selective inhibitors, several
natural compounds, such as 1,2,3,4,6-penta-O-
galloyl-beta-D-glucose (pentagalloylglucose,
5gg), curcumin, quercetin, lycopene, silibinin
(Roy et al. 2007), EGCG (Huang et al. 2008),
and Vitamin D (Yang and Burnstein 2003), are
also effective in reducing SKP2 expression to
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prevent tumorigenesis. Besides, rapamycin, an
inhibitor of mTOR, not only significantly
decreases SKP2 expression but also promotes
SKP2 degradation, leading to cell cycle arrest in
G1 phase (Shapira et al. 2006). Taken together,
these lines of evidence suggest that targeting
SKP2 could be a promising strategy for treating
cancer with deregulation of SKP2.

9.2.6 [-TRCP as a Target for Cancer
Therapy
9.2.6.1 B-TRCP Functions as an

Oncogene or Tumor Suppressor
in a Context-Dependent Manner
Different from SKP2 and FBW7, the role of
B-TRCP in tumorigenesis is context- and tissue-
dependent, though it has been regarded mainly as
an oncoprotein. In human, two f-TRCP
homologues (B-TRCP1, also known as FBWI,
and B-TRCP2, also known as FBWI11) exist
with only noticeable difference in the N-terminal
sequences and are encoded by two distinct genes,
p-TRCPI and p-TRCP2. The biochemical
properties of f-TRCP1 and B-TRCP2 are not
indistinguishable, and they might compensate
each other as mice lacking B-TRCP1 develop
normally (Nakayama et al. 2003). Similar to
FBW7, B-TRCP also consists of a dimerization
domain, an F-box motif at its N-terminus, and
seven WD-40 repeats at the C-terminus
(Margottin et al. 1998). B-TRCP recognizes its
substrates through a phospho-motif (DSGXXS,
where X represents any amino acid), which is
termed as phosphodegron and can be
phosphorylated by GSK3 (Zhou et al. 2004),
CHK (Busino et al. 2003), and other kinases.
The substrates of B-TRCP include Emil
(Margottin-Goguet et al. 2003), CDC25A (cell
division cycle 25 homologue A) (Busino et al.
2003; Jin et al. 2003), VEGFR2 (vascular endo-
thelial growth factor receptor 2), DEPTOR (DEP
domain-containing mTOR-interacting protein)
(Zhao et al. 2011; Gao et al. 2011; Duan et al.
2011), IkB (inhibitor of nuclear factor-xB)
(Yaron et al. 1998; Suzuki et al. 2000; Strack
et al. 2000), p-catenin (Hart et al. 1999), Weel A
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(Watanabe et al. 2004), cyclin D1 (Wei et al.
2008), BTG (Sasajima et al. 2012), PDCD4
(programmed cell death protein 4) (Dorrello
et al. 2006), pro-caspase-3 (Tan et al. 2006),
MCL1 (Ding et al. 2007), BimEL (Dehan et al.
2009), p53 (Xia et al. 2009), Snail (Zhou et al.
2004; Xu et al. 2010b), and fibronectin (Ray et al.
2006), whose functions are involved in cell cycle,
apoptosis, and cell migration. Apart from its role
in promoting the degradation of its substrates,
B-TRCP also adds polyubiquitin chain onto its
non-degradation substrate c-Myc to antagonize
the degradation of c-Myc medicated by FBW7
(Popov et al. 2010).

9.2.6.2 [3-TRCP Deregulation in Cancers
Mutations and overexpression of B-TRCP1 have
been reported in several human cancers, including
prostate cancer (Gerstein et al. 2002), colon can-
cer (Spiegelman et al. 2000), breast cancer (Wood
et al. 2007), gastric cancer (Saitoh and Katoh
2001; Kim et al. 2007), and pancreatic cancer
(Muerkoster et al. 2005). The mammary glands
of Btrc1™~ mice display a hypoplastic pheno-
type, while mice with epithelial cell-specific
overexpression f-TRCP1 under a mouse mam-
mary tumor virus (MMTV) promoter show
increased mammary gland hyperplasia, and
nearly one third of mice develop mammary, ovar-
ian, and/or uterine cancers, partly through NF-kB
transactivation (Kudo et al. 2004). Transgenic
mice that specifically express B-TRCPI1 in the
intestine, liver, and kidney under a rat calbindin-
DIK promoter develop intestinal carcinoma and
hepatic or urothelial tumors, partly through
p-catenin activation (Belaidouni et al. 2005).
Btrel™~ mouse fibroblasts have increased
genetic instability (Margottin-Goguet et al.
2003; Watanabe et al. 2004; Guardavaccaro
et al. 2003).

Among the substrates of B-TRCP, p-catenin is
an oncogene, while IkB, p53, and FOXO3 are
tumor suppressors. Thus, it is still elusive whether
B-TRCP is a bona fide oncogene or tumor sup-
pressor, and additional genetic models are
required to validate the context-dependent role
of B-TRCP in tumorigenesis.
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9.2.6.3 Target B-TRCP for Cancer
Therapy

In line with the predominant oncogenic role of
B-TRCP in certain contexts, targeting B-TRCP
may be a therapeutic strategy in a defined subset
of human tumors. Erioflorin, a small molecule
isolated from Eriophyllum lanatum, has recently
been demonstrated to disrupt the interaction
between B-TRCP and its substrate PDCD4,
thereby preventing PDCD4 from degradation
(Blees et al. 2012). However, f-TRCP may not
serve as a broad anticancer drug target largely
because it functions as an oncogene or tumor
suppressor in a context-dependent manner.

9.3  Discussion and Perspective

In viewing the clinic application of bortezomib in
treating multiple myeloma, drugs targeting the
ubiquitin-proteasome pathways have become a
promising strategy for anticancer therapy
(Richardson et al. 2003; Chanan-Khan et al.
2016). Due to the universal role of such inhibitors
to degrade non-specific proteins, compounds that
target unique F-box E3 ligase should have over-
whelming strength and specificity, and thus those
F-box E3 ligases are perfect protein baits for
high-throughput screening of small molecular
inhibitors.

Given the predominant oncogenic role of
SKP2 in various human cancers, more specific
inhibitor should be screened based on different
strategies, either blocking SKP2 activation by
disassociating it from SCF complex or disrupting
the binding of SKP2 to one specific substrate in a
given cancer context without affecting the abun-
dance of other substrates. The latter should have
more potential as it overcomes the side effect
because the general SKP2 inhibitor (not specific
for a given substrate) could lead to the accumula-
tion of other substrates. On the other hand, for
tumors deficient in tumor suppressive F-box
proteins such as FBW7, a “synthetic lethality”
strategy should be applied to explore inhibiting
which downstream oncogenic substrate of FBW7
could achieve targeted killing of FBW7-deficient
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cells. To this end, our previous study showed that
in the T-ALL disease setting, MCLI1 inhibitor
could specifically kill FBW7-deficient but not
WT T-ALL cells (Inuzuka et al. 2011). Similar
approach can be applied to other tumor suppres-
sive F-box proteins to identify novel targeted
therapies. Lastly, for F-box protein with context-
dependent role in tumorigenesis such as -TRCP,
caution should be taken toward simple applica-
tion of B-TRCP inhibitor as different tissues
might respond differently, given its role in pro-
moting versus suppressing tumorigenesis in a tis-
sue or cellular context-dependent manner.
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