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Atlas on substrate recognition subunits of CRL2 E3 ligases
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ABSTRACT
The Cullin2-type ubiquitin ligases belong to the Cullin-Ring Ligase (CRL) family, 

which is a crucial determinant of proteasome-based degradation processes in 
eukaryotes. Because of the finding of von Hippel-Lindau tumor suppressor (VHL), 
the Cullin2-type ubiquitin ligases gain focusing in the research of many diseases, 
especially in tumors. These multisubunit enzymes are composed of the Ring finger 
protein, the Cullin2 scaffold protein, the Elongin B&C linker protein and the variant 
substrate recognition subunits (SRSs), among which the Cullin2 scaffold protein is 
the determining factor of the enzyme mechanism. Substrate recognition of Cullin2-
type ubiquitin ligases depends on SRSs and results in the degradation of diseases 
associated substrates by intracellular signaling events. This review focuses on the 
diversity and the multifunctionality of SRSs in the Cullin2-type ubiquitin ligases, 
including VHL, LRR-1, FEM1b, PRAME and ZYG11. Recently, as more SRSs are being 
discovered and more aspects of substrate recognition have been illuminated, insight 
into the relationship between Cul2-dependent SRSs and substrates provides a new 
area for cancer research.

INTRODUCTION

Ubiquitin-proteasome system

The ubiquitin-proteasome system is a crucial 
determinant of virtually all biological processes in 
eukaryotes and has emerged as a central mechanism to 
regulate protein turnover spatially and temporally [1, 2]. 
In this system, ubiquitin is covalently linked to a target 
protein through an enzymatic cascade, and the assembly of 
a poly-ubiquitin chain typically specifies the target protein 
for rapid degradation via 26S proteasome [3]. The process 
of ubiquitin transfer requires the activity of ubiquitin 
to orderly activate enzyme E1, ubiquitin-conjugating 
enzyme E2 and ubiquitin ligase E3 [4, 5]. Ubiquitin will 
be eventually linked to the substrate via an isopeptide 
bond between the C-terminal glycine of ubiquitin and a 

selected lysine residue of the substrate [6]. The repeated 
transfer of additional ubiquitin molecules to successive 
lysines on each previously conjugated ubiquitin generates 
a polyubiquitin chain [6, 7]. The polyubiquitin tag, a chain 
of at least four ubiquitin monomers, is recognized by the 
26S proteasome where a host of protease sites rapidly 
degrade the protein into short peptides [8, 9] (Figure 
1A). The specificity of ubiquitin-dependent proteolysis is 
derived from the many hundreds of E3 ubiquitin ligases 
that recognize a particular substrate through dedicated 
interaction domains [10]. Targeting motifs on substrates 
are typically short primary sequence elements that are 
often referred to as degrons [11]. Since the ubiquitin-
proteasome system controls the stability of numerous 
regulators including cell cycle proteins, transcription 
factors, tumor suppressor proteins, oncoproteins, and 
membrane proteins [12-16], it therefore evoked lots of 
interests in the past decades. 

                                                         Review
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Cullin-ring ubiquitin ligases (CRLs)

As E3 enzymes are the core effectors of ubiquitin-
proteasome system, it is reasonably important to fully 
dissect their molecular architecture. Currently we have 
known that Cullin scaffold subunits, containing at least 
five conserved Cullin family members, were the core 
subunits of E3 enzymes [17, 18]. All metazoans appear 
to have Cullins. They combine with RING finger 
proteins Rbx1/Roc1 to form highly diverse complexes 
called Cullin-RING ubiquitin ligases (CRLs) which play 
important roles in myriad cellular processes [19]. Members 
of CRLs function in a wide range of dynamic cellular 
processes, including the cell cycle, signal transduction, 
and transcription. And CRLs exhibit a conserved overall 
architecture that has plasticity to fine-tune the specific 
recruitment of different cullins [20]. 

Notably, Cullin2 is one of the best studied Cullin 
family members. It functions as a scaffolding protein and 
together with Ring protein constitutes the Cullin2-Ring 
ubiquitin ligase (CRL2), which plays important role in 
occurrence and progression of tumors [21]. 

Substrate recognition subunits (SRS)

In addition to Cullins, substrate recognition subunits 
(SRS) are another core component of E3 ubiquitin ligase 
complexes. SRS is usually Cullin-dependent and exerts 
determinate effect on specific substrates degradation. 
Given the importance of Cullin2, there have been five 
confirmed Cul2-dependent SRSs discovered in succession 

during the past decades: the von Hippel-Lindau (VHL) 
tumor suppressor, which degrades hypoxia-inducible 
factor-α (HIF-α) under normoxic conditions [22]; LRR-
1, which was first found to suppress 4-1-BB receptor 
signaling in CD4+ and CD8+ T cells [23], and then found to 
act as a SRS of Cullin2-type ubiquitin ligase [24]; FEM1b, 
which regulates glucose-stimulated insulin secretion [25]; 
PRAME, which is a transcription factor essential for early 
embryonic development that is confirmed to be enriched 
at enhancers and at transcriptionally active promoters 
[26]; and ZYG11, which was found to act as a cell-cycle 
regulator in Caenorhabditis elegans [27]. Recently, our 
group demonstrated that ZYG11A serves as an oncogene 
in non-small cell lung cancer via regulating CCNE1 
expression [28]. 

Therefore, in this review we will focus 
on summarizing above all five confirmed Cul2-
dependent SRSs and their substrates. Based on current 
acknowledgment, we also aim to make an atlas 
illuminating how SRSs of Cul2 complexes diversify the 
functions of this remarkable E3 enzyme family in diverse 
diseases [34]. 

ATLAS ON CUL2-DEPENDENT 
SUBSTRATE RECOGNITION SUBUNITS

VHL-box: a specific motif of Cul2-SRSs

 Before making the atlas of Cul2-dependent SRSs, 
a specific motif called VHL-box needs to be introduced at 

Figure 1: A. The process of ubiquitin transfer and ubiquitin-dependent degradation. B. Cullin2-type ubiquitin ligase E3 (ECV complex). 
Cul2 is used as a scaffold protein, and the Elongin BC complex connects the VHL box protein. C. Cullin5-type ubiquitin ligase E3 (ECS 
complex). Cul5 is used as a scaffold protein, and the Elongin BC complex connects the SOCS box protein. Like the ECV complex, the ECS 
complex also uses Ring box proteins to catalyze ubiquitin polymerization.
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first. VHL-box was firstly identified in a well-known Cul2-
SRS, VHL protein. Subsequent researches demonstrate 
that VHL-box was a specific motif engaged to bind with 
CRL2 by all known Cul2-dependent SRSs. Therefore 
VHL-box has been considered as a specific characteristic 
of Cul2-dependent SRSs currently (Figure 2) [29-31].

It is worth to mention that VHL was originally 
implicated as a SOCS-box which is considered as a 
specific motif of CRL5-SRSs. However, VHL lacks the 
C-terminal sequence (downstream of the BC box) of 
the SOCS box [24]. So, CRL2 associated SOCS-box 
proteins contain VHL-box in a strict sense. In order to 
differentiate CRL2 and CRL5-based SRSs, the general 
SOCS-boxcontaining proteins were further divided into 
two groups, CRL2 and CRL5 proteins [24]. The classical 
SOCS box-containing protein VHL-box is now classified 
as a Cul2-type protein, namely the VHL-Box protein. 
And the SOCS-box proteins are classified as the Cullin5-
type protein [32]. Elongin B, Elongin C, SOCS-box and 
Cullin compose the complex (Figure 1C). Persons thus 

propose renaming the Elongin BC-Cul2-VHL-box protein 
and the Elongin BC-Cul5-SOCS-box protein complexes 
as the ECV and ECS complexes, respectively [33, 34]. 
Additionally, studies have provided direct biochemical 
evidence that the Cul2-box and the Cul5-box are parts 
of VHL-box and SOCS-box, respectively [33]. Together 
with ElonginBC-box, Cul2-box and Cul5-box make up the 
complete domains (Figure 2).

Generally speaking, VHL-box is specifically and 
functionally encoded in all known five Cul2-dependent 
SRSs described below. It is a feasible approach to identify 
novel Cul2-dependent SRSs by screening VHL-box.

VHL

The VHL gene was identified in 1993 as the 
tumor suppressor gene whose germ line mutations 
were associated with the inherited von Hippel-Lindau 
cancer syndrome [35-37]. VHL mainly consists of two 

Figure 2: Sequence alignment of the VHL box and the SOCS box to Cul2 and Cul5 SRSs. The regions for the BC box and 
Cullin box are marked. The conserved residues are highlighted, and the ΦPXXΦXXXΦ motif in the Cullin box is shown (Φ indicates a 
hydrophobic residue). 
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independent domains (domain α & β) that are involved 
in two independent functions: mediating nuclear export 
of the ECV complex and binding to substrate proteins 
[38]. Mutations of the VHL gene are associated with 
Von Hippel-Lindau disease, which is a hereditary cancer 
syndrome caused by germline mutations in the VHL tumor 
suppressor gene [36]. Most pathogenic VHL mutations 
inhibit formation of the ECV complex [39, 40]. More 
than 70% of VHL disease and sporadic clear cell renal 
carcinomas are caused by mutations or deletion of the BC 
box, which reduces binding affinity to the Elongin BC 
complex [41]. And then, the pVHL is found to function in 
the E3 ubiquitin ligase complex [42]. 

This complex is involved in the ubiquitination 
and degradation of the hypoxia-inducible factor (HIF), 
which is a transcription factor that plays a central role in 
the regulation of gene expression by oxygen [43]. HIF is 
necessary for tumor growth because most cancers have 

high metabolic demands and are supplied by structurally 
or functionally inadequate vasculature [44, 45]. Activation 
of HIF allows for enhanced angiogenesis, which in turn 
allows for increased glucose intake [46]. While HIF is 
mostly active in hypoxic conditions, VHL-defective 
renal carcinoma cells show constitutive activation of 
HIF even in oxygenated environments. It is clear that 
VHL and HIF interact closely [47]. Actually, the pVHL 
is so multifunctional that it could take on the functions 
of more types of substrates than HIF-α. Epidermal 
growth factor receptor (EGFR) is targeted by pVHL for 
polyubiquitination and degradation [48]. VHL could also 
suppress basal levels of Vascular Endothelial Growth 
Factor (VEGF) expression, restore hypoxia-inducibility 
of VEGF expression, and inhibit tumor formation in 
nude mice [49, 50]. Sprouty (Spry) proteins modulate the 
actions of receptor tyrosine kinases during development 
and tumorigenesis and are regulated by pVHL with 

Figure 3: Schematic representation of CRL2-mediated substrate recognition subunits and their substrates. All five of 
the examined substrate recognition subunits with detailed research dates (pVHL, FEM-1, PRAME, LRR-1, and ZYG11) and associated 
downstream direct and indirect substrates. 
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ubiquitylation and degradation [51]. The 13 mammalian 
UBX-domain proteins in p97 are found to be linked to 
the VHL-dependent ubiquitin ligase E3 and its substrate 
hypoxia-inducible factor 1α (HIF1α) [52, 53]. Some other 
substrates such as Atypical PKC, RPB7 and Rpb1 could 
also be ubiquitylated and degraded by pVHL [47-50, 54]. 
The diversity in choosing substrates of CRL2VHL makes 
Cullin2-type ubiquitin ligases multifunctional, and all 
above-mentioned downstream substrates of pVHL-Cul2 
complexes are associated with diseases, especially in 
cancers. The complicated relationship between substrates 
still warrants much more research. 

Coimmunoprecipitation and chromatographic 
copurification data suggest that pVHL-Cul2 complexes 
exist in native cells [42, 55]. And the crystal structure of 
the VHL protein reveals that the Elongin BC box of VHL 
binds to ElonginC [56]. Meanwhile, VHL was reported 
to bind, via Elongin C, to the human homolog of the C. 
elegans CUL2 protein. This ligation domain, which was 
originally called the “SOCS-box”, was then defined as the 
“VHL-box” [56]. The subsequently research indicates that 
a domain of the VHL protein was found to be bound to 
Elongin B and Elongin C, and this component was defined 
as the “VHL box”, which is composed of an Elongin BC 
box and a Cul2 box [24, 57]. Further study demonstrated 
that the Cul2 box is located C-terminal to the Elongin BC 
box and contains the consensus sequence ΦPXXΦXXXΦ, 
where the first position is most frequently a leucine [33] 
(Figure 2). The subsequent researches in mammalian 
revealed that SRSs (e.g., VHL, FEM1b, and LRR-1) 
bound to Elongin BC are all combined with a three α-helix 
structure, which is actually a component of the VHL box 
[58]. According to the amino acid sequence analysis, the 
VHL-boxes in different proteins are similar and highly 
conserved (Figure 2). 

LRR1

Leucine-rich repeat protein 1 (LRR-1) is an essential 
determinant of genome stability in C. elegans that acts 
as a substrate recognition subunit of a CRL2 complex 
(CRL2LRR-1). LRR-1 is a nuclear protein that contains a 
typical Elongin BC and Cul2 box, which is the signature 
of Cullin2-type ubiquitin ligase SRSs; LRR-1 binds 
through this motif both in vitro and in vivo [59]. 

The accumulation of CKI-1 in C. elegans was 
found to be correlated with Cul2 mutant germ cells, 
which undergo a G1-phase arrest [60] . And then it was 
discovered that nematode LRR-1 degrades the Cip/Kip 
CDK-inhibitor (CKI) p21Cip1 in C. elegans to ensure G1-
phase cell cycle progression in germ cells [61]. Human 
LRR-1 also polyubiquitinates and degrades the CKI 
p21Cip1 but it does not affect cell cycle progression [61]. 
In contrast, human Cul2LRR1 acts as a critical regulator of 
cell motility that promotes a nonmotile stationary cell state 
by preventing p21 from inhibiting the Rho/ROCK/LIMK 

pathway [61]. These data indicate that human LRR-1 is a 
negative regulator of cofilin, a protein that decreases cell 
motility [61]. 

The later research also indicates that LRR-1 acts 
as a nuclear substrate-recognition subunit of a CRL2 
complex, which ensures DNA replication integrity [59]. 
Loss of LRR-1 function induces re-replication of DNA 
and causes the accumulation of stretches of ssDNA, which 
leads to cell cycle arrest in the mitotic region of the germ 
line. SsDNA-RPA-1 nuclear foci then recruit and activate 
ATL-1, which, together with the CHK-1 kinase, prevents 
CDK-1 activation (dephosphorylation via CDC-25) and 
cell cycle progression [59, 62]. Collectively, LRR-1 
inactivation leads to activation of the ATL-1/CHK-1 (the 
C. elegans orthologues of ATR/Chk1) pathway, which 
delays mitotic entry and results in embryonic lethality [59, 
63]. CRL2LRR-1 also participates in the mitotic proliferation/
meiotic entry decision and inhibits the first steps of meiotic 
prophase by targeting in mitotic germ cells the degradation 
of the HORMA domain-containing protein HTP-3, which 
is required for loading synaptonemal complex components 
onto meiotic chromosomes. [64] 

In conclusion, as the most recently identified SRSs 
of the CRL2 complex family, few downstream products 
and pathways have been confirmed and more work is 
needed to determine additional details of the CRL2LRR-1-
mediated ubiquitin proteolysis. Same as pVHL, studies 
of CRL2LRR-1 in diseases warrants much more research. 
According to the results in germ cell lines, hopes are 
high for the outcome of the joint research of CRL2LRR-1 in 
diverse tumors.

FEM1

The mammalian Fem1b gene encodes a homolog 
of FEM-1, a protein in the sex-determination pathway 
of nematode Caenorhabditis elegans. The pathway 
controlling sex determination in the nematode is a model 
for the genetic control of cell-fate determination [65]. 
Fem1b and FEM-proteins each contain a VHL-box motif 
that mediates their interaction with certain E3 ubiquitin 
ligase complexes [66, 67]. A study also indicated that there 
may be evolutionary conservation of the regulation and 
function between the mouse and human FEM1B genes 
[68].

In C. elegans, FEM-1 negatively regulates the Gli-
family transcription factor TRA-1, which is the terminal 
effector of the sex-determination pathway, and functions as 
a CRL2 complex SRS to target TRA-1 for ubiquitylation 
[66, 69]. CRL2FEM-1 controls TRA-1-repressor activity 
through the degradation of full-length TRA-1A, and 
FEM-2 as well as FEM-3 increase the efficiency of FEM-
1 mediated degradation of TRA-1A [69]. Ankyrin repeat 
domain 37 (Ankrd37), a protein containing ankyrin repeats 
and a putative nuclear localization signal, is reported to be 
targeted by FEM1b and degraded by FEM1b in the same 
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manner as TRA-1 [70]. Overexpression of FEM-1 is found 
induces apoptosis in mammalian cells [71]. Additionally, 
the protein Fem1b is found to be downregulated by the 
proteasome in malignant colon cancer cells, and Fem1b 
increases proteasome inhibitor-induced apoptosis of 
these cells [72]. According to this research, FEM1b could 
represent a novel molecular target to overcome resistance 
to apoptosis in colon cancer [72]. 

PRAME

We have introduced LRR-1 and FEM1B as Cul2-
Rbx-interacting proteins that contain a VHL box as well 
as protein-protein interaction motifs (leucine-rich repeats 
and ankyrin repeats, respectively). Similar to LRR-1 and 
FEM1, preferentially expressed antigen of melanoma 
(PRAME) contains a VHL box. Researchers used protein-
complex purification strategies and identified PRAME 
as a substrate recognition subunit of a Cullin2-based E3 
ubiquitin ligase to confirm its physiological interaction 
with the endogenous Cul2-Rbx1 complex [24, 26]. 

Genome-wide chromatin immunoprecipitation 
experiments revealed that PRAME is specifically enriched 
at enhancers and at transcriptionally active promoters that 
are also bound by nuclear transcription factor Y (NFY), 
a transcription factor essential for early embryonic 
development and cell proliferation [26, 73]. Recently, a 
study mined the PRAME interactome to a deeper level 
and identified specific interactions with ATPase Kae1p 
(OSGEP) and LAGE3, which are human orthologues of 
the ancient EKC/KEOPS complex [74-77]. Moreover, 
EKC subunits associate with PRAME target sites on 
chromatin. The data reveal a novel link between the 
oncoprotein PRAME and the conserved EKC complex and 
support a role for both complexes in the same pathways 
[76, 78]. 

At present, overexpression of PRAME is frequently 
found in a wide variety of human cancers, including 
hematological tumors, lung, breast and renal carcinoma 
[79-81]. Although these findings suggested a role for 
PRAME in human malignancies, the detailed molecular 
mechanisms and pathways involved are not yet clear. From 
the perspective of CRL2PRAME-mediated ubiquitylation, a 
breakthrough is not far off.

ZYG11

C. elegans has two ZYG11 family members, 
ZYG-11 and ZER-1; Drosophila has a single ZYG11 
homologue; sea urchins have two ZYG11 homologues; 
and mice and humans have three ZYG11 homologues 
each (ZYG11A, ZYG11B and ZYG11BL). However, in 
mammals, ZYG11A and ZYG11B seem to have arisen 
by a recent duplication and are tandemly adjacent to each 
other in the mouse and human genomes. Using in situ 

hybridization and immunohistochemistry, the presence 
of ZYG11 expression was clearly established around the 
time of meiosis. The cell-specific expression of ZYG11 
transcripts and the conservation of this gene among distant 
species suggest that this protein may play an important 
role during meiosis [82]. All of the ZYG11 family 
members contain an ARM-like helical domain and at least 
three vLRR (variant leucine-rich repeat) motifs [27, 82].

 In C. elegans, ZYG11 was identified as a cell-
cycle regulator. Studies establish that ZYG11 and CUL-
2 promote the metaphase-to-anaphase transition and M 
phase arrest at meiosis II [27, 83, 84]. Anterior-posterior 
polarity (AP polarity) and protease-activated receptor 2 
(PAR-2) are all bound up with ZYG-11 [85]. Research 
results of previous research indicate that ZYG-11 acts 
with a Cul-2-based E3 ligase that is essential during 
meiosis II and functions redundantly with the Anaphase-
promoting Complex/Cyclosome (APC) in meiosis I.The 
data also indicate that delayed M phase results from 
the accumulation of the B-type cyclin CYB-3, which 
is regulated by APC, and CYB-3 is a target of the E3 
ligase [83]. Meanwhile, the gene Mei-1 was discovered 
to possibly correspond to ZYG11, and Mei-1 promotes 
a non-disjunction of the chromosome at meiosis I [82]. 
In humans, ZYG11BL has high levels of expression in 
skeletal muscle and testes, in which it is expressed in late 
pachytene spermatocytes and spermatids [82]. 

ZYG11 has been shown to bind to the CUL-2 
complex through direct interaction with Elongin C, and 
ZYG11 binds to Elongin C using a nematode variant of 
the VHL-box motif, which means that ZYG11 acts as the 
SRS for a CRLZYG11 complex [27, 84]. Given the many 
essential functions carried out by ZYG-11 in C. elegans, 
ZYG11 homologues in humans are predicted to function 
in important CUL2-dependent cellular processes. The 
latest research indicates that ZYG11A may serve as a 
novel oncogene promoting tumorigenicity of NSCLC cells 
by inducing cell cycle alterations and increasing CCNE1 
expression [28].

DISCUSSION AND CLINICAL 
SIGNIFICANCE

 During the past few years, considerable progress has 
been made on the characterization of Cullin-based ligases. 
At the same time, remarkable strides have been made in the 
discovery of global cycles that are regulated and activated 
by Cullin2-based ligases in diseases, especially in tumors. 
In summary, these exciting discoveries highlight the 
extraordinary possibility of Cullin2-based ligases to target 
a very large number of substrates for ubiquitin-dependent 
degradation (Figure 3). Although many SRSs have been 
identified, further work is still needed to elucidate the 
relationship between SRSs and the myriad substrates in 
the intracellular signal transduction pathway. Similar to 
the inactivation of pVHL leading to the accumulation of 
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HIF-α in renal carcinoma, the CRL2-mediated degradation 
pathways of the remaining SRSs and their substrates 
are also functioning in other diseases. Among them, the 
polyubiquitination and degradation of VEGF inhibits the 
formation of tumors. Some others such as P21 and EGFR, 
which have been studied thoroughly, are associated with 
a wide variety of diseases. Because pVHL is inactivated 
in von Hippel-Lindau cancer syndrome, researchers have 
conducted careful and thorough studies of the functions of 
Cullin2-based E3 ligases. As with pVHL, the remaining 
SRSs and substrates are mutated in some human diseases, 
and investigating their mechanisms with regard to a 
possible role in ubiquitin-dependent degradation pathways 
may be rewarding.
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