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Abstract: Cullin-5 (CUL5), a scaffold protein in active cullin-RING ubiquitin ligase (CRL) complexes, is a member of
the cullin family of proteins. The CUL5-type ubiquitin ligase can target multiple proteins involved in ubiquitination
and proteasome degradation. CUL5 plays positive roles in regulating cell growth, proliferation and physiological and
other processes in the human body. It has been found that the expression of CUL5 is significantly downregulated in
various cancer cells, which affects the course of the cancers. Here, we reviewed the current data on the expression
and role of CUL5 in both normal and cancer cells, its possible mechanisms, and its potential as a therapeutic target
for cancers.
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Background
The cullin proteins are evolutionarily conserved
[1]. Their N-terminal domain (NTD) is stem-like
and binds to different substrates by recognizing different binding proteins and SBP. The
C-terminal domain (CTD) is globular and binds
to a RING finger protein (Rbx1 or Rbx2) to bind
to an E2 conjugating enzyme and ubiquitin [2,
3]. Cullin proteins have been recognized to
serve as a scaffold and central components of
the cullin-RING ubiquitin ligase (CRL) complex
[3, 4].
Cullin-5, a member of the cullin protein family,
was first described as vasopressin-activated
calcium mobilization receptor (VACM-1) in the
renal medulla of rabbits [5]. Further analysis
showed that VACM-1 was homologous to CUL5
[6]. The NTD of CUL5 links to the SOCS box protein by the adaptor complex Elongin BC, and
the CTD binds to Rbx2, collectively forming
functional CRL5 (SOCS-Elongin BC-CUL5Rbx2), which participates in the recruitment of
specific targets [2, 7]. There are four major
classes of SOCS box proteins: the SOCS family,

the WSB family, the SSB family, and the ASB
family. All of them have SOCS boxes containing CUL5 boxes and BC boxes as important
domains for binding to CUL5 and Elongin BC
[8-10]. NEDD8 is a ubiquitin-like protein that
binds to and activates CRL5. The process by
which NEDD8 activates CRL5 is called neddylation, and the process of inactivating CRL5
is deneddylation [11]. CRL5 requires acetylation of the E2 NEDD8-conjugating enzyme
UBE2F at its C terminus for complete activation
[12-14], and Rbx2 is involved in binding to the
E2 conjugating enzyme and required for the
covalent attachment of NEDD8 to the CUL5
lysine residue component [15]. The removal of
NEDD8 by dehydrogenation of the COP9 signalosome (CSN) complex leads to the loss of
CRL5 functional activity [16, 17] (Figure 1).
It has been reported that the CUL5-Elongin
A-Elongin BC complex can efficiently polymerize
the RNA Pol II subunit Rpb1, thus affecting the
cell cycle [18, 19]. In addition, CUL5 is involved
in the regulation of apoptosis by regulating the
phosphorylation of mitogen-activated protein
kinase (MAPK) and inducing p53 mRNA and
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Figure 1. The structure of CRL5.CUL5 serves as a scaffold and is the central
component of CRL5. The NTD of CUL5 is linked to the SOCS box protein via
the adaptor complex Elongin BC. The CTD binds to Rbx2, forming the CRL5
complex (SOCS-Elongin BC-CUL5-Rbx2). The CRL5 complex belongs to the E3
ubiquitin ligase family and can recruit E2 ubiquitin conjugating enzymes. RBX2
participates in the binding of E2 enzymes. The E2 enzyme is bound to activated
ubiquitin, and under the action of CRL5, ubiquitin is transferred to the substrate
to form the ubiquitin chain. Subsequently, the substrate tagged by the ubiquitin
chain is recognized and degraded by the proteasome.

protein expression [20]. The expression level of
CUL5 mRNA is different under different conditions. For example, in 24-hour water-deprived
rats, the levels of CUL5 mRNA in the heart,
skeletal muscle and mesenteric arteries
increased significantly, while those in the kidneys decreased significantly [21, 22]. CUL5
also has a function in cell differentiation and
proliferation. For example, decreased CUL5
expression is associated with small-cell lung
cancer metastasis and breast cancer occurrence [23]. Meanwhile, CUL5 protein can
induce the differentiation of leukemia cells
[24].
Current studies on CUL5 focus on its expression in cancer cells and its roles in carcinogenesis and the development of cancer. CUL5
inhibits the proliferation and metastasis of cancer cells and promotes apoptosis in a variety of
619

cancer cells [24-29]. However, in a small number of
cancer cells, such as colon
cancer and hepatitis B
virus-induced liver cancer
cells, CUL5 shows the
opposite effect [30, 31].
The specific reasons remain to be further studied.
In addition, due to the high
specificity of CUL5 for substrates, CUL5 is also a new
drug target for the treatment of cancer [2]. It has
been reported that both
hematoxylin and resveratrol can target CUL5 to control its expression and
inhibit the proliferation and
invasion of cancer cells
[32, 33]. At present, a variety of drugs targeting CUL5
are still under investigation.
It can be predicted that
CUL5, as a target of drug
action, will play an invaluable role in future cancer
treatment.
Functions of cullin-5 in
normal organisms

CUL5 plays a significant
role in migration, DNA damage and proliferation via
the ubiquitination and degradation of different
target proteins in various normal cells [34-37].
Furthermore, CUL5 in different tissues engages
in different physiological regulations, mainly
regulating angiogenesis [38], downregulating
aquaporins [21, 22] and inhibiting autophagy
[39]. Nevertheless, the functions and mechanisms of CUL5 have not been revealed thoroughly. Further examination and validation of
CUL5 may lend further insight into how organisms adjust their physiological balance. The
main functions and mechanism of CUL5 in normal organisms are presented in Table 1 and
Figure 2 below.
Regulating the activity of cellular life
Inhibiting migration: During growth, cells need
to move between other cells through the extracellular matrix (ECM), which attaches to intraAm J Transl Res 2020;12(2):618-632
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Table 1. Functions and molecular mechanism of CUL5 in normal cells
Effectors/
Mechanism
Targets
CUL5

Function

Reference

pYCas

CUL5↑/pYCas↑/FAs↑

inhibiting migration

[34]

Dab-1

CUL5↑/Dab-1↑/Src↑, Fyn↓ and Reln↓

decelerating neuron migration, cortical layering

[46]

Rpb1

CUL5↑/Rpb1↓

responding to DNA damage

CUL5↑/AC↓/cAMP↓

inhibiting proliferation

[36, 54, 55]

MAPK

CUL5↑/MAPK↓

inhibiting proliferation

[20]

DDA3

CUL5↑/DDA3↓/stabilize MT

inhibiting proliferation

[9]

β-TrCP1

CUL5↑/β-TrCP1↓

inhibiting cell growth

[59]

AQP-1/2

CUL5↑/AQP-1/2↓

balancing hydrosalinity

DEPTOR

CUL5↑/DEPTOR↓

inhibiting autophagy

AC

[35]

[21, 22]
[39]

↑: upregulation; ↓: downregulation; CUL5: cullin-5; pYCas: phosphorylated Cas; FAs: focal adhesions; Dab-1: Disabled-1; Reln: Reelin; Rpb1: RNA
polymerase II’s largest subunit; MAPK: mitogen-activated protein kinase; MT: microtubule; DDA3: differential display and activation by P53, also
known as PSRC1; β-TrCP: β transducin repeat-containing protein; AQP: aquaporin; DEPTOR: DEP domain-containing mTOR-interacting protein.

Figure 2. The main functions and mechanism of CUL5 in normal cells. CUL5 plays an important role in normal cell
activities. CUL5, along with a SOCS box protein, Elongin BC and Rbx2, form the CRL5 complex and recruit the E2
enzyme. Then, the CRL5-E2 complex ubiquitinates and degrades componentsassociated with cellular activities,
such as Dab-1, pYCas, Rpb1, AQP-1/2, DEPTOR, DDA3, and β-TrCP1. The degradation of key components alters or
affects downstream signaling pathways and further regulates cell migration, transcription, autophagy and proliferation. Meanwhile, CUL5 can directly decrease the activity of AC and regulate the phosphorylation process of MAPK to
affect cell proliferation. In addition, CUL5 can be inhibited by AMBRA1.

cellular focal adhesions (FAs) and actin to initiate cell migration [40]. As part of FAs, Cas
(p130Cas) is an FA protein that can be phos620

phorylated by Src. The overexpression of phosphorylated Cas (pYCas) stimulates FA decomposition, which is conducive for recycling FA at
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the leading edge of the cell to enhance cell
migration [41]. CUL5 can combine with SOCS6
and Elongin BC to form the E3 Elongin ligase,
which targets pYCasfor degradation through
the SH2 domain in SOCS6 [41], stabilizes FAs
and inhibits cell migration [34]. Without CUL5,
epithelial cell proliferation and migration and
fibroblast transformation become more dynamic [10]. In addition, CUL5 combines with different SOCS proteins, such as SOCS2, SOCS4 and
SOCS5, to target different phosphorylated proteins to regulate adhesion kinetics. Therefore,
the migration activities of cells operate normally [34].
In the central nervous system, migration and
differentiation in distant sites promote the formation of multiple layers of the mammalian
neocortex from the inside out [42]. For example, undifferentiated projection neurons migrate from the ventricular region to the bottom
of the cortical layer and then migrate upward to
the top and stop [43]. The correct stratification
depends on three substances, the extracellular
protein Reelin (Reln), the intracellular signaling
protein Disabled-1 (Dab-1), and the E3 ubiquitin ligase CUL5 [44-46]. Reln stimulates tyrosine phosphorylation of Dab-1 to activate Dab1, which activates kinases Src and Fyn and
then initiates downstream signal transduction
pathways [47] and provides a negative feedback signal to terminate Reln signal transduction [46, 48]. Dab-1 is recognized by CUL5 after
signal transduction and then undergoes ubiquitination and degradation to prevent excessive
migration [46]. CUL5 has two roles in neuronal
migration: slowing the rate of neuronal migration through the cortex and allowing cells to
shift down as the cortex grows. CUL5-deficient
neurons have a shorter resting time and move
faster than their wild-type counterparts; instead
of moving down, they stay on top of the cortical
plate for longer periods of time, which determines the final position of the neurons [43].
Responding to deoxyribonucleic acid damage
CUL5 is able to combine with Elongin to form a
complex that regulates RNA polymerases and
participates in responding to DNA damage [18].
As a class of molecules that transmit genetic
information in cells, RNA polymerases play
an important role in cell growth and proliferation through transcriptional regulation [49]. In
eukaryotes, RNA polymerase II (Pol II) is regu621

lated during mRNA synthesis by some transcription factors, such as Elongin and CSB [18,
50]. Elongin is a heterotrimer composed of subunits A, B and C [50]. Among them, Elongin A is
the transcriptionally active subunit, and the
Elongin BC complex, formed by Elongin B and C,
regulates the activity of Elongin A [50]. In mammals, Elongin A links the CUL5 and RING finger
proteins via the Elongin BC complex to form a
multisubunit complex [51]. By profiling DNA
damage simulated by ultraviolet radiation,
some researchers have found that the colocalization of CUL5 and Elongin A in the nucleus is
enhanced and that ubiquitination and degradation of Pol II’s largest subunit (Rpb1) occur [18,
35]. In addition, in cells containing Cockayne
syndrome B (CSB) protein, CSB protein encourages the recruitment of the ubiquitin ligase
consisting of Elongin A and CUL5 to DNA damage sitesand induces stalling of Pol II [52]. This
may explain why Pol II is phosphorylated and
ubiquitinated and then degraded by proteasomes when DNA damage occurs [18].
Inhibiting proliferation
CUL5 exhibits antiproliferative effects in vitro
and in a variety of cell lines [36]. Overexpression
of CUL5 decreases the activity of adenylate
cyclase (AC) and the production of cAMP [36,
53]. Through the mechanism of MAPK phosphorylation, CUL5 participates in the degradation process of various proteins related to cell
proliferation, thus inhibiting cell proliferation
[20]. The ability of CUL5 to inhibit cell proliferation is affected by its carboxy-terminal nuclear
localization signal (NLS) “pat7”, which begins
with proline, and this consensus signal sequence is conserved among VACM-1/CUL5 across
species. NLS mutation affects the localization
of CUL5 in the nucleus and reduces its ability
to inhibit cell proliferation [54]. When using
Drosophila eggs to study cell differentiation
and morphogenesis, it was found that downregulation of CUL5 led to excessive production
of germ cells [55]. During mitosis, dynamic
changes in microtubules (MTs) are involved in
the process of evenly distributing chromosomes to two daughter cells [56]. DDA3, a kind
of MT-related protein, together with other proteins, regulates mitotic spindle dynamics [57].
If DDA3 is knocked out, the tension of sister
kinetochores at metaphase will be attenuated,
and the rate of late chromosome segregation is
slowed down, which shows that DDA3, as a
Am J Transl Res 2020;12(2):618-632
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destabilizing protein of MTs, enhances mitotic
spindle dynamics by promoting MT dynamic
assembly [57]. The ASB7-CUL5-Elongin BC
complex has been identified to play a role in
ubiquitinating and degrading DDA3, thereby
weakening the mitotic drive and promoting antiproliferative effects [9].
F-box proteins, a family of proteins containing
F-box motifs, have substrate recognition specificity during ubiquitin-mediated proteolysis and
participate in various physiological processes,
such as cell phase transition, signal transduction and growth [58]. One recent study reported that β-TrCP1 (F-box protein 20) and SAGCUL5 can form a complex that shortens βTrCP1’s half-life, negatively regulates the expression of β-TrCP1 and inhibits cell growth and
survival by ubiquitinating β-TrCP1 [59].
Participating in physiological regulation
Regulating angiogenesis: CUL5 is widely distributed in humans, found in such locations as
the placenta, skeletal muscle, brain, kidney,
heart and other tissues, and may be involved
in regulating endothelial permeability [60, 61].
Thalidomide, a drug that inhibits cell proliferation by inhibiting angiogenesis, can reduce the
amount of CUL5 in the nucleus during the
growth of human endothelial cells [38]. The
anti-proliferative effect of thalidomide was
inhibited in human endothelial cells transfected with anti-CUL5 siRNA and in rat endothelial
cells with CUL5 mutation [38]. These results
suggest that CUL5 may be involved in the
mechanism by which thalidomide interferes
with angiogenesis [38].
Downregulating aquaporin
Aquaporin-1 (AQP-1) is highly expressed in the
vascular endothelium to regulate water permeability [62]. In vivo, CUL5 is expressed in kidney
collecting tubular cells and vascular endothelial
cells [61]. In COS-1 cells in vitro, the expression
of CUL5 cDNA decreases the levels of endogenous AQP-1 mRNA and AQP-1 protein, suggesting that CUL5 can regulate the expression of
AQP-1 at both the transcriptional and posttranslational levels through glycosylation of
VACM-1 via MAPK phosphorylation [21, 53].
The level of CUL5 mRNA in the vascular tissue
of 24-hour water-deprived rats was significantly
elevated. Although there was no significant
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decrease in the AQP-1 level, the concentration
of AQP-1 was negatively correlated with the
ratio of CUL5 to NEDD8-modified CUL5 [21].
These results suggest that the hypertonic
stress of water deficiency in vivo increases the
level of CUL5 protein, which is induced by
NEDD8 after translation and participates in the
regulation of water balance.
AQP-2 is located in the plasma membrane at
the apical end of the renal collecting duct and
regulates water permeability [63]. The expression of CUL5 in vivo is controlled by hydration
[64]. The changes in CUL5 protein levels are
region-specific and were negatively correlated
with AQP-2 protein levels in kidneys isolated
from dehydrated rats [22, 53, 64]. As a key
component of the E3 ubiquitin ligase, CUL5 can
enhance or attenuate the ubiquitination process to regulate the degradation of AQP-2,
thereby regulating the concentration of AQP-2
[22, 65, 66]. In addition, CUL5 indirectly regulates the concentration and function of AQP-2
by modulating its posttranslational modifications, subcellular localization and interactions
with other proteins in the cell. For example, the
translocation of microfilaments related to AQP2
to the apical plasma membrane is related to
Rab GTPases, regulatory molecules controlled
by CUL5, and as client protein for CUL5 E3
ligases, HSP70 participates in the processes of
translocation and degradation during AQP2
internalization [22].
Inhibit autophagy
Autophagy is a survival mechanism that degrades damaged or unnecessary components
in cells and provides energy and components
to synthesize new substances, thereby maintaining cell homeostasis [67]. AMBRA1 binding
to CUL4 or CUL5 and forming a whole complex
is a key factor involved in autophagy [68, 69].
CUL4 and CUL5 can act as autophagic modulators to regulate the initiation and termination of
autophagy [39]. mTORC1 inhibits autophagy
[70], and DEPTOR is an inhibitor of mTORC1
that can inhibit the function of mTORC1 and
induce autophagy [71]. Overexpression of CUL5
can cause a significant decrease in DEPTOR
levels [39]. Autophagy stimulation dissociates
AMBRA1 from CUL4 and causes it to bind to
CUL5, which inhibits CUL5 activity and reduces
DEPTOR degradation; accumulated DEPTOR
then induces autophagy [39].
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Roles of cullin-5 in cancers
Cullin-5 in digestive system cancers
Low expression of CUL5 is associated with
malignant phenotypes in gastric cancer and
non-HBV-induced HCC. Nonetheless, in colon
cancer and HCC induced by HBV infection, the
opposite is true: CUL5 is overactivated in cells;
these contradictory results require further
insight.
In recent years, although the treatment of gastric cancer has improved, the mortality rate is
still the third highest, and the early diagnosis of
gastric cancer still lacks effective markers [72].
Recently, it was found that miR-19a expression
was enhanced in gastric cancer tissues and
that miR-19a directly targeted and downregulated CUL5 expression, promoting the proliferation and invasion of gastric cancer cells [25].
ABKRD9, a newly identified E3 substrate receptor subunit belonging to the ASB protein family,
can form a complex with CUL5, Elongin B,
Elongin C and other subunits to ubiquitinate
and degrade the inosine monophosphate dehydrogenase 2 (IMPDH2) isoform, which mediates cell proliferation [73]. ANKRD9 is related
with gastric cancer susceptibility [73]. Downregulation of CUL5 in human gastric cancer
cells reduces the formation of the ABKRD9Elongin BC-CUL5 complex, which causes anchorage-independent proliferation and accelerates tumor progression [73].
In colorectal cancer (CRC) cells, endoplasmic
reticulum protein 29 (ERp29) is an endoplasmic reticulum-resident protein involved in ER
stress (ERS) [30, 74]. ERS inhibits cell growth
and the ability of CRC to metastasize [75]. The
increased expression of ERp29 during ERS in
CRC counteracts the inhibitory effect of ERS on
cells [30]. ERp29 functions via CUL5. The
expression of CUL5 in CRC cells mirrors that of
ERp29. CUL5 colocalizes with ERp29, which
may be related to the occurrence of colorectal
cancer [30].
Hepatocellular carcinoma (HCC) is the most
common primary malignant liver tumor [76].
Among hundreds of risk factors inducing HCC,
hepatitis B virus (HBV) infection is the most
common [77]. Hepatitis B virus X protein (HBX)
is an HBV protein that can transactivate oncogenes and induce HCC tumors [78]. MiR-145 is
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associated with HCC, and CUL5 is the target of
miR-145 [31]. In HBX-transfected cells, the
level of miR-145 is decreased, and the level of
CUL5 is increased. At the same time, the overexpression of HBX significantly increases the
proportion of cells in the G2/M phase and
decreases the proportion of cells in the G0/G1
phase, which inhibits cell apoptosis [31]. It is
worth noting that the overexpression of CUL5
does not inhibit proliferation, which may be
related to the role of HBX, but these ideas
require further study [31]. In HCC tissues without HBV infection, miR-7 and CUL5 are both
downregulated [27]. Because miR-7 positively
regulates the expression of CUL5, low miR-7
levels participate in the formation of the HCC
malignant phenotype by reducing endogenous
CUL5 levels [27].
Cullin-5 in female reproductive system cancers
In female reproductive system cancer cells,
CUL5 is generally downregulated by different
kinds of microRNAs, showing malignant proliferation and strong invasiveness.
Endometrial adenocarcinoma, also known as
corpus carcinoma, is a malignant tumor of
endometrial epithelial cells and the second
most common gynecological cancer [79]. MiR182 is overexpressed in endometrial adenocarcinoma and serous endometrial adenocarcinoma and directly targets and inhibits CUL5 [28].
Moreover, the levels of CUL5 in the highly invasive serous type are decreased, suggesting
that low CUL5 expression promotes tumor cell
proliferation [28].
Cervical cancer ranks fourth in incidence and
mortality, and it is the main cause of death in
cancer patients in 42 countries [72]. High miR19a/b and low CUL5 expression, which are also
found in gastric cancer, are found in human
cervical cancer cells, leading to high proliferation and invasiveness [25].
Ovarian cancer is one of the most common
gynecological malignancies in the world,
accounting for 2.5% of all female malignancies
[72]. MiR-27 is overexpressed in both ovarian
cancer tissues and ovarian cancer cell lines
[26]. CUL5 is the target of miR-27, and overexpression of CUL5 can induce G2/M blockade
[26]. Overexpression of miR-27a in ovarian cancer tissues and cell lines inhibits CUL5, pre-

Am J Transl Res 2020;12(2):618-632

The functions and properties of cullin-5
venting CUL5 from inducing cell cycle checkpoint blockade, which abolishes the inhibition
of cancer cell proliferation and leads to substantial proliferation of cancer cells [26].
Cullin-5 in leukemia
B cell chronic lymphocytic leukemia (B-CLL) is
the most common leukemia in adults and has a
highly variable clinical course [80]. In B-CLL,
genomic aberrations are important independent predictors of disease progression and
patient survival [80]. Deletion of chromosome
region 11q22-q23 is a common type of chromosome aberration in B-CLL [81]. In the general population, CUL5 is involved in regulating
the stability of p53 and controlling the apoptosis of normal lymphocytes by controlling the
formation of E3 ubiquitin ligases and the degradation of P53 and apoptosis-related proteins in
lymphocytes [24]. In patients with 11q22-q23
deletion, CUL5 gene expression is reduced,
which impairs the ability of B-CLL lymphocytes
to undergo apoptotic death, especially in highrisk B-CLL [24]. Therefore, CUL5 participates in
the occurrence of B-CLL by inducing apoptosis
resistance.
The human myeloid cell line HL-60 is a promyelocytic lymphocyte line derived from patients
with acute promyelocytic leukemia (APL) and
has been widely used as a model for studying granulocyte differentiation. The expression
of CUL5 mRNA and protein is significantly
increased during the differentiation of HL-60
cells induced by all-trans retinoic acid (ATRA)
[82], which indicates that CUL5 may play an
important role in granulocyte differentiation,
but the specific mechanism needs further
research.
Cullin-5 in other cancers
Although different types of cancer have different origins, it is generally suggested that the
downregulation of intracellular CUL5 is associated with malignancy.
Breast cancer is a malignant tumor occurring in
the epithelial tissues of the breast gland, and
most cases occur in women and endanger their
physical and mental health, accounting for 1/4
of all cancers diagnosed in women [72]. In
breast cancer cells, CUL5 expression is generally low, and the downregulation is unrelated to
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genetic aberrations in CUL5, CUL5 neddylation
and phosphorylation abnormalities in breast
cancer cells, indicating a probable relation with
posttranslational modifications [83, 84]. In
addition, research shows that CUL5 participates in regulating estrogen-dependent growth
by decreasing the levels of estrogen receptor
(ER-alpha) in the nucleus [53]. When CUL5 is
overexpressed, it inhibits the growth of breast
cancer cells by reducing MAPK phosphorylation, reducing early growth response elements
(EGR-1) and increasing Fas-L mRNA [29, 85].
Angiosarcoma, a malignant hemangioma originating in blood or lymphatic vascular endothelial cells, often occurs in the skin of the head
and face and is very aggressive, as it can be
transferred through the blood; the prognosis of
patients is very poor, and its cause is still
unknown [86]. In in vitro human dermal microvascular endothelial cell (HDMEC) and angiosarcoma cell lines, the circ_0024169/CUL5
ratio is found to be lower than that in normal
cells [87]. The same results occurred in both
suppurative granulomas and endovascular sarcomas in vivo [87]. The ratio of circ_0024169/
CUL5 has potential as a diagnostic biomarker
for angiosarcoma [87].
Clear cell renal cell carcinoma (ccRCC) is the
most common histologic subtype of renal carcinoma, accounting for 70-75% of cases, and is
currently considered to be a lesion produced by
cells lining the proximal tubules of the nephron
[88]. CUL5 is downregulated in cancerous cells,
which also have increased DNA damage, mitotic errors and excessive replication of centrioles
[89]. Decreased or absent expression of the
CUL5 gene is significantly associated with a
decreased survival rate in patients [89].
Metastasis is the leading cause of death in
small-cell lung cancer (SCLC) patients [90].
CUL5 and SOCS3 are the two most critical components that mediate cancer cell metastasis
[23]. In cancer cells from patients with SCLC
metastasis, the expression of CUL5 and SOCS3
was decreased significantly, which prevented
the formation of the E3 ligase complex and the
degradation of integrin 1 and activated downstream focal adhesion kinase/Src (Fak/Src)
signaling pathways, which ultimately led to
SCLC metastasis [23]. Furthermore, SCLC
cases lacking CUL5 are sensitive to the Src
inhibitor dasatinib [23].
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UBE2F promotes lung cancer cell survival and
is overexpressed in non-small-cell lung carcinoma [15]. The UBE2F/Sag/CUL5 complex activates CRL5 through the modification of CUL5
by NEDD8, which causes CRL5 to degrade the
pro-apoptotic protein Noxa and inhibit apoptosis [15].
Clinical significance
Low levels of CUL5 expression have been validated in mostly malignant tumors, except for
CRC [30], HCC (associated with HBV infection)
[31], APL [82] and NSCLC [15]; hence, it exhibits a relationship with poor prognoses. CUL5
has real potential as a novel potential therapeutic target for gastric cancer [25, 73], HCC
(not related to HBV infection) [27], endometrial
adenocarcinoma [28], cervical cancer [25],
ovarian cancer [26], B-CLL [24], breast cancer
[83], angiosarcoma [87], ccRCC [88] and SCLC
[23]. The expression and functions of CUL5 in
cancer cells are summarized in Table 2 and
Figure 3 below.
Advances in anticancer therapies associated
with cullin-5
Heat shock protein 90 (HSP90) is a highly conserved chaperone protein in eukaryotic cells
that interacts with a variety of client kinases or
transcription factors [91]. In tumor cells, HSP90
is overexpressed due to the abundant presence of various client proteins, and HSP90 stabilizes these carcinogenic client proteins and
maintains tumor progression; thus, HSP90 has
also become a target of anticancer therapy
[92]. However, the widespread low expression
of CUL5 in tumor cells attenuates the efficacy
of HSP90 inhibitor monotherapy [93].
HSP90 inhibitors promote ubiquitination and
degradation of cancer-causing client proteins,
among which CRAF, a client protein of HSP90,
is involved in tumorigenic MAPK signaling. One
of the independent degradation pathways
involving CRAF requires the participation of
CUL5, Elongin B and Elongin C [94].
17-N-allylamino-17-demethoxygeldanamycin
(17-AAG), a derivative of geldanamycin, is an
effective inhibitor of HSP90 [95]. Low expression of CUL5 in tumor cells may adversely
affect the efficacy of 17-AAG. By delivering gold
nanoparticles (AuNPs) containing CUL5 DNA,
the sensitivity of human breast cancer cells to
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17-AAG can be enhanced, indicating that CUL5
is involved in the mechanism of action of
17-AAG, which may be the reason why 17-AAG
presents low efficacy as a monotherapy [95].
However, 17-AAG-induced degradation of
UHRF1, a regulator involved in DNA methylation
and the maintenance of cell proliferation, is
independent of CUL5 [96].
As a fatal malignant tumor with almost the
same incidence and mortality rates, pancreatic
cancer has a five-year relative survival rate of
only 9%. How to effectively control its malignant progression remains to be studied [79].
Sanguinarine, a kind of plant alkaloid, has certain anticancer effects [97]. In human orthotopic adenocarcinoma cells and pancreatic
cancer cells, sanguinarine can increase the levels of CUL5 mRNA and protein and inhibit cell
proliferation [32].
Resveratrol, a natural component of the human
diet, was shown to regulate apoptosis and cell
proliferation by controlling the expression of
CUL5 in a breast cancer cell line. Thus, CUL5
can be used as a target of resveratrol in the
treatment of breast cancer [33].
Conclusion
CUL5-type ubiquitin ligases play a vital role in
physiological regulation by specifically recognizing different substrates and mediating the
targeted degradation of proteins to regulate different signaling pathways, thereby widely participating in numerous cell activities. Due to the
differential expression of CUL5 in normal cells
and cancer cells, CUL5, as a protein that inhibits malignant proliferation and invasion of
tumors, is a potential therapeutic target of
great value. Nevertheless, exploration of the
exact mechanism of CUL5 in some signaling
pathways is required, and the unknown pathways involved in CUL5 remain to be discovered.
The diversity of microRNAs regulating the CUL5
gene and CUL5’s targeted substrates indicates
that CUL5 is extensively involved in regulating
cellular activities. Further profiling studies on
the physiological functions and mechanisms of
CUL5 will help hewn out new approaches to
treat cancer.
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Table 2. Functions and molecular mechanism of CUL5 in cancer cells
Type
CUL5

Gastric cancer
Hepatocellular carcinoma (associated with HBV infection)
Hepatocellular carcinoma (not associated with HBV infection)
Endometrial adenocarcinoma

Molecule
miR-19a, ANKRD9
miR-145
miR-7
miR-182

Cervical cancer

miR-19a/b

Ovarian cancer

miR-27a

Mechanism

Function

miR-19a↑/ABKRD9-Elongin BC-CUL5↓

promoting proliferation, invasion and anchorageindependent growth

Reference

miR-145↓/CUL5↑

inhibiting apoptosis

[31]

miR-7↓/CUL5↓

Formation of a malignant phenotype in HCC

[27]

miR-182↑/CUL5↓

promoting proliferation

[28]

miR-19a/b↑/CUL5↓

promoting proliferation and invasion

[25]

miR-27a↑/CUL5↓

inhibiting G2/M blockade

[26]

[25, 73]

B cell chronic lymphocytic leukemia

-

Chromosome region 11q22-q23↓/CUL5↓

inducing apoptosis resistance

[24]

Acute promyelocytic leukemia

-

CUL5↑

regulating granulocyte differentiation

[82]

Breast cancer

-

CUL5↓

promoting proliferation

Angiosarcoma

circ_0024169

circ_0024169 / CUL5 ratio↓

acting as a diagnostic biomarker

[87]

CUL5↓

increasing DNA damage, promoting mitotic disorder

[88]

SOCS3↓/CUL5↓/integrinβ1↑

promoting metastasis

[23]

UBE2F↑/activate CRL5/Noxa↓

inhibiting apoptosis

[15]

Clear cell renal cell carcinoma
Small-cell lung cancer
Non-small-cell lung cancer

SOCS3 integrinβ1
UBE2F

[29, 83-85]

-: no data; ↑: upregulation; ↓: downregulation; miR: microRNA; ANKRD9: ankyrin repeat domain-containing protein 9; circ: circRNA; SOCS: suppressor of cytokine signaling; UBE2F: ubiquitin conjugating enzyme E2 F.
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Figure 3. The expression of the CUL5 gene regulated by miRNAs. MiRNAs are involved in various types of cancers
and malignancies. MiR-19a/b inhibits the expression of the CUL5 gene and is associated with gastric cancer and
cervical cancer. Simultaneously, miR-145, miR-182, and miR-27a also inhibit the CUL5 gene and are related to
HCC (associated with HBV infection), endometrial adenocarcinoma, and ovarian cancer, respectively. Conversely,
the expression of the CUL5 gene can be promoted by miR-7, which is related to HCC development (not associated
with HBV infection). Moreover, the chromosome region 11q22-q23 also promotes the expression of the CUL5 gene.

(grant nos. 81773179 and 81272972 (C. Ren),
grant no. 81472355 (X. Jiang)) and the Hunan
Provincial Science and Technology Department
(grant no. 2016JC2049 (C. Ren), grant no.
2014FJ6006 (X. Jiang)).
Disclosure of conflict of interest
None.
Abbreviations
CUL5, cullin-5; CUL4, cullin-4; CRLs, cullin-RING
ubiquitin ligase; NTD, N-terminal domain; CTD,
C-terminal domain; SBP, substrate-binding protein; RBX1/2, RING finger protein; SOCS, suppressor of cytokine signaling; CRL5, cullin5-RING ubiquitin ligase; WSB, WD repeat and
SOCS box; SSB, SPRY repeat and SOCS box;
ASB, ankyrin repeat and SOCS box; NEDD8,
neural precursor cell expressed developmentally downregulated 8; CSN, COP9 signalosome;
MAPK, mitogen-activated protein kinase; FAs,
focal adhesions; Cas, Crk-associated substrate; pYCas, phosphorylated Cas; Reln, Reelin;
Dab-1, Disabled-1; Pol II, RNA polymerase II;
627

Rpb1, RNA polymerase II’s largest subunit;
CSB, Cockayne syndrome B; AC, adenylate
cyclase; NLS, nuclear localization signal; MT,
microtubule; DDA3, differential display and
activation by P53, also known as PSRC1; SAG,
sensitive to apoptosis gene, also known as
Rbx2; β-TrCP, β transducin repeat-containing
protein; AQP, aquaporin; mTORC, mammalian
target of rapamycin; DEPTOR, DEP domain-containing mTOR-interacting protein; miRNA, microRNA; IMPDH, inosine monophosphate dehydrogenase; ANKRD9, ankyrin repeat domaincontaining protein 9; CRC, colorectal cancer;
Erp, endoplasmic reticulum protein; ERS, ER
stress; HCC, hepatocellular carcinoma; HBV,
hepatitis B virus; HBX, hepatitis B virus X protein; B-CLL, B cell chronic lymphocytic leukemia; APL, acute promyelocytic leukemia; ATRA,
all-trans retinoic acid; EGR-1, early growth
response element 1; Fas-L, Fas ligand; HDMEC,
human dermal microvascular endothelial cell;
circ, circRNA; ccRCC, clear cell renal cell carcinoma; SCLC, small-cell lung cancer; Fak, focal
adhesion kinase; UBE2F, ubiquitin conjugating
enzyme E2 F; HSP90, heat shock protein 90;
Am J Transl Res 2020;12(2):618-632

The functions and properties of cullin-5
CRAF, cytosolic Raf-1; 17-AAG, 17-N-allylamino17-demethoxygeldanamycin; AuNPs, gold nanoparticles; UHRF1, ubiquitin-like with PHD and
ring finger domains 1.

[10]

Address correspondence to: Caiping Ren and Jing
Shi, Cancer Research Institute, Department of Neurosurgery, Xiangya Hospital of Central South University, 87 Xiangya Road, Kaifu District, Changsha
410008, China. Tel: 86-731-84805443; E-mail:
rencaiping@csu.edu.cn (CPR); shijing12@csu.edu.
cn (JS)

[11]

References

[13]

[1]
[2]

[3]
[4]

[5]

[6]

[7]

[8]

[9]

628

Jackson S and Xiong Y. CRL4s: the CUL4-RING
E3 ubiquitin ligases. Trends Biochem Sci
2009; 34: 562-570.
Lamsoul I, Uttenweiler-Joseph S, Moog-Lutz C
and Lutz PG. Cullin 5-RING E3 ubiquitin ligases, new therapeutic targets? Biochimie 2016;
122: 339-347.
Liu J and Nussinov R. Flexible cullins in cullinRING E3 ligases allosterically regulate ubiquitination. J Biol Chem 2011; 286: 40934-40942.
Li Q, Cui M, Yang F, Li N, Jiang B, Yu Z, Zhang D,
Wang Y, Zhu X, Hu H, Li PS, Ning SL, Wang S, Qi
H, Song H, He D, Lin A, Zhang J, Liu F, Zhao J,
Gao L, Yi F, Xue T, Sun JP, Gong Y and Yu X. A
cullin 4B-RING E3 ligase complex fine-tunes
pancreatic delta cell paracrine interactions. J
Clin Invest 2017; 127: 2631-2646.
Burnatowska-Hledin MA, Spielman WS, Smith
WL, Shi P, Meyer JM and Dewitt DL. Expression
cloning of an AVP-activated, calcium-mobilizing
receptor from rabbit kidney medulla. Am J
Physiol 1995; 268: F1198-1210.
Byrd PJ, Stankovic T, McConville CM, Smith AD,
Cooper PR and Taylor AM. Identification and
analysis of expression of human VACM-1, a cullin gene family member located on chromosome 11q22-23. Genome Res 1997; 7: 71-75.
Mahrour N, Redwine WB, Florens L, Swanson
SK, Martin-Brown S, Bradford WD, StaehlingHampton K, Washburn MP, Conaway RC and
Conaway JW. Characterization of Cullin-box sequences that direct recruitment of Cul2-Rbx1
and Cul5-Rbx2 modules to Elongin BC-based
ubiquitin ligases. J Biol Chem 2008; 283:
8005-8013.
Kohroki J, Nishiyama T, Nakamura T and Masuho Y. ASB proteins interact with Cullin5 and
Rbx2 to form E3 ubiquitin ligase complexes.
FEBS Lett 2005; 579: 6796-6802.
Uematsu K, Okumura F, Tonogai S, Joo-Okumura A, Alemayehu DH, Nishikimi A, Fukui Y, Nakatsukasa K and Kamura T. ASB7 regulates
spindle dynamics and genome integrity by tar-

[12]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

geting DDA3 for proteasomal degradation. J
Cell Biol 2016; 215: 95-106.
Cooper JA, Kaneko T and Li SS. Cell regulation
by phosphotyrosine-targeted ubiquitin ligases.
Mol Cell Biol 2015; 35: 1886-1897.
Enchev RI, Schulman BA and Peter M. Protein
neddylation: beyond cullin-RING ligases. Nat
Rev Mol Cell Biol 2015; 16: 30-44.
Monda JK, Scott DC, Miller DJ, Lydeard J, King
D, Harper JW, Bennett EJ and Schulman BA.
Structural conservation of distinctive N-terminal acetylation-dependent interactions across
a family of mammalian NEDD8 ligation enzymes. Structure 2013; 21: 42-53.
Lydeard JR, Schulman BA and Harper JW.
Building and remodelling Cullin-RING E3 ubiquitin ligases. EMBO Rep 2013; 14: 10501061.
Read MA, Brownell JE, Gladysheva TB, Hottelet
M, Parent LA, Coggins MB, Pierce JW, Podust
VN, Luo RS, Chau V and Palombella VJ. Nedd8
modification of cul-1 activates SCF(beta(TrCP))dependent ubiquitination of IkappaBalpha.
Mol Cell Biol 2000; 20: 2326-2333.
Zhou W, Xu J, Li H, Xu M, Chen ZJ, Wei W, Pan
Z and Sun Y. Neddylation E2 UBE2F promotes
the survival of lung cancer cells by activating
CRL5 to degrade NOXA via the K11 linkage.
Clin Cancer Res 2017; 23: 1104-1116.
Cope GA, Suh GS, Aravind L, Schwarz SE, Zipursky SL, Koonin EV and Deshaies RJ. Role of
predicted metalloprotease motif of Jab1/Csn5
in cleavage of Nedd8 from Cul1. Science
2002; 298: 608-611.
Lyapina S, Cope G, Shevchenko A, Serino G,
Tsuge T, Zhou C, Wolf DA, Wei N, Shevchenko A
and Deshaies RJ. Promotion of NEDD-CUL1
conjugate cleavage by COP9 signalosome. Science 2001; 292: 1382-1385.
Yasukawa T, Kamura T, Kitajima S, Conaway
RC, Conaway JW and Aso T. Mammalian Elongin A complex mediates DNA-damage-induced
ubiquitylation and degradation of Rpb1. EMBO
J 2008; 27: 3256-3266.
Zhou J, Lu S, Yang S, Chen H, Shi H, Miao M
and Jiao B. MicroRNA-127 post-transcriptionally downregulates Sept7 and suppresses cell
growth in hepatocellular carcinoma cells. Cell
Physiol Biochem 2014; 33: 1537-1546.
Van Dort C, Zhao P, Parmelee K, Capps B, Poel
A, Listenberger L, Kossoris J, Wasilevich B,
Murrey D, Clare P and Burnatowska-Hledin M.
VACM-1, a cul-5 gene, inhibits cellular growth
by a mechanism that involves MAPK and p53
signaling pathways. Am J Physiol Cell Physiol
2003; 285: C1386-1396.
Johnson AE, Le IP, Andresen BT, Stodola J,
Dewey GL, Dean SB, Resau J, Haak P, Ruch T,
Sartor A, Lazdins I, Barney CC and Burnatows-

Am J Transl Res 2020;12(2):618-632

The functions and properties of cullin-5

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

629

ka-Hledin MA. VACM-1/cul5 expression in vascular tissue in vivo is induced by water deprivation and its expression in vitro regulates
aquaporin-1 concentrations. Cell Tissue Res
2012; 349: 527-539.
Le IP, Schultz S, Andresen BT, Dewey GL, Zhao
P, Listenberger L, Deen PM, Buchwalter A, Barney CC and Burnatowska-Hledin MA. Aquaporin-2 levels in vitro and in vivo are regulated by
VACM-1, a cul 5 gene. Cell Physiol Biochem
2012; 30: 1148-1158.
Zhao G, Gong L, Su D, Jin Y, Guo C, Yue M, Yao
S, Qin Z, Ye Y, Tang Y, Wu Q, Zhang J, Cui B,
Ding Q, Huang H, Hu L, Chen Y, Zhang P, Hu G,
Chen L, Wong KK, Gao D and Ji H. Cullin5 deficiency promotes small-cell lung cancer metastasis by stabilizing integrin beta1. J Clin Invest
2019; 129: 972-987.
Kalla C, Scheuermann MO, Kube I, Schlotter
M, Mertens D, Dohner H, Stilgenbauer S and
Lichter P. Analysis of 11q22-q23 deletion target genes in B-cell chronic lymphocytic leukaemia: evidence for a pathogenic role of NPAT,
CUL5, and PPP2R1B. Eur J Cancer 2007; 43:
1328-1335.
Xu XM, Wang XB, Chen MM, Liu T, Li YX, Jia WH,
Liu M, Li X and Tang H. MicroRNA-19a and
-19b regulate cervical carcinoma cell proliferation and invasion by targeting CUL5. Cancer
Lett 2012; 322: 148-158.
Si L, Jia Y, Lin R, Jian W, Yu Q and Yang S. MicroRNA-27a regulates the proliferation, chemosensitivity and invasion of human ovarian
cancer cell lines by targeting Cullin 5. Arch Biochem Biophys 2019; 668: 9-15.
Ma C, Qi Y, Shao L, Liu M, Li X and Tang H.
Downregulation of miR-7 upregulates Cullin 5
(CUL5) to facilitate G1/S transition in human
hepatocellular carcinoma cells. IUBMB Life
2013; 65: 1026-1034.
Devor EJ, Schickling BM, Reyes HD, Warrier A,
Lindsay B, Goodheart MJ, Santillan DA and
Leslie KK. Cullin-5, a ubiquitin ligase scaffold
protein, is significantly underexpressed in endometrial adenocarcinomas and is a target of
miR-182. Oncol Rep 2016; 35: 2461-2465.
Burnatowska-Hledin MA, Kossoris JB, Van Dort
CJ, Shearer RL, Zhao P, Murrey DA, Abbott JL,
Kan CE and Barney CC. T47D breast cancer
cell growth is inhibited by expression of VACM1, a cul-5 gene. Biochem Biophys Res Commun 2004; 319: 817-825.
Guo L, Ma L, Liu C, Lei Y, Tang N, Huang Y,
Huang G, Li D, Wang Q, Liu G, Tang M, Jing Z
and Deng Y. ERp29 counteracts the suppression of malignancy mediated by endoplasmic
reticulum stress and promotes the metastasis
of colorectal cancer. Oncol Rep 2019; 41:
1603-1615.

[31] Gao F, Sun X, Wang L, Tang S and Yan C. Downregulation of MicroRNA-145 caused by hepatitis B Virus X protein promotes expression of
CUL5 and contributes to pathogenesis of hepatitis B virus-associated hepatocellular carcinoma. Cell Physiol Biochem 2015; 37: 15471559.
[32] Singh CK, Kaur S, George J, Nihal M, Pellitteri
Hahn MC, Scarlett CO and Ahmad N. Molecular
signatures of sanguinarine in human pancreatic cancer cells: A large scale label-free comparative proteomics approach. Oncotarget
2015; 6: 10335-10348.
[33] Lubbers J, Lewis S, Harper E, Hledin MP, Marquez GA, Johnson AE, Graves DR and Burnatowska-Hledin MA. Resveratrol enhances antiproliferative effect of VACM-1/cul5 in T47D
cancer cells. Cell Biol Toxicol 2011; 27: 95105.
[34] Teckchandani A, Laszlo GS, Simo S, Shah K,
Pilling C, Strait AA and Cooper JA. Cullin 5 destabilizes Cas to inhibit Src-dependent cell
transformation. J Cell Sci 2014; 127: 509-520.
[35] Brower CS, Sato S, Tomomori-Sato C, Kamura
T, Pause A, Stearman R, Klausner RD, Malik S,
Lane WS, Sorokina I, Roeder RG, Conaway JW
and Conaway RC. Mammalian mediator subunit mMED8 is an Elongin BC-interacting protein that can assemble with Cul2 and Rbx1 to
reconstitute a ubiquitin ligase. Proc Natl Acad
Sci U S A 2002; 99: 10353-10358.
[36] Bradley SE, Johnson AE, Le IP, Oosterhouse E,
Hledin MP, Marquez GA and Burnatowska-Hledin M. Phosphorylation of VACM-1/Cul5 by protein kinase A regulates its neddylation and antiproliferative effect. J Biol Chem 2010; 285:
4883-4895.
[37] Okumura F, Joo-Okumura A, Nakatsukasa K
and Kamura T. The role of cullin 5-containing
ubiquitin ligases. Cell Div 2016; 11: 1.
[38] Kunkler B, Salamango D, DeBruine ZJ, Ploch C,
Dean S, Grossens D, Hledin MP, Marquez GA,
Madden J, Schnell A, Short M and Burnatowska-Hledin MA. CUL5 is required for thalidomide-dependent inhibition of cellular proliferation. PLoS One 2018; 13: e0196760.
[39] Antonioli M, Albiero F, Nazio F, Vescovo T, Perdomo AB, Corazzari M, Marsella C, Piselli P,
Gretzmeier C, Dengjel J, Cecconi F, Piacentini
M and Fimia GM. AMBRA1 interplay with cullin
E3 ubiquitin ligases regulates autophagy dynamics. Dev Cell 2014; 31: 734-746.
[40] Petrie RJ, Gavara N, Chadwick RS and Yamada
KM. Nonpolarized signaling reveals two distinct modes of 3D cell migration. J Cell Biol
2012; 197: 439-455.
[41] Teckchandani A and Cooper JA. The ubiquitinproteasome system regulates focal adhesions
at the leading edge of migrating cells. Elife
2016; 5.

Am J Transl Res 2020;12(2):618-632

The functions and properties of cullin-5
[42] Kriegstein AR and Noctor SC. Patterns of neuronal migration in the embryonic cortex. Trends
Neurosci 2004; 27: 392-399.
[43] Simo S, Jossin Y and Cooper JA. Cullin 5 regulates cortical layering by modulating the speed
and duration of Dab1-dependent neuronal migration. J Neurosci 2010; 30: 5668-5676.
[44] Rice DS and Curran T. Role of the reelin signaling pathway in central nervous system development. Annu Rev Neurosci 2001; 24: 10051039.
[45] Bielas S, Higginbotham H, Koizumi H, Tanaka T
and Gleeson JG. Cortical neuronal migration
mutants suggest separate but intersecting
pathways. Annu Rev Cell Dev Biol 2004; 20:
593-618.
[46] Feng L, Allen NS, Simo S and Cooper JA. Cullin
5 regulates Dab1 protein levels and neuron positioning during cortical development. Genes
Dev 2007; 21: 2717-2730.
[47] Hashimoto-Torii K, Torii M, Sarkisian MR, Bartley CM, Shen J, Radtke F, Gridley T, Sestan N
and Rakic P. Interaction between Reelin and
Notch signaling regulates neuronal migration
in the cerebral cortex. Neuron 2008; 60: 273284.
[48] Arnaud L, Ballif BA and Cooper JA. Regulation
of protein tyrosine kinase signaling by substrate degradation during brain development.
Mol Cell Biol 2003; 23: 9293-9302.
[49] Borukhov S and Nudler E. RNA polymerase holoenzyme: structure, function and biological
implications. Curr Opin Microbiol 2003; 6: 93100.
[50] Bradsher JN, Jackson KW, Conaway RC and
Conaway JW. RNA polymerase II transcription
factor SIII. I. Identification, purification, and
properties. J Biol Chem 1993; 268: 2558725593.
[51] Kamura T, Burian D, Yan Q, Schmidt SL, Lane
WS, Querido E, Branton PE, Shilatifard A, Conaway RC and Conaway JW. Muf1, a novel Elongin BC-interacting leucine-rich repeat protein
that can assemble with Cul5 and Rbx1 to reconstitute a ubiquitin ligase. J Biol Chem 2001;
276: 29748-29753.
[52] Weems JC, Slaughter BD, Unruh JR, Boeing S,
Hall SM, McLaird MB, Yasukawa T, Aso T, Svejstrup JQ, Conaway JW and Conaway RC. Cockayne syndrome B protein regulates recruitment of the Elongin A ubiquitin ligase to sites
of DNA damage. J Biol Chem 2017; 292: 64316437.
[53] Burnatowska-Hledin MA and Barney CC. New
insights into the mechanism for VACM-1/cul5
expression in vascular tissue in vivo. Int Rev
Cell Mol Biol 2014; 313: 79-101.
[54] Willis AN, Dean SE, Habbouche JA, Kempers
BT, Ludwig ML, Sayfie AD, Lewis SP, Harrier S,

630

[55]

[56]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64]

[65]

DeBruine ZJ, Garrett R and Burnatowska-Hledin MA. Nuclear localization signal sequence is
required for VACM-1/CUL5-dependent regulation of cellular growth. Cell Tissue Res 2017;
368: 105-114.
Kugler JM, Lem C and Lasko P. Reduced cul-5
activity causes aberrant follicular morphogenesis and germ cell loss in Drosophila oogenesis. PLoS One 2010; 5: e9048.
Musacchio A and Hardwick KG. The spindle
checkpoint: structural insights into dynamic
signalling. Nat Rev Mol Cell Biol 2002; 3: 731741.
Jang CY, Wong J, Coppinger JA, Seki A, Yates JR
3rd and Fang G. DDA3 recruits microtubule depolymerase Kif2a to spindle poles and controls spindle dynamics and mitotic chromosome movement. J Cell Biol 2008; 181:
255-267.
Liu J, Lv L, Gong J, Tan Y, Zhu Y, Dai Y, Pan X,
Huen MSY, Li B, Tsao SW, Huo J and Cheung
ALM. Overexpression of F-box only protein 31
predicts poor prognosis and deregulates
p38alpha- and JNK-mediated apoptosis in
esophageal squamous cell carcinoma. Int J
Cancer 2018; 142: 145-155.
Zhou W, Xu J, Zhao Y and Sun Y. SAG/RBX2 is
a novel substrate of NEDD4-1 E3 ubiquitin ligase and mediates NEDD4-1 induced chemosensitization. Oncotarget 2014; 5: 6746-6755.
Ceremuga TE, Yao XL and McCabe JT. Cullin-5
is ubiquitous in the rat brain. Neurosci Lett
2003; 345: 121-125.
Burnatowska-Hledin M, Lazdins IB, Listenberger L, Zhao P, Sharangpani A, Folta V and Card
B. VACM-1 receptor is specifically expressed in
rabbit vascular endothelium and renal collecting tubule. Am J Physiol 1999; 276: F199-209.
Echevarria M, Munoz-Cabello AM, SanchezSilva R, Toledo-Aral JJ and Lopez-Barneo J. Development of cytosolic hypoxia and hypoxia-inducible factor stabilization are facilitated by
aquaporin-1 expression. J Biol Chem 2007;
282: 30207-30215.
Wu H, Chen L, Zhou Q, Zhang X, Berger S, Bi J,
Lewis DE, Xia Y and Zhang W. Aqp2-expressing
cells give rise to renal intercalated cells. J Am
Soc Nephrol 2013; 24: 243-252.
Lee YJ, Lee JE, Choi HJ, Lim JS, Jung HJ, Baek
MC, Frokiaer J, Nielsen S and Kwon TH. E3
ubiquitin-protein ligases in rat kidney collecting duct: response to vasopressin stimulation
and withdrawal. Am J Physiol Renal Physiol
2011; 301: F883-896.
Kamsteeg EJ, Hendriks G, Boone M, Konings
IB, Oorschot V, van der Sluijs P, Klumperman J
and Deen PM. Short-chain ubiquitination mediates the regulated endocytosis of the aquaporin-2 water channel. Proc Natl Acad Sci U S A
2006; 103: 18344-18349.

Am J Transl Res 2020;12(2):618-632

The functions and properties of cullin-5
[66] Rotin D and Staub O. Role of the ubiquitin system in regulating ion transport. Pflugers Arch
2011; 461: 1-21.
[67] Jiang M, Wei Q, Dong G, Komatsu M, Su Y and
Dong Z. Autophagy in proximal tubules protects against acute kidney injury. Kidney Int
2012; 82: 1271-1283.
[68] Fimia GM, Stoykova A, Romagnoli A, Giunta L,
Di Bartolomeo S, Nardacci R, Corazzari M, Fuoco C, Ucar A, Schwartz P, Gruss P, Piacentini M,
Chowdhury K and Cecconi F. Ambra1 regulates
autophagy and development of the nervous
system. Nature 2007; 447: 1121-1125.
[69] Fimia GM and Piacentini M. Regulation of autophagy in mammals and its interplay with
apoptosis. Cell Mol Life Sci 2010; 67: 15811588.
[70] Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A, Miura Y, Iemura S, Natsume T, Takehana K, Yamada N, Guan JL, Oshiro N and
Mizushima N. Nutrient-dependent mTORC1 association with the ULK1-Atg13-FIP200 complex required for autophagy. Mol Biol Cell
2009; 20: 1981-1991.
[71] Peterson TR, Laplante M, Thoreen CC, Sancak
Y, Kang SA, Kuehl WM, Gray NS and Sabatini
DM. DEPTOR is an mTOR inhibitor frequently
overexpressed in multiple myeloma cells and
required for their survival. Cell 2009; 137:
873-886.
[72] Bray F, Ferlay J, Soerjomataram I, Siegel RL,
Torre LA and Jemal A. Global cancer statistics
2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185
countries. CA Cancer J Clin 2018; 68: 394424.
[73] Lee Y, Lim B, Lee SW, Lee WR, Kim YI, Kim M,
Ju H, Kim MY, Kang SJ, Song JJ, Lee JE and
Kang C. ANKRD9 is associated with tumor suppression as a substrate receptor subunit of
ubiquitin ligase. Biochim Biophys Acta Mol Basis Dis 2018; 1864: 3145-3153.
[74] Demmer J, Zhou C and Hubbard MJ. Molecular
cloning of ERp29, a novel and widely expressed resident of the endoplasmic reticulum. FEBS Lett 1997; 402: 145-150.
[75] Oakes SA and Papa FR. The role of endoplasmic reticulum stress in human pathology. Annu
Rev Pathol 2015; 10: 173-194.
[76] El-Serag HB and Rudolph KL. Hepatocellular
carcinoma: epidemiology and molecular
carcinogenesis. Gastroenterology 2007; 132:
2557-2576.
[77] El-Serag HB. Hepatocellular carcinoma. N Engl
J Med 2011; 365: 1118-1127.
[78] Peng Z, Zhang Y, Gu W, Wang Z, Li D, Zhang F,
Qiu G and Xie K. Integration of the hepatitis B
virus X fragment in hepatocellular carcinoma
and its effects on the expression of multiple

631

[79]
[80]

[81]

[82]

[83]

[84]

[85]

[86]
[87]

[88]

[89]

[90]

molecules: a key to the cell cycle and apoptosis. Int J Oncol 2005; 26: 467-473.
Siegel RL, Miller KD and Jemal A. Cancer statistics, 2019. CA Cancer J Clin 2019; 69: 7-34.
Dohner H, Stilgenbauer S, Benner A, Leupolt E,
Krober A, Bullinger L, Dohner K, Bentz M and
Lichter P. Genomic aberrations and survival in
chronic lymphocytic leukemia. N Engl J Med
2000; 343: 1910-1916.
Dohner H, Stilgenbauer S, James MR, Benner
A, Weilguni T, Bentz M, Fischer K, Hunstein W
and Lichter P. 11q deletions identify a new
subset of B-cell chronic lymphocytic leukemia
characterized by extensive nodal involvement
and inferior prognosis. Blood 1997; 89: 25162522.
Baxter SS, Carlson LA, Mayer AM, Hall ML and
Fay MJ. Granulocytic differentiation of HL-60
promyelocytic leukemia cells is associated
with increased expression of Cul5. In Vitro Cell
Dev Biol Anim 2009; 45: 264-274.
Fay MJ, Longo KA, Karathanasis GA, Shope
DM, Mandernach CJ, Leong JR, Hicks A, Pherson K and Husain A. Analysis of CUL-5 expression in breast epithelial cells, breast cancer
cell lines, normal tissues and tumor tissues.
Mol Cancer 2003; 2: 40.
Lewis SP, Willis AN, Johnson AE, Resau J and
Burnatowska-Hledin MA. Mutational analysis
of VACM-1/cul5 exons in cancer cell lines. Apmis 2011; 119: 421-430.
Johnson AE, Le IP, Buchwalter A and Burnatowska-Hledin MA. Estrogen-dependent growth
and estrogen receptor (ER)-alpha concentration in T47D breast cancer cells are inhibited
by VACM-1, a cul 5 gene. Mol Cell Biochem
2007; 301: 13-20.
Young RJ, Brown NJ, Reed MW, Hughes D and
Woll PJ. Angiosarcoma. Lancet Oncol 2010;
11: 983-991.
Nakashima S, Jinnin M, Ide M, Kajihara I, Igata
T, Harada M, Masuguchi S, Fukushima S, Masuzawa M, Masuzawa M, Amoh Y and Ihn H. A
potential significance of circ_0024169 down
regulation in angiosarcoma tissue. Intractable
Rare Dis Res 2019; 8: 129-133.
Zhu L, Ding R, Zhang J, Zhang J and Lin Z. Cyclin-dependent kinase 5 acts as a promising
biomarker in clear cell Renal Cell Carcinoma.
BMC Cancer 2019; 19: 698.
Tapia-Laliena MA, Korzeniewski N, Pena-Llopis
S, Scholl C, Frohling S, Hohenfellner M, Duensing A and Duensing S. Cullin 5 is a novel candidate tumor suppressor in renal cell carcinoma involved in the maintenance of genome
stability. Oncogenesis 2019; 8: 4.
van Meerbeeck JP, Fennell DA and De Ruysscher DK. Small-cell lung cancer. Lancet 2011;
378: 1741-1755.

Am J Transl Res 2020;12(2):618-632

The functions and properties of cullin-5
[91] Condelli V, Crispo F, Pietrafesa M, Lettini G,
Matassa DS, Esposito F, Landriscina M and
Maddalena F. HSP90 molecular chaperones,
metabolic rewiring, and epigenetics: impact on
tumor progression and perspective for anticancer therapy. Cells 2019; 8.
[92] Bohonowych JE, Peng S, Gopal U, Hance MW,
Wing SB, Argraves KM, Lundgren K and Isaacs
JS. Comparative analysis of novel and conventional Hsp90 inhibitors on HIF activity and angiogenic potential in clear cell renal cell carcinoma: implications for clinical evaluation. BMC
Cancer 2011; 11: 520.
[93] Samant RS, Clarke PA and Workman P. E3
ubiquitin ligase Cullin-5 modulates multiple
molecular and cellular responses to heat
shock protein 90 inhibition in human cancer
cells. Proc Natl Acad Sci U S A 2014; 111:
6834-6839.
[94] Li Z, Zhou L, Prodromou C, Savic V and Pearl
LH. HECTD3 mediates an HSP90-dependent
degradation pathway for protein kinase clients.
Cell Rep 2017; 19: 2515-2528.

632

[95] Talamantez-Lyburn S, Brown P, Hondrogiannis
N, Ratliff J, Wicks SL, Nana N, Zheng Z, Rosenzweig Z, Hondrogiannis E, Devadas MS and
Ehrlich ES. Gold nanoparticles loaded with cullin-5 DNA increase sensitivity to 17-AAG in cullin-5 deficient breast cancer cells. Int J Pharm
2019; 564: 281-292.
[96] Ding G, Chen P, Zhang H, Huang X, Zang Y, Li J,
Li J and Wong J. Regulation of ubiquitin-like
with plant homeodomain and RING finger domain 1 (UHRF1) protein stability by heat shock
protein 90 chaperone machinery. J Biol Chem
2016; 291: 20125-20135.
[97] Sandor R, Slanina J, Midlik A, Sebrlova K, Novotna L, Carnecka M, Slaninova I, Taborsky P,
Taborska E and Pes O. Sanguinarine is reduced by NADH through a covalent adduct.
Phytochemistry 2018; 145: 77-84.

Am J Transl Res 2020;12(2):618-632

